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FOREWORD 

This is the fourteenth in a series of semiannual technical progress reports on fusion reactor 
materials. This report combines research and development activities which were previously reported 
separately in the following progress reports: 

Alloy Development for Irradiation Performance 

Damage Analysis and Fundamental Studies 

Special Purpose Materials 

These activities arc concerned principally with the effects of the neutronic and chemical 
environment on the properties and performance of reactor materials; togeber they form one element of the 
overall materials programs being conducted in support of the Magnetic Fusion Energy Program of the US. 
Department of Energy. The other major element of the progmn is concerned with the interactions bctween 
reactor materials and the plasma and is reported separately. 

The Fusion Reactor Materials Program is a national effort involving several national laboratories, 
universities, and industries. The purpose of this series of reports is to provide a working technical record 
for the use of the program participants, and to provide a means of communicating the efforts of materials 
scientist$ to the rest of the fusion community, both nationally and worldwide. 

This report has been compiled and edited under the guidance of A, F. Rowdiffe, G. L. Burn, and 
S .  S. Knee', Oak Ridge National Laboratory. Their efforls, and the efforts of the many persons who made 
technical contributions, are gratefully acknowledged. 

F. W. Wiffen 
Division of Advanced Physics 

and Technology 
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HE RJSION I IEATS OF HT9 AND 9Cr- 
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0.25% V steel when hod1 were tempered at 700OC. Tcinperiiig at 750°C gave similar DBlTs. 
Increasing vanadium from 0.2.5 to 0,S% caused a slight increzw in  strength with a largc 
decrease in  toughness. nius a balance between strength atid unpact toughncss is achieve with 
an intennediate vatiadium coiiceii~~ition. Addition of0.02% Ti to 2 1/4Cr-0.25V, 2 1/4Cr- 
2W. and 2 1/4Cr-ZW-O,25V ( O . l %  C) steels caused a yield stress decrease of 10 to 30%. 
which was attributed to the effect of tilanium on the M C  precipitate distribution. The strength 
loss was accompanied by ai iilcreasc in impact toughness, which may also have been affected 
by a decrease in prior austenite gixin size. Furdrennore. diere was litdc difference in the 
DBTT of the Ti-modified steels tempered at 700 or 750°C. If i t  wcre possiblc to use a Ti- 
modified steel Uinperatcd at 700°C Ui i s  iniglit offset die strength adv:url;lgc of steels wilhout 
tilanium, which have to be tempered at Ure higher temperature. 

6.2 AUSTENITIC STAINLESS SL'I<ELS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 

6.2.1 STRESS-MODII-'IEl> WEI.I>ING PROCESS 1:OR IIL~I.IUM-BEAIIING 'IYI'E 316 
STAINLESS STEELS -- C. A.  Wiriig iuid B. A. Chill (Auhui-ii lJniser.sity), and 
M. L. Grossbeck (Oak Ridge Niiti(iii:IJ I-ah~)i-~rt(~iy) . . . .  . . . . . . . . . . . . . . . . .  I91 

Experiincrils have showii lh:it Type 316 sUu~~lcss stecl is susceptible to hat-affected- 
c g;is IuligsLen arc (GlA) process 
zed 1 0  he c;iused by stress-assisted 
his study utilized :ui expeiimenul 

zone ( I I N . )  cmcking upon cooling when welded using 
under lateral consviol. l l ic cracking liiis k e n  hypodi 
helium bubble growth aid rupture at grain hounduies. 
welding setup, which enabled differciit c~iinprcssivc stresses to be applied lo the plates during 
weldirig. Autogcneous GTA welds were produced i i i  Typc 31 6 shinless steel doped wid1 256 
appm helium. The applicatioii o f a  compressive stress. 55 Ml'a, duriiig welding supprcssed 
the previously observed caustropliic cracking. Deliriled cxatninati~~ns co~iducted dler 
welding showed a dramatic chwrgc iii helium huhhlc in(irpIiol~~gy. Graio boufidary bubble 
growh along directions pwallel 1 0  Uie weld was supprcscd.  'I'lre rcsuILY suggest tliat stress- 
mcxlilicd welding tcchiiiques miry he used to \uppress or climinirtc Iieliu~n-induced cracking 
during joining of imadi:itcd iiiiitcrixls. 

6.2.2 ~ L A T I O N S I I I I ' B C T W E ~ N  SWILLING AND II<RN)IAIION CIUXI' IN COLD 
WORK!ZD I T A  STAlNI.ESS S'I'EI<L'lO 178 DPA A I '  -400°C -- M. B. 'TdWzkO 
(University of California at S;IIILI B:u-b:u.;~) :urd I:. A. C;:u-~ier i l k i l i c  NorUiwest Lahorat~ly) . . .  200 

At 178 d p  and -400"C, (lie iii-:idi:itioii creep hclravi(ir of 20%) cold-worked I T A  h u  
become doiniilated by the crccp di.;appe;u.;iiice pliciioinciroii. 'Ihc total di;unctr,il def0riIi;iuOn 
rate has reached die liini(iiig v;IJuc ~ i 0 . 3 3 % / d p a  ill die diree Iiiylrcst stress Icvels. 'l'he &tress- 
enhancement of swelling teiids to c;siioull:rge the oii\et o i  creep disappe:uancc. howcver. 

6.2.3 DENSITY CIIANGES OBS 1VI:I) IN I'URli MOI.YBI)ENIIM ANI) Mo-4IRe AFTER 
IIIRADIAI'ION IN 171~11~/M 'I'A -- I:. A. (;:iriier atid L. I<. Grccirwo(id (Pacilic NorUiwest 
Lahoratoiy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  205 

Pure ~nolyhdcnuin iuid h~o-4Iwl'X Re, in both the 20%, cold-worked and aged and the 
annealed :uid aged conditioiis, wcre in;idi;iled iii ITI'I~'/MWI to  cxposurcs as high as 11 1 dpa. 
Pure inolybdcnun appears to appruach a suturalion swelliiig level U~nt is independent of the 
scarting s m ~ c .  Cold-worked m d  aged molybdeiiuin initially swells at a higher rate than Uiat of 
solution-annealed aid  aged inolybdeiiuiii aid oversho(~ts Ihe saturatioil lcvel at lower 
irradiation temperatures. 'This requires Uiat part of the accumulated swelling be removed to 
approach saturation. probably by void shrinkage. 'Tlie alloy Mo-41Re exhibit$ n more 
complex behavior wiUi Uie annealed a i d  aged condition initially swelling hster, but 
everitually Uie density change of both c ~ ~ i i d i ~ i ~ i s  begins to turn  dowuw:u.d and teiids toward 
densification. The role of solid u-;uisinucitiou 10 'Tc, Re, :uid Os is Uiouglit to he very 
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important in Uie irradiation behavior ofaese IWO mclals. Calculations of trdnsmutant 
generation are provided for ITI'F, IIFIR and SI'AKFIIC spectra. 

6.2.4 IRIIADIATION CREEP OF IWSSIAN IEDERATION PIZESSUIIKED TUBES IN MOTA- 
2 0  -- F. A. Garner (Pacific Northwest Laboratory), C. I< .  Eiholzer (Westinghouse Hanford 
Company), E. V. Dcinina:ind L. 1. Ivaiov (Bkkov Institute) . . .  211 

Iiradialioii ha? been completed in MUI'A-ZB lor creep tuhcs conswucted from a 
candidat' reduced activation austenitic alloy supplied by the Baikov Institute in Moscow. The 
total swains are sUongly dependent on irradi:itioo temperalure i n  tlic range 425-600"C. but are 
not completely linear with sues level. 

6.2.5 DENSlTY MEASUREMENTS PERI:ORMT:I) ON ISI'RA SECOND GENERATION AMCR 
ALLOYS IRRADIATED IN MUI'A-2A -- F, A. Gamer (Pacific NorUiwest Laboratory), 
P. Schiller (Ispra Establishment), aid  14, Takahashi (I~lokkaido University) . , , . . . , , . . . . . , , . . 216 

Density change measuieinenLs have been complctcd on Uic Ispra second generation 
AMCK alloys iindiiilcd i n  M U l A - 2 A .  The various coinposition:~l modilicatitrns induce a 
wide variation of swelling behavior ill Lhc range 423-600°C at 32-36 dpa. 

6.2.6 THERMAL STADILITY 0 1 ;  M~WGAN~SE-SI'ABILV.14) STAINLESS STEELS- 
R. L. Klueh and E. A. Kciiik (@& llidge National Laborainry) . . . . . , . . . . . , . . . . . . , . . . . , , , . 218 

Prcvious work oil a series of experimeiitnlliigli-inang;iiiesc reduced-activation 
austenitic stainless steels deinonslraled flint h y  had improved lciisile properties relative to 
type 316 stainless steel in both Ihe annealed :uid 20% cold-worked conditions. Steels were 
tested with an Fc-20Mn-I2Cr-O,25C ( in  weight percciit) h:wc composition, to which various 
cornbiimions of Ti, W, V,  P, and B were addcd. Tensile tests have now been completed on 
these steels aflcr Uiermal aging at 600°C. Tlicrinal suability varied wiUi composition, but thc 
alloys were as smhlc or more slable than t y p  3 16 sl;rinless steel. The swength of the ainealed 
stcels increased slightly ah!r aging to So00 11, while a swcngth decrrase occui~ed for Uie cold 
worked steel. In both conditions, il stocl contauniiig a combinzition of all the alloying clcrnenls 
was most stable and had llre hest slreiigth altcr Uiennal aging 5000 h at 600°C. Dcspite 
having much higher strcngtli Ui:m 316 stainless sicel after aging, the ductility of the strongest 
experimental alloy wa? still as good as that of316 st:Uiiless steel. 

6.2.7 COMPAKISON OF MICl<OSTI<UCTUKAL EVOLUTlON IN I?EACTOI1-IKRADIATED 
AUSTENITIC STAINLESS STEELS WITH AND WITHOUT SPECI'RAL TAILORING _-  
S .  Jitsukawa. T. Sawai, K. Shiba, S .  Ham;ida, and A. Ilishinuim (Japai Atomic Energy 
Research Institute) . . . . . . , . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . 233 

The e f l m s  of l~leldpa raljo on swelling behavior were exuniiicd on (hree austenitic 
stainless steels. Materials were solution-aincaled JI'CA and two low carbon containing alloys 
(C and K) modified wilh tikliliurn imd iiiohiuin. These steels were neutron-imdiated in ORR 
and HFIR wilh and without spect~zllly tailoriiig, respectively. Achieved damage level was 7.4 
dpa in ON< irradiation will1 average IMlpa of about 21 appddpa.  In case of IiFlR 
imdiation, Uiey were 33 dpa a i d  76 appiddpa, respectivcly. Alloy to alloy variation and 
temperature dependence of swelling behavior are far more dislinctively detected in ORR 
irradiation clian in HFIR irradiation, in spite of tlie lower damage level of ORR irradiation. In 
the case of ORR-irradiation. JPCA exliihited sinall swelling values of <0.01 and 0.03% at 603 
and 673 K. respectively, while a low carboil alloy K showed relatively larger swelling: 0.2% 
at 603 K and 0.6% at 673 K. Nuinber densitiics of cavities in HFIK-irradiated alloys were 
larger than chose observed in ORR by one to two orders. On the other band, number densities 
and sizes of dislocation loops produced by OllR irradiation were two to live tunes as large as 
those by HFIR irradiation. These facts suggest U~dt in ORR condition with closer Heldpa to 
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that o l  lusion, mutual annihilation rate of point defeco: was reduced and then h i s  driven 
cavity growth might be enllrmccd compared with 1WlK condition. 

6.2.8 MICKOSTRUC1'IJKES OF A WELDED JOINT lJSlNC AN IIIRADIATED WRAPPER 
TUBE--S. HamaUa, K. Wawiak, A. Hishinuma, 1. Takahashi and T. Kikuchi (Japan Atomic 
Energy Research Institute) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241 

The bcliavior of helium in welded joint fabricated using tungsten iiiert gas (TIG) 
weldiirg process for a type 316 staiiiless steel wrapper tube irradiated in a fast reactor wils 
investigated. The wrapper iuhc was imadiated to (1.5 - 4.2) x loz6 n/m2 (helium level of 3 to 
9 appm) at 395 - 410°C. All welded joints fmcturcd in the hcat-:lffected zone (Ma). The 
microstructures of each portion of llie b&e m e a ,  Uie HA% and Uie fusion zone ill a welded 
joint were examined through a lransmission electroi~ microscope. Small helium bubbles were 
observed in tiumber density of 2 x 
boundaries ol the base meta l .  111 Uie I I U .  sln;ll w ~ d  large helium bubbles mixed rurd lined up 
along the grain boundaries. In pnrticular, soine of tbcm elongaied along the grain boundary. 
In the matrix of thc fusion zoiie, delta-ferrite phases aid unresolvcd carbides were scattered. 
Large cavities were iittached to these prccipihtcs and also occurrcd along grain boundaries. 
These results suggest Uiat Uie failure i n  [lie I I A Z  of welded joints is attributed to the 
prcfereniial growlh aid coalescelice ofhcliwn bubbles in the grain boundaries of the HAZ 
caused by weld heat input and sucss duiiiig welding 

6 .29 DOSE DEPENDI<NCE 01: Tl~l l i  MICIIOS'I'RU('I'IJKA[. EVOLLn'lON IN NIXJTRON- 
IRRNIIAlED AUSTENITIC S'l'AINI,I3S SIEIX, -- S. I. Zinklc, 1'. J .  Maziasi, and 

i n  Ihc matrix and rarely iound on the grain 

R. E Stollcr (Oak Ridge National Labor:nory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

populalions in neutron-irradiated :iustcnitic stainless stecls arc reviewed in order to estimate 
the dispkicement d;un;rge lcvcls needed to achieve the "s~cady s~iitc" coiidition. The 
micnistructural data call hc cciiivcirienlly divided illto two 1emper;iture regimes. I n  tlie low 
tcmper:iturc regime (bclow ahoul 300°C) the microstructure of austenitic shinless steels is 
dominated by "black spot" del'cct clusters ;itid faulted interstitial dislocation loops. The dose 
needed to appnrach saturatiou u f t k  loop illid defect clustcr densities is gcner-ally on the order 
of 1 displ:rccment per atom (dpa) ill this regime. Iir  Uic high teinpcraturc regime (-300 to 
700°C). cavities, precipiutcs, loops i l l  exccss of I O  dpa arc gciicrally required 10 approach a 
"steady state" microstructural cnnditioirs. Due to complex interacllons between Ihe various 
microstructural compoiieiits drat fcrrm duriiig i1wdi:ttiw, 3 .secoridnry trmsicnt regime is 
typically observed io tcmpcraturcs. This slowly evolviog secoiidary uruisicnt may cxtend W 
dxnagc levcls in excess ol SO dpa iii typic:d 300-series .srajnless stccls, and to > I  00 dpa i i i  
radiation-resish111 deve1opment:l s~ccls. Tlre detailed cvoluhil  of ;ury givcii microstructural 
component irt the Iiigh-tcmpcr;;,ture regime is serisiiive to slight variatioils in iiuincrous 
experimental variables, includiog heat-to-heat colnpositin~r ch:ingcs and ticutroo spccuum. 

FRACl'IIIE 'I'OUGIINESS OF l l < l U l ~ l A T l ~ D  CANDIDAlY~ MATEllIALS I;OK ITER 
F'IKST WALLIHLANKE1' STRUCTUWS: PIEL.IMINA1lY IU:SUI.TS -- D. J. Alexander, 
I. E. Pawel. M. I>. Grossbcck. and A. F, Iliiwcliffe (Oak IWge Natioiial Lahoratory) . . .  

Cwdidate materials for 13st  walliblankct structures iii 1 
levels of about3 dpa at ionpcraturcs 01 cithcr 60 o r  250°C. I'rclunioary results have been 
ohtailled i o r  several of Uiesc m:itcrials iradi;rtcd irk 60°C. 'l'hc results show that irradiation at 
this temperature reduces Uie fracture tougliiiess of austenitic sl;iiiiless stccls, but Ihe toughness 
reinailis quite high. The unloading compliance technique developed for the suhsize disk 
compact specimens works quite well, p:rticul;wly for materials with lower toughness. 
Specimens of maicrials with very high touglniess deform excessively. and this results in 
cxperimcnlal difficulties. 

251 

Microstructural dnl;~ OII the evolution ( 1 1  the dislcrcatioll loop, cavity, ru~d precipilate 

6.2.10 

I< have been imdiated to UaInage 
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6.3 REFRACTORY METAL A L L O Y S . ,  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287 

6.3.1 DENSITY CIIANGES INDUCED B Y  NEUI'IION IIIKADIAI'ION IN DYNAMICALLY 
COMPACTED 'I'LJNGSTEN ANI1 I T A  -- F. A, (kmier (Pacilic Nordiwest Lahoratory) and 
J. Megusar (Massacliuseus Institute of Tecliiiology) . , . . . . . .  289 

Dyiwnically coinpacted tuiigs~eii widi a sLuling dcnsily of9S.3% of die tlieoretical 
value densified 2 to 3% wlieii iuadiated iii Fl71'F/M01'A-2A al  Uiree temperalui-es between 
423 and 600°C and displnceinent lcvcls corresponding 10 32 aiid 36 dfpa in slainless steel. 
Rapidly solidilied and dynamic;illy compacted I T A  wilh high levels of titanium a id  carbon 
were also imdialcd at tliesc conditioiis. Ihe density changes were sinall enough to determine 
that significant swelling 1i:id iiot occurred hut,  microscopy is necessary lo determine whether 
void growtli occui~ed iii addition ((1 prccipikitc-rcluited su:lills. 

6.3.2 DENSITY CIIANGES OBSERVED IN Nb-1Zr MTER II<I<ADIATION IN FI'F-MOTA -- 
F. A. Garner (Pacific Northwest Laboratory) . . . . .  . . .  . . .  . 291 

Nh-1Zr 11:~s heeii proposed lor potuiitid applic:iti(iii to ITEl<. Wlicre:~~ previous 
iixidi:itioii studies on Nh- IZr were focused on the annc;ilcd condiliiiii, tliis sludy involved a 
comparative iii-:idi:ition 01 hoth the anne:ilcd illid aged, iiiid die cold-worked uid aged 
condilioiis. Bascd on iiwisureiiients of  density c1i:inge. che cold-workcd aiid aged condition 
appears to fu-st uiida'go a pli:~wrclatcd di1:ition prior to Uie onset of void swelling. while the 
annealed condition dcnsilied prior t o  swclliiig a i d  iii some c:ws docs not swell at all. 

6.3.3 ASSESSMENT OF NIOBIIJM-BASE ALLOYS FOR S'l'I<IICTURAL APPIJCATIONS IN 
T I E  n'EK L>IVEKIOI<--I. M. I'urdy (hugonne Nntionul 1.ahoratory) . . . . 294 

The corrosion and cinhriltleinciit (if pure Nh, Nh-IZr, Nh-SMo-1Zr. and Nb-5V-1.25Zr 
(alloy elements in wt.%) were evaluated in high-purity (HI') dcoxygeiiated water at 300°C for 
up to 120 days. One heat of tlie Nh-SV-I .2S%r ;tlloy ("0" lot) exhihiled both a modest 
corrosion rale and good resiskince lo ernhrinleineiit relative to iillier Nb-base alloys. At 
preseol, Nb-SV-I.25Xr is Uie inost promising Nh-bx\e ;illtiy oii Lhe hasis of holli corrosion and 
einbrittleinenl c1i;lr;icteristics iii I l l '  dcoxygcii;itcd w i w r  :II 300°C. 

6.3.4 MICROSIIIUCTUIUI. EVOLL)1'ION INIXJCED B Y  BORON 'IIIANSMUTATION IN 
NEUTIION-IRIIN)lAlED VANADIUM-BASE N.I.OYS--II. M. Ch 
Laboralory) . . . . . 

Microstructurd evolution associated witli tr;uismutition of 'OB lo helium and lithium 
has heeii characterized lo provide a belter underskindiiig of the boron-doping technique, 
frequently used to sunulale the elfcct of helium genelation under fusion reactor conditions. 
Tnnsmissioii electron microsc~ipy ( 'EM) wiiq used lo cxiiiniiie specimens of V-20Ti alloy 
after irradiation at 600°C lo 44-80 dpa in the Fast Flux Test Facility ( IFF) ,  In the earlier 
stage of irradiation to low fluelice, concentric sliclls of He-darnage and Li-damage zones are 
produced around a V3B2 precipitate o r  a '%-rich cluster. On further imadialion, helium 
atoins diffuse away froin 11ie d;un:ige slicll eitlier to be dissolved in die inatrix or to form 
microcavities, leaving a shell iicli in Li, dcfec~ cluskrs, illid dislocations. Oxygen atoms in 
solid solulioii migrale toward h e  1.i-rich shells, and y-LiVzO5 shells precipitate subsequently. 
In view of this behavior. neither boroii nor Li produced froin tlic transmutation is likely to 
result in a detrimental weakening or grain boundaries. 
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6.3.5 STATUS OF ? H E  DYNhMIC IIELIUM CIIAI1CING EXPERIMENr (DIICE)--H, Tsai. 
H. M. Chung, B. A. Loomis, D. L. Smith (Argonne Natiolml Laboratory), kl. Matsui (Tohoku 
University), M. L. Ilxniltou, L. K. Greeiiwood, and R. Enni (Pacific Northwest Laboratory) . . .  306 

IiTadiation of the sevcii DIlCE c;ipsules was coinpletcd in  Uie Materials Open Test 
Assernhly (MOTA)-2B at Uie eiid of Cycle 120 in Uie Fast Flux 'lest Pacility (FFrn. The 
accrued exposure was 203.1elli'clivc lull-power days (IWDs), vis-a-vis the mget exposure 
of 300 EFPDs. Peak dxnage in Uic sunples w& -29 displaccinent pcr aloin (dpa). All seven 
capsules have been dischdgcd froin Uie lT711~ and arc being shipped 10 Argonr~e National 
Laboratory (ANL). where Uic smnples will be rcuievcd lroin Uie c;~psules a ld  distributed to 
the experimenters. including Moiihusho of Japmi, for exrunination and testing. A subsmtial 
effort is underway at ANL to rcuicve Uie sanplcs lrom Uie higlrly tritiated capsules. 

6.3.6 THERMAL CWEP BEI~IAVIOI101; V-5CK-5T1 A N I  V-IOCK-STI ALLOYS -- 
11. M. Chung, B. A. Looinis, I.. J .  Nowicki, and I). L. Sin i l h  (hrgooiie Natioiral Laboratory) . . .  3C9 

The tIicnn:d creep rates :uid s -rupture life of V-X:r-Sri ;uid V-1OCr-STi alloys were 
determined at 600°C and tlic impurity ciiinpiisi~io~~ iiiid inicrmuuctural chul'nctciistics of 
creep-tested specimens were ;rrialyzcd :uid c i i i~elatcd will1 Uic incasurcd creep properties. The 
results of Ihcse tes~s show l1i;it V-SCr-Sl'i. wliich coiiliiiiis unpuiily corn jws i t iws  typical of a 
cominercial vnn:idiun-hac alloy, exhihits creep steiiglh iuhst;uili:lly supcrior to Uiat 0 1  V- 
ZUI'i, IIT-9, or l 'ype  316 hl:uiilc.<< SICCI .  'l'lic V-lO('r-5'l'i d l o y  exhihit5 crecp slreligth 
soinewliiil higher thaii 111;i1 0 1  V-X'r-S'I'i.  

6.3.7 DUCI ' IL~-BIIITI ' l ,~  1'RANSII'ION ' l ' ~ ~ l l ~ l ~ l ~ A l ' ~ l l ~ l ~ S  
VANADIUM ALI.0YS. BASED ON CllAlll'Y-lMIJA~ 
L. J .  Nowicki, J .  Glvd:~. and D. I,. Smith (Argoiinc Nxtioml I.ahoi:itory) . . . . . . . . . . . . . . . . . . .  318 

lN(i--B. A. Looinis, 

Ductile-hriltlc uansitioii tcinper:ilurci (IIB'I~Is) wcrc detennincd hy Charpy-unpact 
tests for dchydrogeii:ilcd and hydrogeiixlcd V - X i ,  V-SCr-3'1'i. a i d  V-SCr-Sl'i alloys. 'lhcse 
DBIT dab1 coinplcmenl UIC d:it;i previi)usly ohuiiilcd hy I.(Kiniir et al. on Ch:upy-unp:ict 
testing of unalloycd V, V-ITi, V-3'l'-lSi, V-S'li, V-lo ' l ' i ,  V-IXli, V-4Cr-41'i, V-XCr-bTi. V- 
9Cr-SI'i. V-l0Cr-9'l'i, V-14Cr-Sfi. V-15Cr-S'I'i. V-7Cr-l5'1'i, ;uld Vanslar-7 ;~lloys. 'l'he 
results show Uiat V ~illoys wiUi 'l'i :idditioirs (0-18 wt.'h) I ~ v e  :I nli i i i lnunl  DB'I-1' (--250"C) iri 
an alloy containing 3-S WI.% 'l'i, 111:it ;idditioii ( i fd  10 15 wt.% Cr to V-(4-6)'l' ;illay ICSUIU in 
a suhsuilial increase (25-215Y') 0 1  Uic DB'II', and that 0.5 :i~id 1.0 wt.% Si :iddilioos to V- 
3Ti :illoy re,\uII i i i  a sigiiilicml i i icrcw (-100°C) in DB'I'l. 111 xlditioii, llie rcsults show that 
Uic presence of 4(X)-I200 ;ippni I I  iii uii:ill~iyed V aiid V - t u w  alloys causes a signilicant 
increase (400  ppin 0, =200 ppin ( ~ ,  ;uid =000 ppm Si lor urc ;LY structural Inaterkll in a fusion 
reacLor. 

6.4 COI'I'EH ALLOYS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6.4.1 STAIIIS 01: 1~AlIGLJE S'1'lJl)IliS ON ll<l<All lAll<D C~Pl'f3< AILOYS -- F. A.  Garner and 
M. L. Ihniltoii (kicilic NorUiwc\l l.ahor:ilory), I .  1:. Stuhhins a ~ ~ d  A. Siiig1i:il (Uoivcrrity of  
Illiiiois), a i d  B.  N. Siiigh (I1isir N:itioo;ll I.:ihoralory) . . 329 

IiTadiatioii c~~iil inuc.~ i i i  die EBI<-lI iiiid Ill<-3 r ~ ~ e t ~ s  of pure copper a id  GlidCop 
CuA125 in die lorin 01 suhsire Iciisilc kitigue specuncns. l'lic list p1i:lsc 01 the EBR-11 
iiradiation sequence liar hecii cwiiplwd. A size cllccts cxperiineiit conducted on uninadiated 
CuA12.5 Citigue specimens is ne~ui i ig coniplctii,n. l k r l y  resulb 011 the fatigue hclxlvior of 
suhsize spcciinens u e  pi iitcd iii this report. 
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6.4.2 The Response of Dispersion-Su'engUieiied Copper Alloys to High Fluence Neutron Irradiation 
at41S"C -- D. J. Edwards, J.  W. Newkirk (Univ. of MO-Rolla), F. A. Garner, M. L.  1-1,amilton 
(Pacific Norlhwest Laboralmy), A. N'idkxni, aid P. Sann1 (SCM Mekl I'roducts) . . . . . . . . . . .  331 

Various oxidc-dispersion-sueiigtlicd copper alloys have been inadkited to 150 dpa at 
415°C in the Fast Flux Test I;acility (ITI'F). The Al~O~-strenglhcned GlideCopTM alloys, 
followed closely by a IIfO~-strcnghcned alloy, displayed the best swelling re 
electrical conductivity, and tensile proper~ics. The conductivily of the I~IfO~-strengthened 
alloy reached a pLaEau at die higher lcvels of iiradiacion, instead of cxhibiling the ste:idy 
decrease in conductivity observed i n  Uie ollier alloys. A high initid oxygeii content resulted 
in significantly higher swelling lnr a series of caslable oxidc-dispursion-sueii~Uieiied alloys, 
while a Cr203-strenglhened alloy sh(iwed poor resislilncc to r;idi:ilion. 

6.4.3 NfWTRON-INDUCED SWELLING UBSERVFD IN COPPER AI.I.OYS IRRADIATED IN 
MOTA'S 2.4 AND 20 -- I;. A. Gamer (I'irilic Noi-thwesl Labor:i~ory), 11. J. Edwards 
(llnivcrsity o( Miss~iu~-l<olla), B. N. Siiigh (Rise N:ition;d l , ~ ~ l x i ~ ~ ~ o r y ) ,  and 11. Wakinahe 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  (Kyushu Universily) . 34s 

Density measureinelits have keii coinpleted on copper alloys iivadiated in MOTA 2A 
and MOTA 20 at (375°C. 12.7 dpa wid 21.2 dpa) and (423°C 48.0 and 95.4 dpa). While 
most of the density changes ohserved are consislcnt wid1 those of earlier studies, Ihere were 
several suiprises. Addition of S%, Ni appears to accelerate the swelling rate initially at 423°C. 
but deprcsses swelling at 375°C. ?'lie suppressing action of cold work on swclling of Cu-5Ni 
is relatively small, and Cu-SMn resists swelling very stroiigly i n  hod1 llie annealed and cold- 
worked conditions. 

6.4.4 IRRADIATION OF COI'I'ER AI.LOYS IN ?'I IE SM-3 KEACI'OR--S. J.  Zinkle (Oak Ridge 
National L;ibor:itnry). 1:. A. Ru.iicr (PNL), V. I<. B;uab;ish (D.V. Elremov), S. A. Fahritsiev 
(D. V. Efrcintrv) a~id A. S. I'okrovsky (SRIAR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  347 

A tolal of 74 allays of v;uyiiig c(iinpnsitioii iuid tIie~-~noinech:inic;ll condition have 
been prepared fnr a joint IJS-Russia iindialion expel-iinent in llic SM-3 reactor in 
Dimitrovgrad, Russia. The :illoys will bc inadiatud in l l ic  fonn of'lXM disks and sheet 
tensile specimens at tcinperatures of about 120, 250, and 340°C lor oiie 45-day cycle in the 
core and Cllruinel 2 irradiatioii positions. This will prduce drunage lcvcls of about 7 and 
1 dpa, respectively. Cadmium shielding will he used in the Chnnel  2 position to shield the 
thennal neutrons and thereby reduce Uie illnount 0 1  solid uansmuwtion products in copper. 

6.4.5 EFFECT OF ION IRRADIATION ON THE STRUC?'URAL STABILITY OF 
DISI'~RSION-STRENGTIIENED COPPER ALLOYS -- S. J .  Zinkle (Oak Ridge National 
Laboratory), E. V. Nesterova, and V. V. Rybin (Cenu-a1 I<csc;u-ch Instilute for S~uc tu ra l  
Materials). and V. I<. Barahash wid A. V. Nabercihv (I) .  V. Efrcmov Scicntilic Research 
Institute of Elcctrophysical Apparatus) 352 

Transmission electron microscopy was used to compare the microstructure and particle 
distributions of two coininercial oxide dispersion-strengUieiied copper alloys, GlidCop A125 
and MAGT 0.2. Measurements were made on specimens in their as-wrought condition, after 
thermal annealing for 1 h a t  900°C and after 3 MeV Ar+ ion irradiation at 180 and 350°C to 
damage levels of 20 to 30 displaceinelits per atom (DPA). All of the annealed and ion- 
irradiated specimens were found to be resistant to recryst;illization. In addition, void 
formation was not observed in any of the irradiated specimens. The GlidCop oxide particle 
geometry was transfonned froin triangular plalelets to circuliu disks by the ion irradiation. 
The MAGT parlicle geoineuy consisted 0 1  circular disks a id  spheres before and after 
inadiation. The oxide palilicle edge IengUi in1 he unimdiatcd GlidCop alloy was a b u t  
10 nm, whereas the meaii particle dixneler in bnih Lhc MAGT and GlidCop alloys was about 
6 nm. 
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6.4.2 The Response of Dispersion-Suei~gicned Copper Alloys to High bluence Neutron Irradiation 
at 415°C -- D. J. Edwards, J.  W. Newkkk (Univ. of MO-Rolla). F. A. Ganier. M. L. Hamilton 
(Pacific Northwest Laboratory), A. Nadklulli, acid 1'. S a n d  (SCM Melal Products). . . . . . . . . . .  331 

Various oxide-dispersion-strciig~icti~d copper alloys have been bradiated to 150 dpa at 
415°C in the Fast Flux Test Facility ( F F F ) .  The A1~O~-strengthened GlideCopTM alloys, 
followed closely by a tIfO2-strcngtheited alloy, displayed the best swelling resistance, 
elecuical conductivity, and tensile propcrties. The conductivity of Uie lIfO2-strengChcned 
alloy reached a plateau at thc higher levels of irradiation, instcad of exhihiling Uie steady 
decrease in  conductivity observed i n  the o U w  ;Illoys. A high initial oxygen content resulted 
in significariUy liigller swellittg for a serics of caslablc oxide-disp~rsioii-surnglhened alloys. 
while a Cr~O~-surngUiencd alloy showed poor resisnance to radiation. 

6.4.3 NEUTRON-INDIJCED SWELI.ING OBS1:KVI:D IN COPPER ALLOYS IKRADIATED IN 
MOTA'S 2A AND 28 -- F. A. G;u-iier (1':lcilic Northwest I.abor:~tory), D. I. Edwards 
(University of Missouri-Rolla). B .  N. Sir~glr (RiW Naliwid L:ibot-:itory), and M. Watanahe 

. . 345 . .  (Kyushu University) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Dciisity meauremenls 11;ive heen completed on copper :Illoys iiradiatcd in MOTA 2A 
and MOTA 2 0  at (375"C, 12.7 dp:i :uid 21.2 dpa) :uid (423°C. 48.0 acid 95.4 dpa). While 
most of Uie density changes uhsei-vcd XIK! cortsistettt with LIiosc ofca r l i~ r  studies, lhcre were 
several surprises. Addition (11 5% Ni :~ppc:u-s 10 acccIc~:~tc llic swelling r : w  ioili:~lly at 423°C. 
but depresses bwclliiig at 375°C'. 'l'lie supprcssit~g :ictioli ~ I c o l d  work 011 swclliilg of Cu-SNi 
is relatively small. :ind C'u-SMii rcsists swcllitig very suongly in holh Ihe annealed atid cold- 
worked condilions. 

6.4.4 IKRADIAI'ION OF COPPER AI.LOYS IN'IIHE SM-3 KEACI'OI1--S. J .  Zinklc (Oak Ridge 
National Lahor:tlory). 1:. A. G;trner (PNI,), V. I<. B;ir;ihash (D.V. Efretnov), S. A. Fabritsiev 
(D. V. Efrcmov) a id  A. S .  I'okrwsky (SIIIAII) . . . . . . . . . . . . . . . . . . . . . . . .  . , 347 

A total of74 alloys of varyitig coiinpositiiin :uid tlie~iniirnecha~~ical condition havc 
been prcpnrcd for a joint ITS-Russia iixidiatiou cxpcriineiit i n  Uic SM-3 reactor in  
Dimilrovgrad. Russi:~. Tl ic  ~ t l k i y s  wi l l  he irr:idiated iii Uic fiinn of TllM disks and sheet 
tensile specimens zit temperalures of :iboul 120, 250, and 340°C for one 45-day cycle i n  the 
core and Cha~rnel 2 iiTadia1ioti pusilicins. 'l'llis will pn~Uducc &un:~ge leve ls  of :ibout 7 md 
1 dpa, respectively. Cadmium sl~icldii~g will he used it] UIC (~h:ii~ncI 2 position to shield Uic 
thermal neutrons and thereby rcducc the :unoutit 01 xilid ~r;u~sniut;~tioii products i n  copper. 

6.43 EFFECT OF ION 1RKN)IAIION ON 'IIIE S'IR~JCI 'UIUI,  SIABII,ITY OI: 
DISPERSION-STIU:NGII Il:Nlil) COI'I'ER ALLOYS -- 
Laboratoty), E. V. Ncslcr<i\,:~, :utd V. V. Ityhill (Cciilr:il It 
Materials), a i d  V. I<. B;il',ih;&h wid A. V. N:ihcretlkov (I ) .  

Zinklc (Oak Ridge National 
.ClI Institutc for structur~ll 
ilreniov Scicntilic Rcsearch 

Institute of Electrophysical App:u-;~tus) . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  352 

Transmission elccutin microsxpy was used to coinp;uc I l ie  tnicrustructure and parliclc 
distrihulioiis of two coinlnercial oxide dispcrsi(ill-su-etlgll~c~i~d coppcr alloys. GlidCop A125 
acid MAGT 0.2. Me;Lwretnents were in:~dc on speciincns in their as-wr(iught condition, after 
thennal ru~ocaliiig for 1 11 at 900°C. and :Iller 3 MeV Ar+ ion it-radiation at 1x0 acid 350°C to 
dnm;ige levels of 20 lo 30 displ;scmcirts pcr :itoin (IIPA). All of IJie :micaled auld ion- 
irradiated specimens were louiid to hc resist:uit to reerybtillimtion. In additkin, void 
fonnation WLS not observed in any of UIC irradiated specunciis. The GlidCop oxide particle 
geometry was (nuisfonned from tri;uigular platcle~s to circular d ida  by Uic ion irradiation. 
The MAGT particle gcoinetry consislcd of circular disks a id  spheres hcfore and after 
irndiation. 'The oxide pluticle edge lenglh i n t  he uoit-t;idi:Wd GlidCop alloy was about 10 
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6.5 ENVIUONMIINTAL EFlXCTS LN STKUCTUKAL MATEKIALS . . . . , . . . . , . . . . . . , , , 
6.5.1 MASS TRANSFER IN I.ITIIIUM/SI'AINLESS S1XIL TEST LOOP--P. R. Lucbbers and 

0. K. Chopra (Argonne Nalioii:ll Laborakiry) 

363 

365 

The plugged pipe removed from the cold-trap purification loop of the forced- 
circulation IiUiiuin system was exaniiied to study mass uansfcr/deposition khavior and to 
establish the cause of plugging. Several intermetallic compounds were identified in residue 
collected from the plugged cold-mp pipe. Pluggiiig was caused by deposition of 
cillciuilzinc/ilickel crystals iii the pipe sections withill Uie pump coil and flow-meter magnet. 
Addition of calcium as a getter to reduce the conccnuation of nitrogen in h e  lidiium leads to 
formation of (CgZn)Ni5 c~ystals :uid subsequent pluggiiig of Uie cold-trap loop. Deposirs of 
mangancse/uon/nickel globules and in:iiigruiese/ziiic/ilickel dcildritcs, ils well as LiyCrNg and 
possibly Ca3N2, were also identilicd in Llic residue. These phases may have rcduced flow 
through the cold-trap locrp hut wcre not ahuii&nit ciiough to plug the loop. The results 
indicate that Uic use ofa dissolved getter, such as calcium, to reduce nitrogen coiitcnt in an 
austenitic stainless steel loop may 1101 he cll'cctive. Elcineiits iii the lilhiun from structural 
alloys (e&, due to corrosion) aiid Uiosc :idded (c.g., calcium) to reduce the concentration of 
noiimeuillic impurities (e.g.. n i ~ ~ i g c i i )  play i u ~  unporkuit role ill Uic in:u;s transfer/deposition 
behavior in circulating litliium systems. 

6.5.2 COMPATIBILI?'Y OF CANDIDAI'E S'l'I<UCTIJIDU. MAI'ERIALS WI'I'I~I STATIC 
GALLIUM--P. I< Luebbers. W. 1'. Micliaud, and 0. K. Cliopi-a (Argomic National Laboratory) . . 370 

Scoping tests wei-e conducted on c~~inpiilihility of gallium with caidickite structural 
materials. e.g., Type 316 SS, Iiicoiiel 625, aid Nb-5 Mo-l Zr alloy, as well as Annco iron, 
Nickel 270, and pure cllromiuin. Type 316 sutinless steel is le!ist resisuuit and Nh-5 Mo-l Zr 
alloy is most resistant to corrosion iii s ~ i t i c  g;lllium. At 400"C, coiTosioii rates an -4.0.0.5, 
and 0.03 mm/y for Type 316 SS, Inconel 625, and Nb-5 Mo-l Zr alloy, respectively. The 
pure metals react rapidly wilh g:llium. 111 ~ O I I I ~ Z I S I  to tiiidings in exlicr studies, pure iron 
shows greater corrosioii Uian does nickel. 'llie corrosion rates i l l  400°C we 290 and 17 d y ,  
respectively. for h c o  iron and Nickel 270. The results indicate Uiat at temperatures up to 
400°C. corrosion occurs primarily by dissolution accompanied by formation of memWgallium 
intermetallic compounds. 

6.5.3 AQUEOLJS Sl'RESS CORROSION 01: CANDIDATE AUSTENITIC STEELS FOR ITER 
STRUCTURAL AI'PLICAI'IONS--W. K. Soppct. D. M. I;I.~II~~, and 'l'. 1;. Kassner (Argonne 
Nationd Laboratory) . .  _ _ . . . . _ . . . . _ _ . . .  380 

Susceptibility of crevice-weldincnt spccirneiis olTypes 316L and 316NG shinless 
steel ( S S )  to SCC wa.. investigated iii slow-strain-rate-teiisile (SSRT) tests in watcr that 
simulates important parameters anticipated in lirst-walt/hlanket systems. The SSRT tests 
were performed in oxygeiiated water conuining 0.06-10 pprn chloride at temperatures of 95 to 
225°C to estahlish Ihe effects of water purity mid temperature on SCC resist'mce. These 
steels, including weldments, exhihit good resistaice to SCC under crevice conditions at 
temperatures of <150"C in water conlaining 50.1 ppin cliloiide. I t  appears that Type 316NG 
S S  is somewhat more resistant to SCC than Type 3161, SS at temperatures > I W C  in 
oxygenated water containing 0.1 -10 ppin chloride. Most sFciinens fuctured in the base 
meda l ,  and several otlicrs fractured in the heat-;iffccted zoiie (IIA7J of the weld, but non failed 
in the weld metal. 
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6.5.4 FOKMATION OF ELECIRICAI.LY INSULAI'ING COATINCiS ON AI.LJMINII)ED 
VANADIUM-BASE ALLOYS IN LIyUlU LI'1'IIIUh1--l.-H. l'xk and G. Dragcl (Argonne 

. . . . .  389 National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Aluminide coatings were produced on vanadium and v;uladiul 
exposure of the materials to liquid litliium h a t  conlait~cd 3-5 at.%> di 
sealed capsules at temperatures betweell775 and 880°C. Reaction o 
dissolved nitrogen in liquid lithium provides a means of drvelopillg a11 in-situ electrical 
insulator coating on Uie surface of Uie alloys. The electrical resistivity of AIN coatings on 
alumiiiided V and V-20 wt.% Ti wils deteimined in-situ. 

6.5.5 CORROSION r A r i c m  01: CANDIDAIE AIJSIENITIC 

Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  305 
STRUCTURN. AI'FLICAI'IONS--W. E. Rudier atid 1'. F, Kasstror (Argonne National 

Crack-growUi-rate (CGII) tests were performed 011 l-in.-tl~ick ( I T )  compact-talsion 
(CT) specimens of Types 316NCi and 3161. srainlcss alecl (SS) in oxygenatcd water 
conraining 0-5 ppin C1- at 150, 185, and 225°C. 'l'hc results ohtailled uodcr cyclic loadiltg 
conditions at stress intcnsi~y lactors of =27 to 39 MPa-m"* iitdicatc that environmenlal 
enhancement of Uic rates increases wiUi C1- concentrations >0.1 ppm at 150°C in coinparison 
wiih calculated rates in zir uildcr [lie speciiic 1o;iding conditions. lo cunu-at, at the higher 
1emFraturcs Uic CGRs were IIUI i i l lectcd h y  C I ~  i n  oxygcnaled w.iti'r hu t  were grealcr Lh:ur 
Uic predicted rates i n  air by oiic wdcr u l  ni:igtiiludc. 

6.5.6 DEVELOPMENT 01' AI.~JMINIDli COA'I'INGS ON VANADILJM-BASE ALLOYS IN 
LIQUID Ll'~I-lILJM--J.-I I .  1';uk :ind G ,  Dr;igel (Argunllc Natiu~i;d Lahurxtoi-y) . . . . . . . . . . . . . . .  405 

Aluminidc coating5 were produced on vamdiuin slid v;ur;idiuln-h;lsc alloys by 
exposure uf Ule materials to liquid Iilhiurn hat  uor~laincd 3-5 :it.% dissolved aluminum in  
sealed V and V-20 wt.% 1 1  c;ipsulcs at tcrnpcr:iturcs hclweeii 775 atid 880°C. M e r  each test, 
the capsules werc upcried a id  llic s;unplcs were ex;unincd by upticd microscopy and scanning 
electron microscopy (SEM), an an:llyzed by elcclroli-encrgy-dispersive specu-oscopy ( D S )  
and X-ray diffraction. I~lardftes ul the ctctting 1:iycrs and hulk alluys was dclennined by 
microindenlation tcchiiiqucs. 1 e iinture u l  llic coatiiigs. i.e., surl:icc coverage, Lhickness, iuid 
composition, varied with q ~ c w u r e  lime and Icrnpct-alurc, solute cu~icenh-alion in  litllium, and 
alloy composition. Solute cleinen~s Ui;rt yicldcd ;idherelit cwtiugs on various substrates can 
provide a mems or developing ill-situ clcco-ical illsulator co:itiugs by rexlion of Uie reactive 
layers wilh dissolved nilrugell iii liquid lithium. 

7.0 SOLID BREI<DING hIA'lI<I~I.4l.S AND 1IICRYI.LIUM . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  411 

No coiitii hu ti oils 

8.0 CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  413 

8.1 CERAMICS KADIAIION E1;IXCI'S ISSLJBS I'OR I'l'IiR - -  S .  1. Ziikle (0:k Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  415 

The key radiation cllcct~ i c s m  a~suci;~[cd wid] b e  iucccs~lu l  uperation of ceramic 
mattrials in components of the pl:iniicd Iiiterii;itioilal '1'hcrinailucle;lr Expcriniental Rcactor 
(I'IER) are discussed. Radiatiurl-induced d u n e  cliar~ges and drgm&ition 01. Uie mechanical 
properties should not hc a serious issue fur die lluetices plaiilred lur ITER. On the other hand. 
radiation-induced eleclricnl degr:~dutiix~ eflects rnny severely limit ;Illowable the exposure of 
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8.2 

8.3 

8.4 

8.5 

ceramic insulators. Degradation of Uie loss tangent and thennal conductivity may also restrict 
the location of some components sucli as ICR1-I fecdUu-ough insulators to positions far away 
from Uie fust wall. In-situ mc%urcincnts suggest Uiat h e  degradaiion of physical propenies 
in ceramics during u-radialion is grextcr than Uiat measured iii postirradiation tests. Additional 
in-situ data during ncuUun irradinliun are iicedcd before engineering designs for I 'ER can he 
finalized. 

EFFECT OF IRI<ADIATION SPECTIlIIM ON T I E  MlCllOSTRLJCTlJRAL EVOLU'ITON 
1N OXlDE CERAMICS .. S.J. Ziiilile (Oak Itidye NitioiialI.aboralut-y) . . . . . . . . . . . . . . . . . . . .  426 

Cross section uansmission cleclron microscopy was utilized to examine Ute ndiation- 
induced microstruchml chatigcs iit oxide cczunics after in-adintion wiUi a wide variety of ion 
h e m s .  The microslruclurc showed a strong dcpendence on ion tmss atid energy. The 
microstructural results have hceii coirck~tcd will1 Uie calculated dcplh-dependent partitioning 
helween ionization and displaccineni kunnge. This con-elaiiuti itidiutes that defect clusters 
do not loim in MgAl204 i f  tlie ratio o T  encrgy deposiwd itito elcc~rcinic ionization to awmic 
displaceincnls is grcalcr (h:in ahm 10. The coircsponding ratio needed to suppress defect 
cluster fonnation in MgO :uid A I 2 Q  is 500 Iu 1000. Additiuxil inicrosbuctural evidence 
obtained uti Uie ion itxidialed cer:unic specimens suggests Uiat UIC physical mechanis~n 
responsihle for the lack of dclecl clustcrs in highly ionizing radiation cnvironinents is 
associated wiUi ionizalion-enhattccd difl'usion (ED), which promotes annihilation of ihe point 
defects created by displacemenl clanage during Ute irradialion. The most imporwit paramecer 
for I D  is the ratio of ionizing to displacive radiation, since Uiis is roughly proponional to Ute 
amount of ionization per dpa. Ilowever, Uie ahsolule magnitude of~Ite ionizing radiation flux 
is also unpomnt. 

ELECTRICAL CONDUCI'IVII'Y OF CERAMIC INSULATOIIS DUIlING EXTENDED 
ION IRl<hDIATION WITH AN APPl~.lED El~ECl'l<lC I'IELD--S. J.  Zinkle (Oak Ridge 
National Lahoratory) :itid W. Kesrcritich (l~orscliungszeiilln Juelich) . . . . . . . . . . . . . . . . . . . . .  437 

The initial rcsulls are prescirlcd fruin il cyclolroti ioii ii-radialion program investigating 
radialion-induced conductivity (RIG) atid i-andi;itioit-induced elecb-ical degradatioii (RIED) of 
ceramic insulators. l'olycryslallinc specimens ol'A1203, MgA1204, A I N  and Si3N4 were 
irradiated wiUt eilher 28 MeV I&++ o r  20 MeV lH+ ions at temperatures heiween 150 and 
600°C with an applied dc elcclric field of 100 to 500 V/nun. A large prompt increase in the 
electrical coilductivity was observed in all of lhe specimens during urxJialiun. Howcver. 
there was no evidence for pcrmancnt rlccvicill degradation it1 any 0 1  Uie specimens for 
clamage levels up to about 5 x 

IRRADIATION OF MgAI204 SPINEL IN I T F - M O T A  -- F. A. Garner and 
G. W. Hollenberg (Pacific NurUiwest Lzihuraloiy), C. A. Black atid I<. C. Bradt (Uoiversiry of 

displacemenis per alum. 

Nevada-Reno) . . . . . . . . . . . . . . . . . . .  , 4 4 7  

MgA1204 spinel specimens uradiatrd in IFI'I'-MOTA at temperatures between 385 
and 750°C to flueiices ratiging from 2.2 Lo 24.0 x loz2 n cm2 @0.1 MeV) cLuken 
significantly, hut do not develop any loss in weight or change in dimensions. Measuremen& 
of Knoop hardness and its dependence on crystalline orientation, neutron fluence and 
irradiation temprature are in piogress. Measurements of elastic properties are also nearing 
completion. 

HIGH-TEMPERATURE PROPERTIES OF SiC/SiC FOR FUSION APPLICATIONS -- 
R. H. Jones and C. H. I-lenager, Jr. (P:icilic Northwest Laboratory) 451 

Si/SiC composites exliihil novel inechaiiical properties relative to their monolithic 
counterparts. The et-ack velocity (dddt) versus stress iniensily (K) relationship for monolithic 
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ceramics can he described by a simple power law relationship whcre SiC/SiC was found to 
exhihit a multi-stage da-dt vel-sus K relationship similar to that for sh-ess corrosion of metals. 
A K independent slage II w& followed by a slrongly K dependent slale 111, which paralleled 
the monolithic behavior. Expcrilnclits to determine the Ihreslruld K or stage 1 were not 
conducted; however, it is expected Lhat Uiey exist for these matcrials. l he rc  is also evidence 
that the fracture resistance of these materials is greater if cracks are produced by subcritical 
growih processes relative to machined notches. Oxygen was found to increase dddt and 
decrease ihe K for the stage I1 tu alage I l l  Iraiisition while cyclic loads prcrduced litlle damage 
at low K values hut Uiere was suine evidence for increasing darnage with increasing number 
of cycles and K. 

MEASUREMENT OF DC ELI~c1'I<ICAL CONIXJCrIVI'LY 01' ALUMINA DURING 
SPALLATION-NEUTRON IRRN)IAIION --E. I I .  Fununr, F. W. Clinard, Jr., 
J. C. Kennedy, 111. W. I:. Sorruncr. aid M. D. Darmneyer (Los Ahnos  National Laboratory) . . . 457 

8.6 

An imdialioii experunent WAS cxi-ied o u t  during the suniner of I992 at the 
Los Alamos Spallatio~i lhliatiul1 Effects I:aicilily (LAS1U:F). In silu ineasurements of 
clectric:d coiiductivity i n  aluiniiia, s;ippliire, and mineral-ilisulated elccuical cables were made 
at MOT, 590°C, and 400°C. DoUi DC a id  AC (IO0 I lz  to I MIIz) ineasureinents were made 
to a fluence of approxunalely 3 x IOz3 ii/in2, 0ptic;ll abstirptio~i from 300 Iun to ROO nm was 
measured in pure silica- and OII-doped silica-cure optical libers duirig llle iindiatiun. A 
I z g e  nurnher o f  pilssivc siunpleh were iricluded i l l  llic irrxli:ttiwl, S O I ~ C  at die furnace 
temperatures and some at iuiihiclit ~~'nipcraiure. 'Ihis repurt 
the DC conductivity measumineuts. l'lie AC meii$urcmeiits ; 
report. 

iihes prelii1iin:uy analysis of 
uiiilyzed in die compaiiion 

8.7 MEASUKEMENI' 01: AC I~LEC'I'ltICXL CONDUCI'IVII'Y 01: SINGLE CRYSTAL AI203 
DIJKING SPALLATION-NE~JI'RON IRI<AI~IA'IION -- I. C. Kerlrledy, 111. E I I .  Fwiiuin, 
W. I;. Sommcr, and 1:. W. Clii~ard, lr .  (Lus Alanos National Latxrratory) . . . . . . . . . 465 

Sanplcs of single crystal A1203, coininonly kiiowil ;IS sirpphire, and polycrystalline 
A1203 were iwadiated with spallation neuuoiis at Uic Los Aldnos Spallation Radiation Effects 
Facility (IASIZEF) under vitiicrus teinperiiturc conditions and wid1 a continuously applied 
alternating cleclric field. 'l'his p:ipcr describe5 l l ic rcsulls ol niei&urenie!iLs on the sapphire 
samples. Neutron lluencc tuid t lux v;llues :ue estirna~ed v;ducs peiiding recovery and analysis 
of dosiineuy packages. 'Ihe conduciivity iiicreawd :ipproxunatcly wiUi tlle square root of the 
neutron nux at ilucnces lcss tii:iii 3 x IO") nim2 at  [luxes ~ c s s  diaii I x 10'6 nIin2-scc. 
Conduciivity ioiti;iliy decre;iscd ai low ~ luc i i ces  wit11 minimums nc:u nuelices of 1 x 102' 
n/m2. Incutxition periods with a g ' a d u ; ~ ~  iocreioe i l l  coiiductivity preceded UIC omset of an 
accelerated increase in conductivity heginiiiilg at llucnccs as luw a s  IOz1 n/in2. 'The incre;isc 
in conductivity reached saturatiwi I U V ~ I S  iis iiigll ~ L Y  2 x 10.2 (o~iiii-in)-' at llucnces as low as 
2 x 1022 n/m2. 1:requcncy swcpt iiiipcd:ulcc I ~ ~ ; L I ~ I C I ~ ~ I I I ~  inilicatcd ii chllnge iii tile 
electrical properlies lrom c;ipaciti\,e to resihtivc hchavior with increasing Ilucnce. 

8.8 IRRADIATION 1 CIS IN CEltAMICS: 'I'ItANSl'lION FROM LOW 'IO HIGH DOSE 
BEHAVIOR -- F. W. Clinard, Jr. ,  :urd 1:. 11. F;unum (Los Alarnos Naliona1 Laboratory) . . 475 

Ceramics suhjccted t o  ilxidiatian shuw a wide variety uf$amage responses. depending 
on coinposition, nature of bollding, crysiiil sh-ucture. impurity levels, staling microslructure, 
number of phases, and lype of hoinhuding pauticlc. As doses reach high levels (a coiiditioo 
ihat varies in mqniiude from one inaterial 1 0  awlher)  major changes in physical properties 
can occur, and atomic rurangemcnu; niay even change from crysulline to disordered. 
However. scrme ceramics show marked rcsisulice to dunage, kind some properties [nay 
improve. More work is needed 1 0  ful ly uiiderstand Lhese pliciionieiia. hul it  is currenlly 
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possible in many cases to predict :it least qu:iliUtivcly both ~nicrostructwal d:mage response 
and observed property changes. 

THE WI-TCT OF IlhUIATION INDUCED l<LECl'lllCAl~ CONDIlC1'IVITY (RIC) ON 
TIlE TIIERMAL CONDUCI'IVI'I'Y 01 'SAlWl l l tE  Al' 77K -- 11. 1'. White (Oak IWge 
National Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  480 

8.9 

Microwave heating of plasma ill fusion reaciors requires Uie development of 
microwave windows Ilirougli which die microwaves can pass wiUiout great losses. nie 
degradation of h e  ibennal conductivity uf alumina i n  a radiation environment is an iinporlani 
consideration in reliability studies 01. Uiesc microwave windows. Several recent papers have 
addressed this question at higher tetnpcratures and at low temperatures. The current paper 
extends the low temperature calculati~iiis to detcnnine the eflect of phonon-electron scattering 
on Uie thermal conductivity ai 77 K due to IUC. 'l'hese low leinpcrature calculations are of 
inrerest because Uie successful applicatioil ofliigh power (>I  MW) windows for electron 
cyclotron lieating systems i n  lusiwi rciictors will niost likely rcquirc cryogenic cooling to take 
advancige of UIC low loss ~:ingent and liiglicr Ihcnn:d c ~ i ~ d ~ c t i v i t y  ofc:uidid;ite window 
materials at Uiese tcinperatures. 

SURFACE PIU3'AIIA'I'ION l:l~l~l<Cl'S IN NEAR SURFACE MODLJL1JS 
MEASUREMENI' FOR CVD Sic -- M. Oshoruc (Ilcnssekicr I'<rlytcchnic Institute). 
L. L. h e a d  (O& llidgc N i ~ i o n ; i l  L;ihol.:itory), :ind D. Slcincr (Ilciisscl:sr Polytechnic 
Institute) . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  484 

8.10 

Surface preparatioii Ius an (rbsc~-v:~hlc cliect on the data oht:~ined C I - C I I ~  die 
Nmoindcnter for shallow (20 i m )  indents 011 CVD S i c  wheii polihcd with Sytonl'', This 
observed effect is signilicanUy less fbr 112 inicron dinnond polishcd CVD Sic aiid for deep 
(160 nm) indents. These errccts were inanifcsted by tlic rcliitive vlu.i:itions in the expel-irnental 
inodulus and hardness data. An :inalytic:d :inaIysis 01 the :iiiticip;wd vx ia l i o i i  i n  Uie modulus 
and hardness is pcrforincd and shown to correlate well wid1 UIC observed trcnds. The 
observed vauialions appear IO he Uic result (if S i c  ixiteri:d pmpcrlics, ~ U I  well a% surlace 
preparation, since Uie predicted nui:ilioiis cue inucli siniillcr dian Uie ohserved vxiations. 

MICROMECMANICS OF FIDEI< 1YJI.L-OLIT AND CRACK BI<IIIGING IN SCS-6 SiC- 
CVD S ic  COMPOSITE SYS'lllM Al ' l l l~il l-~I 'EMl'El~AI'~JllE -- A. El-Azah aid 
N. M. Ghoniem (University of C:diIoi-ni:i, Los Angclcs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

8.11 

495 

A micro mechanical model is developed to study tiher pull-out and crack bridging in 
fiber reinforced Sic-Sic coinpositcs wiUi utne dependent Uiennal creep. By analyzing ibe 
creep data for monolilhic CVD S i c  (matrix) and die SCS-6 Sic fibers i n  die temperature 
range 900-125OoC, i t  is found lli:il Uie inah-ix creep rdles call hc ignored in comparison to 
those of fibers. Two inportiuit relationsliips :uc ohtauncd: ( I )  a lune dependent relation 
hetween the pull-out stress and Uie i-ckitive sliding distance between the liber and matrix for 
the purpose of analyzing pull-out expel-iincnts, arid (2) die relations between the bridging 
stress and the crack opening displaceinelit 10 he used i n  studying Uie mechanics and smhility 
of mauix crack bridged by fihcrs at high temperatures. The present analysis can be also 
applied to Nicalon-reinrorced CVD Sic matrix system since the Nicalon fihcrs exhibit creep 
characteristics similar to Ihose 01 the SCS-6 lihers. 
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zRtPnRATION O F  CCERA :A FOR II iSEQTIOli I!iTO E B R ~ I I  ~ 11. L .  I V d m i l t o n  s r d  @. ! I .  Errii ( P a r l f > c  N o r t h w e s t  
L a b o r a t o r y ) '  and C. R .  E. ,hoIzer  f d c i t i n g h o u i e  H a n f o r d  Company! 

C E J E C T l V l  

The purpose o f  t h i s  efiOrt i s  t o  docurncflt t h e  p r e p a r a t i o n  o f  t h e  LOBR3. I \  e x p e r i - r n t  ;or 1 r r a d i a t ; a n  i n  t h e  
E r p c r i w r n t a l  B r e e d e r  R e a c t o r  I 1  ( E E R - I l l  f o r  i r r a d i a t i o n  beg inn iqg  i n  IUI 1 6 2 .  

'CERA I A  was b u i l t  t o  s l i p p o r t  t h e  r c i c a r c h  and deve lopment  e f l o r t i  o f  t h e  U . S .  LOE t k u t r o n  Interactive 
H a t e r i a l s  (NIMs)  p r o g r a m  and  t b e  Jaoanese  u n i v e r s i t y  f u r i o n  m a t e r l a i i  prograr r .  COBRA w a s  i n s e r t e d  i n t o  t h e  
E B q ~ I I  f n r  i r r a d i a t 7 o n  b e g i n m n "  , n  r u n  ! 6 2 .  The  specimen l o a d i i g  i s  documented h e r e .  

P R O G R E S S  A N D  STATUS 

I n t r o d u c t i o n  

The a n t i c i p a t e d  shutdown o f  t h e  F E s t  f l u x  T e s t  F a c i l i t y  ( F F T F )  n e c e s s i t a t e s  a t r a n s f e r  of  t h e  F u s i o n  
M a t e r i a l s  i r r a d i a t i o n  p rograms :ram t h e  FFTF t o  E E R ~ I I .  T h i s  r e q u i r e s  t h e  deve lopmen t  o f  a MOTA-type 
v e h i c l e  fo r  E B R ~ i l ,  > . e . .  one t h a t  i s  c a p a b l e  o f  p e r f o r m i n g  i n s t r u m e n t e d ,  temperature c o n t r o l l e d  
i r r a d l a t i o n r  in a f a i t  n e u t r o n  e n v i r o n n e n t .  The d s s e n b l y  b e i n g  d e v e l o p e d  ~ $ 1 1  be r e f e r r e d  t o  a s  a 
l a t e r i a l s  I n s t r u m e n t e d  l e s t  &iscmbly, o r  MITA. 
o f  such  a v e h i c l e  and t h e  d e s i r e  t o  c o n t i n u e  a c c u m U l a t i n a  neutron C X O O S I I ~ - C  i n  t h e  I n t e r i n .  a n o t h e r  

Due t o  t he  t w o  year l r a d  t lme  reqillrcd f o r  t h e  development 

i r r a d i a t i o n  v e h i c l e  t h a t  u t i l i z e s  e x i s t i n g  t e c h n o l o g y  1 s - b e i n g  ilscd ' i n  t h e  w a n t i m e .  
a & Id  R I A  B a d l a t i o n  d s s e a b l y ,  or COBRA. The f i r s t  i r r a d i a t i o n  o f  t h e  f i r s t  COBRA w i l l  be r e f e r r e d  t o  a i  
C O B R A  I A .  R e c o n s t i t u t e d  i r r a d i a t i o n s  o f  t h e  f i r s t  COBRA 
w i l l  I n c r e m e n t  t h e  l e t t e r  d e s i g c a t i o n ,  1 . e . .  1B.  I C .  e t c . ,  
whe re  t h e  "GO" I O  COBRR w i l l  then r e f P r  t o  "contjnulna" 

: t  i s  referred t o  a s  

I r r a d i a t i o n s .  
w 1 1 1  i n c r e m e n t  t h e  nirrnber d e i i g n a t i o n .  I e . .  2 A .  

The U . S .  N e u t r o n  I n t e r a c t i v e  Mate r i a ! s  (1 i IMz) program and 
t h e  JapaneTe u n i v e r s i t y  f u s i o n  m a t e r i a l s  i m m u n i t y  ( f unded  
by  t h e  US/Janan C o l l a b o r a t i v e  Piouram on F m d a m e n t a l  
S t u d i e s  o f  I r r a d i a t i o n  E f f e c t s  i n  F u s i o n  M a t e r i a l s  
l l t i l i r i n g  F i s s i o n  Reac to r ; )  a r e  p a r t n e r s  in t h e  M l l A  and 
COGRA e f f o r t s .  The g o a l  o f  t h e r e  t w o  "rograms 1 s  t o  
d e v e l o p  i m p r o v e d  m a t e r i a l s  f o r  usc i n  ?any d i f f e r e n t  
cor rpanents  o f  p r o p o s e d  f u s i o n  d e v i c e s  ana t o  f a c i l i t a t e  
t h e  p r e d i c t i o n  OF t h e i r  p e r f o r m a n c e  l i m i t s  i n  a f u s i o n  
environment. These programs f o c u s  on m e t a l l i c  or c e r a m i c  
qpecimens for  p o s t - i r r a d i a t i o n  d e t e r m i n a t i o n  o f  s w l l i n g ,  
" e c h a n i c d l  p r o p e r t i e s  and m i c r o s t r u c t u r e .  

A new COBRA~tYpe o f  i r r i d i a t i a n  v e h i c l e  

600°C 
B -394 

400°C 
B - 388 

400°C 
E -389 

I COBRA l o a d i n g  

E x p e r i m e n t  D e s c r i p t i o n .  COERA ! A  1 5  r e f e r r e d  t o  by AEiL-W 
a s  subassemb ly  X ~ 5 1 6 .  I t  cororiies s e w n  B 7 A  c a p s u l e s  i n  
a s t a n d a r d  B 7 A  a i s e n b l v .  l h e  IPHL and WHC i d e n t i f i c a t i o n  
codes f o r  t h e  s e v e n  c a 6 s u l e s .  A t h r o i i q h  6 .  co r respond  t o  
t h e  A I I L - W  i d e n t i f i c a t i o n  codes .  '3~338 t h r o i i q h  E - 3 9 4 .  
Th ree  capsules  (0 ,  F a n d  G )  d i e  tlI!cd w i t h  ~ r e r t  g a s  t o  
p r o v i d e  i r r a d i a t i o n  a t  e l e v a t e d  t r :Toeraturcs (800. 500 and 
6OO.C r e s D e c t i v e l v 1 .  The r e m d i n i n ~  four c a ~ s ~ l e i  l ? .  0 .  C 
and E )  are w e e p e r ' i a p s u i e s  d e s i g n e d  t o  r na ln ta in  t h e  t e s t  
spec imens  a t  a m b i e n t  t e m p e r a t u r e  !-4OO-C). The capsules  
are b e i n g  i r r a d i a t e d  1 0  a h e x a g o n a l  r l u c t  w i t h  c a p s u l e  C 
( 8 ~ 3 9 0 )  l o c a t e d  a t  t h e  c e n t c r .  a i  i h o r i n  ~n F i g u r e  I .  

B - 392 

The t e m p e r a t u r e  o f  t h e  i n e r t e d  m b c a p s u l e s  I S  c o n t r o l l e d  
hy  t h e  s i z e  of the gap be tween  t h e  o u t e r  w a l l  o f  t h e  
s u b c a p s u l e  and t h e  inner w a l l  of t h e  capsule,  ai well a i  

I, arrangement  in  COBRA 1p 
( subassemb ly  X 5 1 6 ) .  

' P a c i f i c  N o r t h w e s t  L a b o r a t o r y  i s  o p e r a t e d  f a r  t h e  U . S .  D e D a r t i l e n t  o f  E n e r g y  by B a t t e l l e  M e n o r i a l  
: I s t i t u t e  u n d e r  C o n t r a c t  l l E - A C 0 6 ~ 7 6 R L O  1830. 
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Care Region .1 

0 I I  I l l  I l l 1  l l l l l  I 1  I I  I 
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 

Distance from EBR-II Core Midplane (Inches) 
~2llCea1 

Figure 3 .  F I O X  normalization c r o f i l e  for  

Capsule  A l l o c a t i o n .  The c a p s i l l e  ^a:r?x i o r  COBRA IA 1 5  I n o w  1 3  n i  :,be 3 l " , S l O "  .Of 

- 3 t r 1 X  d e s i g n a t e  t h e  baiKe!  Or i u ! l C n p i o i e  i d c n t l f l c d t , o n .  l ?  . , ill  l C f t  C O l n E r  
, n d i c a t e  w h e t h e r  t h e  e l e r e n t  r e f e r s  : o  a r u b c a p i u l p  01 d b a s k e t .  o w  t h e  " 5 "  0,- 

each c d ~ s i l l e  inlo s u b c a p r u i e i  o r  b a s k e t s .  The r a d c i  q n e n  7n :hc 

" E "  i s  t h e  l e n g t h  o f  t h e  s u b c a p s u l e  or  3 a s K e t .  l k  n i m e r  ~n oat- 
i l m e n t  i n d i c a t e s  t h e  Position a f  t h e  b o t t o m  o f  t h e  s u b c a p s u l e  c r  
o f  t h e  s p e c i n e n s .  iela!ive t o  t h e  m l l d l e  o f  !he core .  % t h  d l r r n  
h h i c h  t h e  Components were specified. 

E a s k e t s  allow sod ium t o  f l a w  t h r o u g h  them and are t v p l c a ! l y  ~ i r ~ n  f o r  i r r a d i a t i c n  . , -2ep :x?ener c o n d l t l o n s .  
w h i l e  s u b c a p s u l e s  are s e a l e d  and  arc  t y p i c a l l y  used f o r  i r r a d l a t l o n  ~ ( n d r r  :as s a p c x  
S u b c a p s u l e s  a r e  a l s o  used f o r  s p e c i m e n s  t o  be i r r a d i a t e d  u n d e r  weeoer c 3 n d l i i o n i  : - a  
came i n t o  c o n t a c t  w i t h  t h e  r e a c t o r  j o d l u m .  . I l l  b a s k e t s  and sobcdps i , l ' , S  ? r e  w o e  o r  
f o r  f h o s e  s u b c a p r u l e s  w i t h  a S U ~ E I S C ~ I C ~ . ~ ~  d x t e v l i k  next t o  !he ' S " :  ' i c 5 e  i r e  - a n ?  

The l e t t e r s  g i v e n  i n  t h e  [upper r :ght  c n i p ? r  o f  some e l e w t i  Indicate t h e  present,? - f  Ylilnetry packages 
( 8 - s p e c t r a l  s e t .  6 - g r a d i m t  wire) or ' k m a 1  - rea iu r ing  d e u ~ r e i  I T E C  = li .?rnal ~ X O ~ ~ S I C -  d e v ~ c e .  T-MON = 

r e c t a n g u l a r  S I C  b a r  used  a s  a t h e r - d l  w n l t o r l .  B a t h  t y p e s  o f  dosl-etry were P ~ C L C ~ : ~ C  ~n h e l l u r n - f i l l e d ,  
s!ainlesi s t e e l ,  s e a l e d  c o n t a i n e r s .  li3s are s o d i u m - f i l l e d  s t a i n l e s s  s t e e l  o r  i n c 3 n p  
permanent  d e f o r m a t i o n  t h a t  cor re ioonds  t,O t h e  maximum trrnperatllrc t o  i vh l ch  !hey ?.,.e e 
I r r a d i a t i o n .  The t h e r m a l  rnonltors are e x t r a  S i c  b a r s  t h a t  w i l l  be  a n a l y z e d  fo r   ti.?^ 

Specimen Matrix. 
d e v i c e s  and p r e d i c t  t h e i r  performance ) , n i t s  In a f r i i i o n  c n v l r o n m e n t .  
n r o v i d i n g  an i n c r e a s e d  understanding 9 f  damage mechanisms t h r o u g h  e x p e r > - e n t .  d a t a  a n d ' y s ~ i  and model l ,ng.  
A s h o r t  t e r m  e f f o r t  is focussed on meeting t h e  near-term m a t e r l a l i  needs f o r  t h e  I n t e r ; a t l a n a l  
T h e r m o n u c l e a r  E x p e r i m e n t a l  R e a c t o r  ( I T E R ) .  

The emphasis in the  U . S .  1s vrirnarll? on l b u t  1 s  n o t  limited t o 1  a11011 fo r  flrit w a i 1 , h l n n k p t  

The ab jec t3ve  o f  t h e  U . 8 .  l l l l l r  p r o g r a m  i s  t o  d e v e l o p  icproved r d t e r 1 - i ~  lor u s e  ,n fuilon 
The l o n g  t e r n  e ' fcr t  f o c u s e s  on 

a p p l i c a t i o n s .  
r u i l o n  c a n d i d a t e  h e a t s  o f  ferrltlc s t e e l s .  2 )  e x p l o r l n g i  reduced d c t l v a t l o n  alloys o f  ieueral  !ypes 
, i e r r ? t i c  i r o n ~ b a i e d  s t e e l s  a s  riel1 a i  'vanadium a l l o y s  and  SICZSIC). 2 )  d e v e l o p i n g  C O O D ~ ~  alloys 

Major areas include 1 )  i u p p l y l n q  h i g h  f l u e n c e .  c"glnee;lnq d a t a  .or C u r r e n t  0; p o t e n t i a l  
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for  h i g h  n e a t  i l u x  applications and an u n d e r s t a n d i n g  o f  t h e i r  i u n d a m e n t a l  r a d i a t i o n  response .  and 4 )  
c l a r l f y l n g  t h e  r o l e  o f  h e l l o m .  Smaller e f f o r t s  are d i r e c t e d  toward t h e  d e v e l o p m e n t  o f  b e r y l l i u m  f o r  
neutron m u i t i p l i e r  or p lasma i n t e r a c t i v e  components.  and t h e  debelopment o f  c a m p o s i t e  m a t e r i a l s  f a r  h > g h  
h e a t  f l u x  a p o l i c a t i o n s .  

The J a o a n e i e  university p r w r a m  f o r  t h e  deve lopment  o f  f u s i o n  reac tor  m a t e r i a l s  i s  u s i n g  t h e  FFTF/MOTA a s  
p a r t  o f  a l a r g e r  program t o  a t t a i n  an  u n d e r s t a n d i n g  o f  t h e  v a r i o u s  r a d i a t i o n  responses t h a t  c o n t r o l  
m a t e r i a l s '  b e h a v i o r .  S p e c i f i c a l l y .  t h e i r  p r o g r a m  1s d e s i g n e d  ! )  t o  e s t a b l i s h  COrreldtiOnS between h i g h  and 
l o w  C X D O S U ~ ~  i r r a d i a t i o n s  in f i s s i o n  and f u s i o n  n e u t r o n s  and 2 )  t o  d e t e r m i n e  t h e  mechanisms o w e m i n o  
n i c r o s k r u c t u r a l  and m i c r o c h e m i c a l  e v o l u t i o n  and t h e i r  r e l a t i o n ' t o  p r o p e r t y  changes I "  m a t e r i i l s  

S I X  i u b ~ g r o u p r  have been d e s i g n a t e d  r e r p a o s , b l e  f a r  such  e f f o r t s  i n  Lapan f o r  d i f f e r e n t  c l a s s e s  o f  
- d t e f  1 d l  i :  

a )  F e r r o u s  m a t e r i a l s ,  
b )  R e f r a c t o r y  m e t a l s  and a l l o y s .  h i g h  h e a t  f l u x  m a t e r i a l s  
c )  PuPe m e t a l s  and  model a l l o y s  ?or fundamenta l  s t u d i e s ,  
d )  ! s o t o p i c  t a i 1 o r : n g  e x p e r i m e n t s .  
e )  Ceramics  and c o a m s i t e  materials. and 
f )  D o s i m e t r y  

A wmmary  o f  t h e  combined  U . S .  and  .Japanese spec imen m a t r i x  i s  shown i n  T a b l e  1 .  a r r a n g e d  b y  a l l o y  t y p e .  
The g e o m e t r i e s  o f  t h e  U . S .  and Japanese spec imens  are l i s t e d  i n  T a b l e  2 .  T a b l e  1 shows t h e  p r o g r a m m a t i c  
a f f r l i a t 7 o n  I U . S . .  Jaoanese. o r  c o l l a b o r a t i v e )  O f  each S D e C l m e n  a s  w e i l  as t h e  s o e c ~ n e n  t v o e  and COBRA 1A 
p s i t i o n .  
N O  c o l l a b o r a t i v e  a f f i l i a t i o n s  are shown i n  t h i s  t a b l e  o t h e r  t h a n  w i t h  t h e  US/Japan C o l l a b o r a t i v e  Program on 
Fundamental  S t u d i e s  o f  l r r a d l a t i o n  E f f e c t s  I n  f u s i o n  M a t e r i a l s  U t i i i z i n g  f i s s i o n  Reactors. 

U:S. p r o g r i m m a t i c  a f f , l i a t i o n i  are b r o k e n  down IC show t h e  d i i t r i b u t i b n  D e t w e e n ' i a b o r a t o r i e r .  

CONCLUSIONS 

The COBRA 1A e x p e r i m e n t  was s u c c e s s f u l l y  p r e p a r e d  and inserted i n t o  E B R - l l  f o r  i r r a d i a t i o n  s t a r t i n g  w i t h  
r u n  162.  

FUTURE WORK 

P l a n n i n g  w i l l  c o n t i n u e  f o r  t h e  d e v e l o p m e n t  o ?  b o t h  COGRA I B  and M I T A  
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i 
1 
I 
i 

i 

T a b l e  1 .  COBRA I A  S~eclrnen M a t r i x  

1 E l l - B  
F O I - S  
G o b 5  
E05-E 
Ell-8 
F 0 4 ~ S  
F O I - S  
S O L 5  
G06-S 

8 0 5 - 8  1/3 C ,SS-3,TEM ( T Z M I L i )  Y a l l o y s  
8 0 6 - 8  1/3 C " , S S - 3 . l E M  ( T Z M I L i )  Y a l l o y s  

BO9-8' C T  I v a l l o y s  

Specimen ~ y p e '  

t 1 3 - B  
€08-E 
104-8 

EO7-E 
1 0 5 ~ 5  
G 0 4 - S  

I G 0 3 - 5  

TEM(W) 
i E M ( W 1  
T E M i W )  

TN 

1/3 C:,SS~3,TEM (TZM/L i )  v a l l o y s  
S S  - 3 ,  TEM ( TZM/Li ) v a l l o y s  
SAM.  SP (TZM/L i )  v a l l o y s  

TEMIS) v alloys 
TEM(S1 v a l l o y s  
TEM(8) v allays 

TN,TEM ( T Z M l L i )  v a l l o y s  
TN,TEM ( l Z M / L i )  v a l l o y s  
TN.TEM (TZM/L i )  v a l l o y s  

A I  lay' 

T i N i  dlloys 
T i N i  a l l o y s  
T i N i  a l l o y s  
T i N i  a l l o v s  
T i N i  a l l o y s  
T > N i  a l l o y s  
T i N i  a l l o y s  
T i N i  alloys 
T i N i  a l l o y s  

Number of, 
specimens 

I 
12 
12 
12 
12 
I 2  
12 

I .  " ~ B "  and " ~ S "  i n d i c a t e  t h a t  t h e  s p e c i f i e d  segment w i t h i n  t h e  c a p s u l e  i s  e i t h e ?  a b a s k e t  ( w e e p e r )  
or il rubcapsu le  ( s e a l e d ) ,  r e s p e c t i v e l y .  A s u p e r s c r i p t e d  " * "  i n d i c a t e s  t h a t  t h e  subcapsule I S  
h e l i u m - f i l l e d  TZl l .  

f 
F 
SAM 
SP 
T ( S S - 3 )  
TEM(S) 
TEM(W) 
TN 

(58) 
(TZMIHe) 
(TZM/L i ) 

3 .  RAF 
Be - NGK 
Be - BW 

1/3 s i z e  c h a r p y  r p e c i m e n  ( J  ~n p a r e n t h e s i s  t n d i c a t e s  t h e  Jaoar ,ese  1.3 s i z e  g e o m e t r y )  
1 . 5  m c h a r p y  i m p a c t  spec imen 
b a l l  spec imens  measuring I. 3 ,  and 5 rm i n  d i a m e t e r  r c i P e c t w ? l y  
bend b a r  specimen 
compact tension specimen 
-0.4" d i a m e t e r  d i s k s  
f i b e r  spec imen 

small pGnch-specirnen 
58-3 t e n s i l e  spec imen 
s e a l e d  T E M  oacket 
weeper TEM b a c k i t  
SI t e n s i l e  spec imen 

spec imens  i n  h e l i u m  f i l l e d .  s e a l e d  s t a i n l e s s  s t e e l  c o n t a i p e r  
spec imens  in n e l i u m - f i l l e d ,  sealed T I M  c o n t a i n e r  
spec imens  i n  l i t h i u m - f i l l e d ,  s e a l e d  T Z M  c o n t a i n e r  

r e d u c e d  a c t i v a t i o n  f e r r i t i c  
Be made by NGK 
Be made by Brush Wel lman 

4 .  R e f e r s  t o  one o i  t h e  f a l l o w i n g ,  d e p e n d i n g  an  t h e  e n t r y  t y p e :  
number o f  spec imens .  or 
number o f  TEM p a c k e t s ,  o r  
number o f  T Z M  c o n t a i n e r s  

5. J Japanese  
US- A ANL-E 
IUS-F FSRG 

us -L  LANL 
U S ~ O  O R N L  
us-P P N I ~  .~ ~ 

u s - I  U n i v e r s i t y  o f  Iowa a t  Ames 
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' a b l e  2. Spec:men G e o m e t r i e s  II CCBRA 1 0  
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AVERIGE MASS 
(gns) 

0 . 5 0  
0 .38  
0 . 2 5  

0 . 4 1  

0 . 1  
0 .57  

0.19 
0 . 1 4  

0 . 3 5  (empty) 

0 . 4 1  (empty) 

2 . 5 6  (empty)  

1 0 . 3  ( w i t h  
lithium) 

5 . 4  ( w i t h  
I i t h i u m )  

9.9  ( w i t h  
I i t h i  urn) 

14 .3  ( w i t h  
l i t h i u m )  , 

SPECIMEN TYPE 

C o n t i n u e d  from 
Drevious  p a g e . .  . 

Fiber t i ibes  

Temperature  monitors 

Scanning auger 

soecimens 
mlC! 'OsCapy ( S A M )  

Small puncn ( S P )  
specimens 

TEM p a c k e t s  - weepers 

TEM packets  - sea led  

S e a l e d  t u b e s  

TZM cnntainers 

T a b l e  7 .  Specimen Geometries i n  COBRA 1 A  

DlllENSlONS m ( i n )  

7.54 OD x 38 .1  
3 . 1 7 5  OD x 3 1 . 7 5  
3 . 1 7 5  flD x 20 .3  

0 .37  x 1.5  x 2 5 . 4  

1 0 . l 0 0  OD x 1 . 5 )  
( 0 . 1 2 5  00 x 1 . 2 5 )  

(0 .125  OD x 0 . 8 )  

(0 .0125  i 0 . 0 6 7 5  x I) 

1 6 . 5  1 x 1 .9  t x 3 . 1 7  
(0.65 1 x 0 . 0 7 5  t x 0 .125 )  

8 .05  flD x 0 . 5  t 

3 . 6 5  OD x 7 7 . 3  x 0 . 1 8  t 
(0 .144  OD x 0 . 8 7 9  x 0 , 0 0 7  t )  

3 . 6 5  flu x 7 2 . 3  x 0 . 1 8  t 
1 0 . 1 4 4  OD x 0 . 8 8  x 0.007 t )  

9 . 4  00 x 2 0 . 3  x 0 . 3 8  w a l l  
( 0 . 3 7  OD x 0 . 8 0  x 0 . 0 1 5  w a l l )  

9 . 5 3  OD x 57 1 x 0 . 6 3 5  w a l l  
( 0 . 3 7 5  OD x 2 . 0 5  1 x 0 . 0 2 5  w a l l )  

9 . 5 3  00 x 2 5 . 4  1 x 0.635 w a l l  
10 .375  Of l  x I I x 0 .025  w a l l )  

9 .53 OD x 44 .45  1 x 0 . 6 3 5  wall 
( 0 . 3 7 5  OD x 1.75 I x 0.025 w a l l )  

3.53 OD x 7 3 . 7  1 x 0 .635 wall 
( 0 . 3 7 5  OD Y 7 . 9  1 x 0.025 w a l l )  

( 0 . 3 1 7  00 x 0 . 0 7  t )  

MATERIAL 
TYPE 

8 1 C/S1 c 
S i  C/S i C 
Carbo"  

S i c  

Fr alloys 
V alloys 

i e  allo:,s 
v a l l o y s  

316 

316 

316 

T Z M  

T Z M  

l 7 I I  

mi 
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FABRICATION AND OPERATION OF HFIR-MFE RB' SPECTRALLY TAILORED 
IRRADIATION CAPSULES - A. W. Longest. J. E. P a w l ,  D. W. €Icathcrly, R. G. Sitterstin. and R. 
L. Wallace (Oak Ridge National hhoratory). 

OBJECTIVE 

The objective of this work is to fahricate and opcratc irradiation capsules lor  irradiating magnetic 
fusion e n e r a  (MFE) candidate first-wall materials in the High Flux Isotope Reactor (HFIR) 
removable betyllium (RB*) positiiins. Japanese and U.S. MFE specimens were transferred to RBx 
positions following irradiation to 7.5 d i n  at tcmpcraturcs of 60, 200, 330, and 400°C in Oak Rids' 
Research Rcactor (ORR) cxperiments ORR-MFE-6J and -7J. 

SUMMARY 

Fabrication and operation of f o u r  HFIR-MFE RB.v capsules (60. 200. 330, and 400°C) to 
xcommodate  MFE specimens previously irradiated in spectrally tailored experiments in the O R R  are 
proceeding satislact~irily. With the  csccplion i i f  Ihc 60°C capsulc, whcrc the test specimens were in 
direct contact with t h e  reacior coolingwater. specimen temperatures 1 monitored by 21 thcrmiiciiuplch) 
arc contriillcd by varying the thermal  conductance of a thin p i s  gap regiiin hetivccn the spccimen 
holdcr i)utc'l slccbc and conluiiinicnl tuhc. 

lrvddi:ition ol the 60 and 3 W C  c:ipsuIes. which starled on Ju ly  17, I W ) ,  was complctcd on Novcmher 
14, lW2,  alter 24 iyclcs (11 irrxli:ition t o  an incrcnicntal damage I I o f  appmximately 10.9 displacc- 
mcnth per :iton1 ( d p ; ~ ) .  Abhcnihl! 01 l l ic  f i i l l i iwup 200 and 4i!ti"C capsules was coniplelcd in  
Novcmhcr 1992. arid thcir planned 2I)L~ycIc itr;idi;itiiin t i i  approximatcl? <).I iticrciiicntiil dpa %.iii\  

started on Novcmhcr ?I. 1992, A h  oi Fehruary I I ,  l W 3 ,  the LOO and 400°C c i i pu l c \  had siicce,klull! 
c i~mplc lcd three q c l c s  ill irrediiitiiin t o  iippriixinialcly 1.d incrcmcnlal dp:i. 

PROGRESS ANI) STATUS 

Introduction 

A scrieh of spectrally tniliircd irradiation cnpsulcs arc k i n g  1;ihric;itcd and opcratcd as part oi the 
U.S.:'J:ip:in ~(illahorativc program for testing MFE candidate lirst-uall m:ilcrials in niixcd-$pcctrum 
lission reaclms. The tes t  spccinicns :ire being irradiatcd i n  the RB"' lac i l i t? '  o f  [hc H F I I I .  

Four tIFIR-tvlFE RR'.. cnphulcs w r c  designed 1 0  acemimodate Jnpancsc nnd U.S. MFE specimen\ 
prwiously irrxlialcd 111 7.5 dp;i a t  icnipcr;iturcs 016(i, ZOO. 330, ;ind 400°C i n  the O R R  in spectrally 
ui l i i rcd cxperimcnts 0RR-MI;E-OJ ;ind -73. Detai ls  of thesc ORR experiments, including dcscriptionh 
i i i  thc tcst  n1:ilrix. mcchanic;il propcrt! specimen\, :ind technique\ 01 s p e c t ~ ~ ~ i l  tailoring. h w c  liccn 
reportcd clscuhcre." fialnium lincrs arc being used in  thc  HJIR-blFE RB" expcrimcnts to t a i l o r  
the nctitriin spectruiii 10 c lo \c ly  match the helium pri i t luct iot i- t~)~~it( ini  displiicemcnl mtic I 1-1 
a p p m d p a )  expected i n  :I iusion reticlor iirst \wIl .  

Thc HFIK-MFE KB c:ipsulc\ iirc hcing Irrxliatcd in  pairs ( l in t  the 60 and 3 W C  capsules, then l l i c  
200 atid 4iI(!"C ciip\uIcsj io 1iit:i l d:itnagc lcveI\ (in thc rc-cncapulntcd specimens t i l  a[ipr(isimrltd~ 
1S.4 (2.1 HFlK qc lcs )  and I&(> dpit (20 HFlR iyclcs). rcspcctivcl). Prcviiitisly'. the l a r g c ~  cxpii\urc 
b c i  \\:I\ 17.5 to ta l  dpa on the rc-cnciipsulritcd specimens ( 2 2  HFIR c).clch) l o r  a11 four capsuleh: 

___ 



15 

howcver. the 60 and 330°C irradiations wcre extended for two additional cycles until the 200 and 
400°C capsules wcrc ready to replace thcm. 

60°C Capsule 

The 60°C capsule, dcsignatcd HFIR-MFE-60J-I, was an uninstrumcnted capsulc with the lest 
specimens in contact with the reactor cooling water. Capsule design, asscmbly, and details of the 
specimen loading were descrihcd previously.' 

Irradiation of this capsule w'as started o n  July 17. 1990, and was completcd on Novemher 14. 1992, 
after 24 cycles of irradiation to  a tutal damage Icvel on the re-encapsulated specimens of 
approximatcly 18.4 dpa. A cycle-hy-cycle summary of the irradiation history of the h0J-I capsule is 
given in Tahlc 1. Spccimcn operating temperarurcs in this capsule were prcdicted tu bc within 10°C 
of 60" C. 

330°C Capsulc 

Thc 330°C capsule. designated HFIR-MFE-330J-I, was an instrumcntcd and singly contained capsule 
where the specimen temperatures were monitorcd by 21 thermocouplcs and controlled hy adjusting 
the thcrmal conductance of a t h i n  gas gap region bctwccn the specimcn holder (ruler sleevc and 
containment tuhc. This capsule was cm>lcd with 49°C rcactor cooling water flowing downward over 
the containment lube surfxc .  Capsule design, assembly, and details o f  t h c  spccimcn loading were 
described previously.h,' 

irradiation of this capsulc was started o n  July 17, 1990, and was complcted on Novemher 14, 1992, 
after 24 cyclcs of irradiation to a total damage level on the re-encapsulated specimens of 
approximatcly 18.4 dpa. A cyclc-hy-cycle summary of the irradiation history of thc 3303.1 capsule is 
given in Tahlc 1. 

Typical thermal operating data for the 3305.1 experiment werc prescntcd in detail previously! During 
this r c p m  period, measured temperatures in the aluminum al loy specimen holder continued to 
indicatc specimen opcratins temperatures within about 25°C of 330°C. which satisfies thc 
temperaturc criterion for these experiments. 

200 and 400°C Capsules 

The 200 and 400°C capsule dcsigns are basically the same as that of the 330°C capsule. The main 
differences in the three capsule dcsigns are associated with ( 1 )  the numhcr and spacing of the 
specimen holder slots and holcs to accommodate dilfercnces in the numhcrs of specimens of the 
various typcs, (2) the width of the temperature control gas gap region between the specimen holder 
outer sleeve and conlainment tuhe to obtain the desired specimen operating temperatures, and (3)  
the instrumented test picce included in the aluminum plug and holder above the  test specimen holder 
to obtain extra information. 

Horizontal and vertical sections through the 200 and 400°C capsules, designated HFIR-MFE-200J-1 
and -4005-1, are shown in  Figures 1 through 4. In addition to the main test specimen loadings, a 
simulated packet of transmission electron microscopy ( E M )  spccimens in the 200°C capsule and a 
simulated hourglass fatigue specimen in the 400°C capsule are located in the aluminum plug and 
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Table 1.  IRRADIATION HISTORY OF US/JAPAN SPECTRAL TAILORED CAPSULES 
HFIR-MFE-6OJ-1, -33OJ-1: 2OOJ-1 ,  AND -400J-1 

HFlR OPERATION 60.-1.330J-1 200.-1. 400.-1 

START 

I 
289 I 07-17-90 

09-1 9-90 
10-17.90 

292 1 1  -25-90 
293 1 12-27-90 
294 02-01 -91 

03-01-91 
04-06-91 
05-19-91 

298 j 06-20-91 
299 07-25-91 

08-28~91 
09-27-91 

302 10-27~91 
303 I 12~01-91 
304 12-31-91 

01-30-92 %%i-GE- 
307 05-01 -92 
308 1 06-02-92 
309 07-03-92 

08-27-92 
09~25-92 
10-22-92 
11-21-92 
12-20-92 
01-19 93 

316 

318 
319 

END 
DATE 

09-07-90 
10-11-90 
11-13-90 
12-10-90 
01 -23-91 
02-25-91 
03~24~91 
04-28-91 
06- 1 5~9 1 
07.11~91 
08-1 5-91 
09-17-31 
10.1 9~9 1 
11~21~91 
12-22-91 
01-24-92 
02-27-92 
04~27~92 
05-28-92 
06-30-92 
08-01-92 
09-16-92 
10-12-92 
11-14-92 
12-15-92 
01-12-93 
07-1 1-93 

~~ 

-_ 

1879 / I  1879 

1847 7416 

11287 
13195 
150fi9 
16914 
18661 
20402 
22126 
23577 

1829 25606 
27627 

lE2’ 1826 / I  29453 
31329- 

35016 
36954 

lg3’ 1949 / /  38903 

iNTAL INCREMENTAL 3. MWd dpa. 
I 

0 46 
0 91 
136 
182 
2 30 
2 77 
3 23 
3 69 
4 14 
4 57 
5 00 
5 47 
5 87 
6 32 
6 77 

- 

__ 

I/ I 
8.13 

* DPA levels based on achieving 0.000245 dualMWd. 
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ORNL-DWG-89-7850 

CONTROL GAS GAP 

,/[ GROOZINSKI FATIGUE 

GAS PASSAGES OUT 7 

-SS-3  TEYSILE  
S S - I  TENSILE 

SPECIMEN HOLDER 
SPECIMEN HOLDER 

HELIUM GAS I N  

CONTAINMENT TUBE TEMPERATURE CONTROL 
GAS I N  

TRANSMISSION ELECTRON 
MICROSCOPY [TEMI 

PRESSURIZED TUBE 
AND TUBE BLANK 

SS- 3  TENSILE  
GRODZINSKI FATIGUE 

Fig. 1. Horizontal section through the HFIR-MFE-2OOJ-1 capsule. 
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holdcr above the test specimen holdcr and instrumented with thrce thermocouples to obtain 
lcmperature rise data for these respective specimen-specimen holder configurations. 

Asscmbly of the 200 and 400°C capsules was completed this report period as planned, aster having 
heen delayed by approximately two months hccause 01 the aluminum welding difficulties dcscrihcd in 
thc last rcport". After partial assemhly of thc capsules and Inading of non-radinactive test specimens 
on the bench, the radioactive test spccimcns wcre successfully loaded i n  the hot cell and capsule 
assemhly completed in about two weeks for each capsule. Special fixtures developed for h o t  cell 
loading of radioactive specimens into the 330°C capsule were again used for these capsules. 

Specimcn loading lists showing spccimcn identilication numbers as a function of position in thc 
capsule are given in Tables 2 and 3 for the 200 and 400°C capsules, rcspcctivcly. Position is given 
by row number o r  hole designation (see Figs. 1 and 2 )  and levcl numhcr. Level numbers in increasing 
order indicate the stacking nrdcr Srorn top to hottom of thc specimen holder. Detailed specimen 
information is givcn in Tahlc 4 [or the various lypcs of spccimens, rcspcctively, loaded i n t o  thesc 
capsules. The individual spccimcns listed in Tahlc 4 arc categorized hy typc of specimen. source of 
material, and alloy typc. Alloy conditions include solution anncalcd (SA) and cold worked (CW). 
Specimens denoted hy an astcrisk were re-encapsulated in to  thcsc experiments and have already 
received 7.5 dpa in  thc ORR-MFE-6J and -73 experiments. The transmission elcctron microscopy 
(TEM) disks in each new (prcviously unirradiatcd) TEM holdcr tuhe are also listed. Several specimen 
materials in thcsc capsules were n o t  in the 611 and 330°C capsules. These new specimen materials 
include vanadium and copper alloys. 

Irradiation of the 200 and 400°C capsules began on Ntrvemher 21, 1992, at Ihc start of HFlR cyclc 
313. As of Fcbruay 11. IYW, these capsules had successfully complctcd three cyclcs (1.37 dpa) of  
their planned 20b~yclc (9.1 dpa)  irradiation to a total darnagc level of approximately 16.0 dpa nn the 
rc-encapsulated specimens. A cycle-by-cycle summary of  their irradiation history through HFlR cycle 
315 is given in Tahlc 1. Both capsulcs are opcrating as designed. Mcasurcd temperatures from the 
21 thcrmocouples i n  the aluminum alloy specimen holder in each capsule indicate the specimen 
opcrating temperatures arc within about 25°C o f  200 and 400°C. rcspcctively. which satisfies the  
tcmpcraturc criterion for these experiments. 

HFIR-MFE RB'" Facilities 

Facility preparations required for operation of two instrumented HFIR-MFE RB" capsules (200 and 
400°C capsules) simullancously were completed during the report period. These preparations 
included upgrade and final chcckout of Materials Irradiation Facility No. 4 (MIF-4). connection of 
the instrumented 400°C capsule t o  MIF-4, disconnection of  the 330°C capsule from MIF-3. and 
connection o f  thc 200°C capsule to MIF-3. 

FUTURE WORK 

Design. prcparation of fabrication drawings, procurement of parts. and assembly of a capsulc for re- 
encapsulating specimcns from the above capsules into a dual-temperature capsule (probably 200 and 
400" C) is planned for FY 1994. 
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STATUS O F U S I J A P A N  COLLABORATIVEPROGRAM PHASE I1 H F l R  TARGET CAPSULES 
- J. E. Pawcl and R. L. Senn (Oak Ridge National Lahoratory) and K. Shiba (Japan Atomic Energy 
Research Institute) 

OBJECTIVE 

The ohjectivc of this program is to determine the response of various US. and Japanese austenitic 
and ferritic stainless stccls with dificrent pretreatments and alloy compositions to thc combined effects 
01 displaccmcnt damage and helium generation at tcmpcraturcs in the range oi 300 to 600°C and 
doses of 18 to 70 dpa. 

SUMMARY 

A complete description and details of the design, construction, 2nd instellation of capsules JPY 
through JP16 have hccn previously rcportcd.'.'.' The capsules were installed in  the High Flux 
Isotopc Reactor (HFIR) target Ju ly  20, 1990 for irradiation hcginning with HFIR iuel cycle 289. Thc 
capsules wcrc removed and storcd in the rcactor pool during HFIR cycle 293 (12n7/90 - 1/23/91) to 
provide room lor required isotope production. They were reinstalled for HFlR cycle 294 lor 
continued irradiation. Of these eight target capsulcs, JP10, 11. 13, and 16 complctcd their scheduled 
number of cycles (11) and wcrc removed from the rcactor in Scptemhcr 1991. In addition, JP14 was 
removed from the reactor at the end oi cycle 310 (9/18/92) aftcr 21 cycles. 

Three new capsules in this series. JP20, 21, and 22. have been designed. Thcsc capsules were added 
tu the program in order to complclc thc cxpcrimcntal matrix included in the JPY through JP16 
capsules. T h e  new capsules will contain transmission elcctron microscope (TEM) disks and SS-3 flat 
tensile specimens at 300-61)O"C and will achieve doses 01 8, 18 and 35 dpa. respectively. The 
preliminary experiment matrix is dcscrihed in detail in a previous 

PROGRESS AND STATUS 

Capsules JP9 throush JP16 

The as-built specimen matrix f o r  (he JP9 through JP16 series capsulcs can be found in a previous 
rcport.' These capsules contain primarily transmission electron microscopy disks (TEM) and SS -3  
tensile specimens. A wide variety of alloys and thermomechanical conditions are included. Msny of 
the TEM disks were made from isotopically tailored alloys to produce a range of Heidpa ratios (~0 .1 .  
10, 20, 7U). Details of the irradiation history of these capsules are shown in Table 1 .  

Many of the specimens from the JPIO. 11, 13. and 16 capsules have been tested in the Irradiated 
Materials Examination and Testing Facility hot cells. Of 104 SS-3 tensile specimens removed from 
these fuur capsules. 52 have hecn tested during this reporting pcriod. Reduction-in-area 
measurements are  currently undcway on the broken halves. Analyses of these data arc in progress 
and are  expected to hc rcportwl in September 1993. The alloys tested include JPCA and type 316 
(316F) stainless stccls in solution annealed, cold workcd. and welded conditions. 

Density measurements have been taken on specimens removed from the JPlO Position 6 TEM tube 
and the JP16 Position 6 TEM tuhe using the ORNL precision densitometer. The JPI 1 and JP13 
Position 6 tuhes have already hecn opened and arc scheduled for sorting and dcnsitonietry during the 
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T.ihlc I .  Irr:idiriti(~n histor). of thc USJ:ip:in Phasc I1 HFlR Target C; lpSulCS.  

I I I I r - - - - - -  

- - 
vcu 
NO - - 
289 
290 
291 
292 
293 
294 

296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
305 
307 
3r)E 
305 
31C 
31 1 
312 
31: 
314 
31 t  
31E 
317 
31E 
315 
32C 

- 

295 

- 

- 

- 

- 

- _- 

HFlR OPERATION 

START 

DATE 

07.20-90 
09-19-90 
10-1 7-90 
11~25-90  
12-27-90 
02-01 -91 
03-01 -91 
04-05-91 
05-1 9 ~ 9 1  
06-20-91 
07-25-91 
08-28-91 
09~27-Y  1 
10-27-91 
12-01-91 
12-31-91 
0 1 - 3 0 ~ 9 2  
03-31-92 
05-01-92 
06-02.92 
01-03-92 
08-27-92 
09-25-92 
10-22-92 
11-21~92 
12-20-92 
01 -19~93  

_- 

02- 18-93 

END 

DATE 

09-07-90 
1 0 - 1 1 ~ 9 0  
11-13-YO 
12- 10-90 
01-23-9'1 
02-25-91 
03~24-91  
04.28-91 
06~15-91  
0 7 ~ 1 1 - 9 1  
0 8 ~ 1 5 - 9 1  
0 9 ~ 1 7 ~ 9 1  
10.1 9 ~ 9 1  
11 -21 ~ 9 1  
12-22-91 
01.24~92 
0 2 ~ 2 7 - 9 2  
04-27-92 
0 5 ~ 2 8 ~ 9 2  
0 6 - 3 0 ~ 9 2  
08~01-92 
09-1 6 9 7  
10-12-92 
11-14-92 
12-1 5 ~ 9 2  
01-12-93 
0 2 - 1 0 ~ 9 3  
04 -03~93  

- 

___ 

___ 

- .__ 

-_ 

JP-10.-11.-13.-16 

3 2 6  3731 3 26 3731 3 26 
4 86 
6 47 

1965 CAPSULES OUT OF REACTOR FOR THE CYCLE e -  

9322 I 8 14 11 9322 8 14 11 9322 
1908 it 11230 1 9.80 11 11230 I 9.80 I/ 11230 
1874 13104 11.44 13104 11.44 13104 
1845 14949 13.05 14949 13.05 14949 
1747 1 1  16696 I 14.58 I /  16696 1 14.58 11 16696 

+ DPA levels based on achieving 0 000873 dpalMWd 
* *  Correction from previous issues of Ihis document 

cycle 293 rather than 292 
The experbments were out of reactor tor 

This slighfly reduces the prevtously reported MWd and apa values 

- 
8.14 
9.80 

11 ,44  
13.05 
14.58 
16,10 
17.60 
19.22 
20.81 
22.40 
24 00  
25 63 
17.25 
28.85 
30.55 
32.25 
33.86 
35.48 
37  09 
38.70 
40.33 
41.95 
43.54 

__ 

__ 

__ 

__ 

__ __ 
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next reporting pcricid. Thcse four tubes contain isotopically tailored alloys from both thc O R N L  and 
JAERl programs as well as other candidate fusion alloys. This cxpcrimcnt addresscs thc long-standing 
questions on the role of  helium in microstructural evolution and will explore the high fluence swelling 
behavior of the mosl swelling-resistant materials currently available. 

Capsulc J P l 4  is schcdulcd to he disassemhled in May 1993. This capsulc. which achieved 34 dpa, 
contains SS-3 tcnsile spccimens and TEM disks of many of the alloys included in the JPIO. 11, 13 and 
16 set of  capsules, which achieved 18 dpa. 

Capsules JP20 throueh 22 

Three new capsules. JP20.21, and 22, have hccn dcsigncd to complete the original experiment matrix 
.of the JPY through JP16 scrics cpsulcs.  I t  is planned to irradiate the three capsules in inner rarget 
posilitins f ~ i r  5. 11. iind 22 qclcs.  respectively. t o  achieve peak doses o f  appriiximatcly 8. 1X. and 35 
dpa. Specimen temperatures in  cdch capsule will be 300, 401). 500, o r  600°C. 

PRESENT STATUS 

Installation of JP20. 21. and 22 in t h c  HFlR is currently scheduled for August 1993, 

REFERENCES 
1. R.  L. Scnn, "Status o f  U.S./Japan Collah(ira1ive Program Phase I 1  HFIR Tarpct Capsulcs." pp. 

8 -20 in Fusion Reactor Marcrials Scmiann. Proc. ~ e p .  ~ c p t .  30, 1987, DOIZER-O~ID~~,  U.S. 
D O E  Office ( i t  Fusion Encrky. 

2. R. L. Senn, "Status ol U.S./Japan Collaborative Program Phase I I  HFlR Target Capsules." pp. 
7-9 in F L  1988, DOE/ER-0313/4. U.S. 
D O E  Office of Fusion Encrby. 

R.  L. Scnn, "Status of U.S./Japan Collaborative Program Phase 11 HFlR Targcr Capsules," 
pp.6-13 in Fusion Reactor Materials Scmiann. Proe. Rea.. Sent. 30. 1988, DOE/ER-0313/5, 
U.  S. DOE Officc (if Fusion Encrky. 

J. E. Pawel and R. L. Scnn, "Slaius of U.S./Japan Collaborative Program Phase I1  HFlR 
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1992, DOE/ER-O3I3/12, U. S. D O E  Office (if Fusion Encrby. 
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2.0 DOSIMETRY, DAMAGE PARAMETERS, 
AND ACTIVATION CALCULATIONS 
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. i i L I U M  MEASUREMENTS FOR THE MOTA IG OlSCHARGE O F  THE " N i  ISOTOPIC T ? I L O R l t l G  [XPERlMtNT ~ r .  .I, Garner 
; P a c i f i c  Northwest Laboratory]' a n d  6 .  M .  Oliver (Rockweil lnternat,nnali 

CBJECTlVt 

The objective o f  this effort 1 s  to determine the r o l e  o f  helium on r a d l a t l o n ~ l n d u c c d  ? : i c i o s t r u c t u r a l  
evolution and associated changes In mechanica l  properties o f  aodel Fe.Cr- t i ,  alloyi. 

SUMMARY 

Tile f i n a l  measurements of helium generation in specJmenr used ~n the ~ ' N i  isotopic tailoring exDer,ment 
h a v e  been completed. 
experimental s e r i e s .  
i p e c ~ ~ e n i .  reaching levels substantially larger than usually quoted ~n volt other i t t r d l e s  

The results show that the target gcneratlon r a t e s  were S u I t d l n e d  throughout the 
It was a l s o  demonstrated that h e l i u m  generatlo" r a t e s  grow c o n t l n u a u i i y  1" undoped 

W I G R C S S  AND S T A l U S  

lntroduction 

l l  a PPevIaUs report i t  was shown !ha? the '?Ni isotopic tailoring exper lmei l t  conducted i n  FFTF was very  
s u c c e s s f u l  ~n showing that the r o l e  o f  the helium generatlon r a t e  01 neutron~lnduced proper ty  changes w a s  
o f  second order importance compared to t h e  a c t i o n  o f  other variables e x a m ~ o e d  i n  the  exper,ment ( 1 ) .  such 
a conciurion. of course, depends on demonstrating that the target generatIan rates were Indeed maintained 
throughout the experiment. I n  an earlier report t h e  hellum/dpa rater f o r  s p e c ~ m e n s  f r o m  MOTA ID .  !E .  and 
iF were presented (21 .  1h) r  report 
presents the measurements f o r  the f r n a l  
discharge f rom MOTA IG and d i m  makes a n  
assessment o f  the entire experiment. 

heen described earlier ( 2 ) .  For each 

MOTA-1D NOTA-IE MOTA-IF MOTA-1Q 

-24 Q The helium measurement techniques have B e b W C o n  

specimen. two separate measurements were  
made, each on a one-quarter s e c t i o n  o f  
the rpecimen. 

The damage levels and temperatures 
explored i n  this experiment are 
presented i n  Fig. I. The new 
measurements correspond t o  the r;ght 
hand column o f  final Irradiation 
srqiiences o f  Fig. 1. ihe levei 8 l o w  
dose series at 465'C in MOTA 1G w a s  n o t  
measured. however, s i n c e  a l l  spec imens  
were sent t o  J a o m  f o r  r n l C I - O I C O D "  
% m i n a t i o n  by Proferror  H .  Kawanishi o f  
t h e  University o f  Tokyo. 

rn 
Table 1 presents a tmpilat1on o f  the 
helium measurement?. I n  one case (Fe -  
15Cr-25Ni without "Ni at 495'C and  52 
dpa) a specimen w a s  n o t  available but 
the helium generation rate can be 
calculated at 25/45 o f  the generation 
rate i n  t h e  Fe-15Cr-45Ni swecimen. Two 
separate  F e - l S C r - 4 5 N i  s ~ e c ~ r n e n s  at this 
set o f  irradiation conditions were examined 
to check on the repraducihility 
o f  the helium generation rate f r o m  
specimen to specimen. The the :'Ni isotopic tailoring erperimeo?. " 1 Q 5 1 C ( R ) "  and 
repoducibliity appears to be Quite good. 
yielding 62.6?<0.1 and 63.110.3 apPm f o r  
the t.wo specimens. l eve l s  shown represent the c u m u l a t i v e  totals. 

Fig..l. Schematic representation o f  lrradlatlon sequences f o r  

"490'C(4)'' refer t o  the rep lacement  sequences sGbititgted f o r  
tne Origlnai compromised seaoences at 495  a n a  4sn.c. Damage 
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F i g .  2 i h o w r  t h e  a v e r a g e  h e l i u m  g e n e r a t l a n  r a t e s  Over t h e  e n t i r e  e x p e r l m e n t  f o r  b o t h  t h e  d o m d  and undoped 
i o e c i m e o i .  
heliom/dpa r a t i o s  a r e  c l o s e  to, . the o r i g i n a l  t a r g e t  o f  5 .0  a l t h o u g h  t h e  r a t i o  f a l l s  s l o w l y  a s  more ' ~ i  
hurnt o u t  t h a n  1 s  formed from " N i .  In t h e  b e l o w - c o r e  (365.C) and level  6. (490.C) sequences t h e  :'Ni burn- 
o u t  r e a c t i o n  rate i s  c o m p a r a b l e  in m a g n i t u d e  t o  t h e  r a t e  o f  f o r m a t i o n  o f  "Hi f r o m  ' " N i .  
r a t e s  are t h u s  more s e n s i t i v e  t o  t h e  a c c u m u l a t e d  exposure and t h e  d e t a i l s  o f  s u r r o u n d i n g  e x p e r i m e n t s  
t h i s  s o f t e r  s p e c t r a l  e n v i r o n m e n t ,  producing b o t h  i n c r e a s e s  and d e c r e a r e r  i n  t h e  n e t  g e n e r a t i o n  r a t e .  
helium g e n e r a t i o n  r a t e s  a r e  much h i g h e r  i n  t h e s e  t w o  l e v e l s ,  b u t  exceed somewhat t h e  10 appmldpa t a r g e t  
l eve l  t h r o u g h o u t  t h e  e x p e r i m e n t .  N o t  shown )n F i g .  Za i s  t h e  v e r y  l o w  f l u e n c e  e x p c r l m e n t  I n  l c v e l  8 a t  
165'C. w h i c h  r e a c h e d  54 .3  appm/dpa a t  0 t o  14  dPa and 6 2 . 1  apQm/dpa a t  0 . 2 6  doa.  
t a r g e t  l eve l  o f  -50. 
i r r a d i a t i o n  sequence.  

Fig.  2a shows tha t  a t  6 0 0  and 4 9 5 ~ C  [ b o t h  t h e  o r i g i n a l  and r e p e a t  i s o t h e r m a l  sequences) t h e  

The n e t  g e n e r a t i o n  

The 

T h l r  1 s  c l o s e  t o  t h e  
A s  m e n t i o n e d  earller. measurements were n o t  made a t  t h e  f i n a l  0.42 (lpa l e v e l  o f  t h i s  

F i g .  2b d e m o n s t r a t e s  t h a t  i n  t h e  non-doped  a l l o y s ,  i t  i s  t h e  b u r w i n  o f  "'Ni f r o m  
h e l i u m  g e n e r a t i o n  r a t e .  
r a t e  o f  i n c r e a s e  i n c r e a s i n g  a s  t h e  n e u t r o n  Spectra become s o f t e r .  and t h e  dpa r a t e  decreases " J t h  
?ncreaslng d i s t a n c e  f rom t h e  core boundary .  The c o m p e t i t i o n  be tween b u r n - o u t  2nd b u r n - i n  o f  'Ni  1 s  
d i s c u s s e d  i n  mare d e t a i l  e l s e w h e r e  ( 3 ) .  

t h a t  d o m i n a t e s  t h e  
Thus. t h e  a v e r a g e  h e l i v m / d p a  r a t i o  i n c r e a s e s  t h r o u g h w t  t h e  e x p e r l m e n t ,  ~ l t h  the 

20 

Fe - 15Cr.25NI 
(S9NI -doped) 

n 

1.2 

1 .o 

0.2 

0 

0 20 40 60 80 1M) 120 

dpa 

F i g .  2 .  
f u l l  d u r a t i o n  o f  t h e  v a r i o u s  d i s c h a r g e r  o f  t h e  e x p e r i m e n t ,  l e f t )  doped sFecimenr and r l g h t )  undoped 
spec imens .  

D i s c u s s i o n  

I t  t h u s  a p p e a r s  t h a t  t h e  c o n c l u s i o n s  d rawn e a r l i e r ,  c o n c e r n i n g  t h e  second order ro le  o f  h e l i u m  on 
m i c r o s t r u c t u r a l  e v o l u t i o n ,  are c o r r e c t .  I t  i s  p o s s i b l e  a t  t h i s  t i m e ,  however ,  t o  a l s o  a s s e s s  t h e  
performance of t h i s  e x p e r i m e n t  w i t h  respect t o  several c r i t e r i a  u s e d  t o  d e s i g n  t h e  e x p e r i m e n t .  
l i i t e d  b e l o w :  

!) 

Helium generation r a t e s  measured f rom t h e  "Ni I s o t o p i c  T a i l o r i n g  E x p e r i m e n t  a v e r a g e d  over t h e  

These a r e  

C r i t e r i o n  11: 
t h e  doped a l l o y s ,  and t h u s  s h o u l d  a l l o w  a c l e a n  s e p a r a t i o n  be tween t h e  e f f e c t s  (of h e l i r m  and 

The helium g e n e r a t i o n  r a t e  s h o u l d  n o t  v a r y  s i g n i f i c a n t l y  W i t h  n l r k e l  c o n t e n t  ,n 
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The S U C C ~ S S  o f  t h i s  g i a l  c a n  br  t e s t e d  ui :ng t h e  MOTA I t  d a t a  t o r  t h e  490,  365 a m  495i.2) 
sequences. C a l i u l a t i ~ g  t h e  r a t i o  o f  t h e  h e l i u m  in the  two a l l o y s  g e n e r a t e d  Only  f r m  ~ " 0  
[ ( C , 5 , .  ~~ ~ C.~, j!(C.,N,,,2 C>.",)l> we f :nd  t h a t  t he  r a t i o s  a r e  0 .982 .  1.024, a n d  ! . C C 5  f o p  :be 
490, 4m(R) Bnd 365'sequences .  reiaective'ty 
2 5 / 4 5  of  c a C v ,  
c . 9 9 5 .  T l i u i .  <or t h e  f o u r  irradiation i e r ; e i .  t h e  r a t i o  o f  helium generdt7an r a t e s  11 t t , e  :*3 

a l l o y s  1 s  1 . 3 5  r0 .01 .  and  t h e  c x p e r i i e n t  may be ;udqed a S'ICCCSS bared on t h i s  cr.!er'on. 

I f  we a s w n e  t h a t  we c a n  c a l c u l a t e  C Z i \  !r,m 
:hen t h e  r a t i o  o f  t h e  daaed nelium g e n e r a t i o n  r a t e s  f o r  t h e  495 'C  iewr-nce ! i  

Feferryng t o  - a b l e  i .  d e  r a n  c a l c u l a t e  C . :  
495 an t i  !65'c i e q i l e n c e - .  respectively. 
crobabl:, r e i ' e c t  t h e  f a c t  t h a t  each a l l o y  0 : r u g i e j  a $epara!e b u t  nearby p a c k e t .  and :he tb,r2e 
p a c k e t s  do n o t  a l l  

IC.,> :-atlas o f  1 . 6 9 ,  1.7 : .  a n d  1 . 7 9  f c r  Ti.e 6 9 0 ,  
g g  & I !  d i f f r r e n c e i  from t h e  expectr i l  rat.:? ?f  : 8 

r x p e r l p n c e  e x a c t l y  t h e  same nr!utron environment. 
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+!?UlRON DOSIMETRY F O R  THE MOTA-IG LXPERlMLNl I N  F i T F  ~ 1 .7. Greenwood' ana L . S .  K ~ I l m g  ( P a c T f i c  N o r t h w e s t  
L a b o r a t o r y )  

O E Z t C i l Y E  

',> provide d o s i m e t r y  and damage a n a l y s i s  for f u s i o n  m a t e r i a l s  irradiation e x p e r l m e n t i  

SI!VMAV 

:Ieu!rcn f l u e n c e  and s p e c t r a l  measurements  and r a d i a t i o n  damage c a l c u l a t i o n s  are r e p o r t e d  f o r  t h e  MOTA-lG 
e x p e r l m e o t  i n  t h e  f a i t  f \ u x  T e s t  F a c i l i t y  [ F F T F ) .  The i r r a d i a t i o n  w a s  c o n d u c t e d  f r o m  ,January 4 ,  1990.  i o  
M a r c h  19. 1991.  f a r  a t o t a l  e x p o s u r e  o f  2 9 9 . 7  EFPO. The maximum f l u e n c e  was 15.8 x i 0 ' ~  nlcm- ,  10.0 x 10" 
i h u v e  0 . 1  MeV p r o d u c i n g  43 .0  dpa i n  I r o n .  N e u t r o n  f l l i e n c e  and r a d i a t i 0 . i  damage m a p s  are p w i e n t e d  i o r  t h e  
2 1 1 t l r e  YOTA assemb ly  based on !he a n a l y s i s  o f  t e n  n e u t r o n  s p e c t r a l  r e a s u r e m e n t s  and s e v e n  a d d i t i o n a l  f l u x  
'iraalrot "eai"reme0ti.  

: l e u t i o n  d o s i m e t r y  f a r  t h e  M a t e r i a l s  Oppn l e s t  A r r e m b l v  !MOTA)-!G e x p e r i - e n t  I P  t h e  t a i t  F l u x  l e s t  F a c ; l l t ' ,  
I F F T F )  a t  H a n f a r d  p r o v i d e d  comprehens l ve  measurements  Over t h e  P n t l r e  asienblv with a t o t a l  o f  Z P V P ~ I C P P  

and 0 . 1 %  C a ~ 4 1  a l l o y  w i r e s .  !he Go. U .  Pu, and Np naterials wcre i e p a i d t c l y  e n c a p s u l a t e d  l r ,  vanad ium.  I n  
a d d i t i o n .  s m a l l  amounts o f  Be.  b, and L i F  were i n c l u d e d  i n  some o f  t h e  s p e c t r a l  c d p ~ i i l e s  f o r  n e l i u m  a n a l y s e s  
and t h r s e  o f  t h e  sgectral s e t s  c o n t a i n e d  w d I 1  Nb w i r e s .  A l t o o e t h e r .  t h e r e  were d t n f a l  n f  q5  ridlnmotrlr 

l l a w i n g  irradiation. each d o s i m e t r y  c a p s u l e  w a s  opened i n  d h o t  c e l l  dnd r i c h  I n d i u , d u a l  n o n i t o r  w a s  
e n t i f l e d  a n d  mounted f o r  gamma a n a l y i l s .  The measured a c t l v l t i e r  were t i r n  c o n v e r t e d  t o  s a t u r a t e d  a c t i v l t l c i  

c o r r e c t i n g  f o r  t h e  s a m p l e  weight. a t o m i c  w e i g h t .  i s o t o p i c  abunoance.  gamma abi0rDtlnn. r e a c t o r  p a w ~ r  
s t o r y .  and f i s s i o n  y i e l d ,  a s  needed. N e u t r o n  s e l f ~ s h l e l d i n y  P f f P C t s  were not s?qnlfjiant i l n c e  the C O ,  u .  

?nd Pu were d l l r i t e  a l l o y s  and t h e  F F T F  n e u t r o n  rper t r r im has Few n w t r m i  d t  !ewer n r u t r o n  t n e r g ~ c s .  i o r , , t i e  
:d, P u .  and N p  f i i i i o r ,  m o n i t o r s .  t h e  qamrna measurementi d e t c c t e d  i o u r  fission Droduc t s .  n a m e l y ,  " ? r ,  ..~R:,, 

~ ' s .  and . "Ce .  ' t a i l  56 e x c e p t  i o ) -  t h e  
t lp  m a c t i o n i  a t  o i i t - o f ~ c o r e  locatloni. a i  d i S C i i i i e d  S f l o w .  

' l e u t r a n  hurnup e f f e c t s  were round t o  be q u i t e  i i q n i f i c d l l t  i n r  t h e  f i s i i o r  rnonl::>ri anti a , . - a i l  correction w a i  

The s t a n d a r d  d e v i a t i o n  f r o m  t h e  mean f i s s i o n  r a t e  w a s  r : e n ~ r a l l :  

1 r c e s s d r y  i o r  t h e  ~'C01n.y) and f i s s i o n  reaction;. 
an  i t e r a t i v e  proced!rc s i n c e  t h e  r e a c t i o n  i t s e l f  i s  t h e  s o l e  s o u r c e  0' tI:i: b u r n i l " .  a 5  ' ~ , : s c r ! h e d  ~ r e v i ( l u ? l ' #  

I n  t hP  case  o i  '10 ! D I S  c r i r ~ c t ~ a n  c a n  be a p p l i e d  using 

:n t h e  r a s e  of  the  - ' C a ( o , y )  r e a c t i o n .  t h e  b u r n u p  e f f e c t  v a r i e d  f rom 0.47 a t  l i d n l a n e  t o  2 . 6 %  in :IIC b e l o w ~ c o r e  
b a s k e t .  Burnup e f f e c t s  f o r  t h e  f i i S l O n  rnon i t o rS  were very C l m i l d r  : O  L h o i e  d e t e r m i n e d  f a r  the  M O T A ~ 2 a  
e x p e r i m e n t .  
'decreased away from core c e n t e r .  

I n  mos t  c a s e s .  t h e  burnup.;jorrectIons f a r  t h e  fission r n o n l l o r ~  were ahotlt. 20% a t  m i d p l a n e  and 
For .. N p ,  t h e r e  a p p e a r s  t p  be d s l y n l f . r a n t . ? f f e c t  f r t !m t h e  lower enerqy  

dcqced by t h e  l a r y e  
t ~ a f ~ c a r e  pos, t ,ons  

t w n s  at t h e  o u t ~ o f ~ c o r e  parrt>onr due t o  irlbreeding o f  ."IJ ana w c n t u a l l y  ~ P g .  a s  
t t e i  in t h e  four measured f i i i i o n  D r o d u c t i .  Hence.  t h e  Np d a t a  w a s  d i s c a r d e d  a:. !he 

w a s  n o t  osed  i n  t h e  s p e c t r a l  a n d l y s ~ s .  

-! ,e  corrected reac t lo"  -ate i  Z T ~  1 , i t c d  ',n l a b i e r  1 ~ 3 .  All v a l u c i  a r e  no rma l ! re r J  t n  Z9! M W  o p e r a t i o n  and t h e  
:slues n a v e  a n  e s t i m a t e d  a b s o l u t e  u n c e r t a i n t y  o 
i':, f o r  t h e  f i s s i o n  r e a c t i o n s  due t o  p r o b l e m s  T h c i e  r a t e s  dopear  t o  bc I "  
. e a i o n a b i e  agreement  w i t h  ~ r e v i o u s  measurements  w e i t h e r  o f  t h e  e a r l i e r  
2rperiment.s ( M O T A - I A / l B  a rd  l E 1  made any at-tempt t o  determine !neutron h u m u p  c o r v c t l o n s  for  !he flsrion 
w d c t i o ' l s .  Hence. v a l u e s  measured f o r  MOTA-IF, 2 A  and IG are a b o u t  2 0 - 3 0 ' .  h l g h e r  !ha" t h e  earlier 
measurements .  when a l l o w a n c e s  are made f o r  d l f f e r e n c e r  I "  r e a c t o r  power (400 MW ra ther  t i d n  291  Mdj and o t h e r  
:ore c n a n g e s .  

U t  5% a l t h o u g h  t h e i e  I!, a n  d d d i t l o n a l  uncertainty o f  
fermin:nq t h e  b u r n u p  r a t e s .  

e x c e p t  f o r  t h e  f i s s i o n  rCactioPs. 

' P a c i f i c  N o r t h w e s t  L a b o r a t o r y  1 s  o p e r a t e d  f a r  t h e  U . S .  Depa r tmen t  n f  Enerqy by R a t t a l l e  Memor ia l  l n r t j t u t e  
!)"der C o n t r a c t  OE~PCO6-76RLO 1830. 
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'ti4SUREMENT OF HELlUl l  GLNERATLD :N V - E  ALLOYS lRRADlATLD Ill FFTf/MOT& F .  A .  C a r n o r  I l ' a c i f i c  N o r t h w e s t  
L d ~ ~ i a t o r y ' ) .  E .  M .  O l i v e r  ( R c c k w e l l  I n t e r n a t i o n a l  C o r p o r a t i o n ) .  and N .  Sekimura ( U n l v ~ r s l t y  o f  Tokyo) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  effort l s  t n  d e t e r m i n e  t h e  r o l e  h e l i u m  p l d y ~  i n  t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  o f  
. a n a o > ~  base a l l o y s .  

YJMMARY 

V ~ H  and V ~ 5 C r ~ B  a . i l o y i  have  been jrradiated ~n FFTF t o  a s s e s s  t h e  i m p a c t  o f  h e l i u m  g e n e r a t i o n  r a t e  on 
1 - i c r o i t r o c t u r a l  e v O l U t i O n  o f  v a n a d i u m ~ b a r e  a l l o y s .  Us ing  t h i s  method I t  1 s  somewhat d i t f i c u l t  t o  s e p a r a t e  
t h e  V ~ ~ I O U I  e f f E C t S  o f  t h e  o r i g i n a l  b o r o n  3 5  wel l  d i  t h e  l i t h i m  and h e l i u m  p r o d u c t s  o f  t h e  aB (n, a )  
r e a c t i o n .  P a s t - i r r a d i a t i o n  measurements  o f  h e l l u r n  c a n c e n t r d t l o n s  have been  c o m o l e t e d  for t w o  s e t s  n f  V 4  ~~~. . . ~~ 

a l l o y s .  one i r r a d i a t e d  ~ n - c o r e  and one be low  core .  I t  appears  t h a t  t h e  bo ron  d o p i n g  t p c h n i q u e  used t o  
p r o d u c e  t h e  v d r l o u s  i l l o y i  w d S  r e a s o n a o l y  s u c c c s s f U I  ~n r e a c h : n g  t h e  d e s i r e d  h e l i u i r j d p a  V a r i d t i o n i .  

~ W O G R E S S  asu s i a i u s  

Swelling in IFTI-NOTP o f  V ~ S  and V ~ 5 C r - B  a l l o y s .  where nominal baron l e v e l s  o f  O.lOO.5OO.2500 and 10000 
appm were used.  w a s  r e p o r t e d  p r e v i o u s l y ' .  N o t e  t h a t  t h e  b o r o n  C o n t e n t  increases a f a c t o r  of f i v e  be tween  
each  d a p i d  a l l o y .  I n  t h a t  r e p o r t  t h e  s w e l l i n g  d a t a  were p l o t t e d  a g a i n s t  n o m i n a l  b o r o n  c o n t e n t ,  b u t  t h e  
boron l e v e l s  were n o t  measured d i r e c t l y  a f t e r  t h e  p r o d u c t i o n  o f  t k  a l l o y s .  The a c t u a l  h e l i u m  g e n e r a t i o n  
r a t e s  i n  t h e s e  a l l o y s  w i l l  be a f u n c t i o n  n o t  o n l y  o f  t h e  l o c a l  n e u t r o n  s p e c t r a  b u t  a i i o  t h e  a c t u a l  l e v e l  o f  
b o r o n  d o p a n t  i n  each  a l l o y .  3 t  1011 d o p a n t  l e v e l s  t h e r e  i s  some \ u n c e r t a i n t y  o f  t h e  a c t u a l  c o n c e n t r a t i o n s  
a t t a i n e d .  Therefore i t  w a s  dcclded t o  measu re  t h e  h e l i u m  concentrations a t  R a c k w e l l  I n t e r n a t i o n a l  
C o r p o r a t i o n  u s i n g  w e l l  ~ d e f i r i e d  nrocedurer , ' . "  

N o t e  I "  T a b l e  I t h a t  four i r r a d i a t i o n  C o n d i t i o n s  were employed f o r  each O f  t h e  V ~ B  and V - S C r ~ E  a l l o y  
s e r i e s .  Three  o f  t h e  f o u r  c o n d i t i o n s  were n o m i n a l l y  s l r n l l a r  l n ~ c o r e  p o r l t l a n r  " 8 t h  no  l arge  v a r i a t i o n s  
n e u t r o n  s p e c t m  e x p e c t e d .  T h e r e f o r e .  I t  w a s  d e c i d e d  t h a t  m e a r u r e m e q t i  would be p e r f o r m e d  for one 
r e p r e s e n t a t i v e  l n ~ c o r e  c o n d i t i o n  ( 6 O O ' C .  7.8XlO" n/cm- E > O . l  M e V )  and t h e  b e l n w ~ c o r e  m S ! t i O n .  
was e x p e c t e d  t o  have  a much h i g h e r  he l i um/dpa  r a t 1 0  t h a n  t h e  i n ~ c u r e  C o n g i t i a n  s i n c e  t h e  
s e c t i o n  i n c r e a s e s  a t  l o w e r  n e u t r o n  e n e r g i e s .  O n l y  the V ~ B  d l l o v s  were ~ l e a i u r e d  f n r  economy. i t  w a s  
assumed t h a t  t h e i r  r c s p o ~ s e  w u l d  be t y p i c a l  o f  t h e  V ~ 5 C r ~ B  a l l o : ~ .  

The l a t t e r  
% i n .  3) cross 

Tab le  1 .  I r r a d i a t i o n  C o n d i t i o n s  

Neut2ron F l u e n c e  u l s p l a c e * l e " t  

d 2 . l  

7 . 7  x I O"  4 1 . 6  

427 8 . 6  x I O i 7  46.4 

n cm ( E > O . I  M e V )  

600" 7.8  x IO" 

411.' 2 . 9  x 1022 : 5 . l  
'dpa d e f i n e d  f a r  p u r e  v a n a d i u m ' " '  

- *He l i um concentrations measured f o r  V ~ B  a l l o y s  o n l y .  

Qesults a n d  Diicuision 

T a b l e  2 p r e s e n t s  t h e  results o f  h e l i u m  measurements  for V ~ B  alloys a t  6OO'C and 411'r. A s  anticipated, t h e  
b e l o w - c o r e  i r r a d i a t i o n  a t  4 1 l ' C  p r o d u c e d  more he l i um/dpa  t h a n  t h e  i n ~ c o r e  l r r a d l a t l o n  a t  6OO.C. The 
" r a t i o "  shown i n  T a b l e  2 r m r e s e n t s  t h e  c a l c u l a t e d  v a r i a t i o n s  i n  h e l l u r n  p r n d u c t i c n  f r o m  boron f o r  each 
f a c t o r  o f  f i v e  i n  b o r o n  C o n t e n t .  I t  appears t h a t  t h e  b I % B  alloy may have  sonewha t  l e s s  t h a n  a f a c t o r .  o f  
5 . 0  increase ~n b a r o n  compared t o  t h e  2.500 appm boron a l l o y .  The l a r g e r  d e v i a t i o n s  ~n t h i s  r a t i o  a t  6OO'C 
dre  t h o u g h t  t o  r e f l e c t  t h e  g r e a t e r  i c a t t e r  or measurement error a: l o w e r  helium g e n e r a t i o n  r a t e s .  
4 t t o g e t h e r .  !t appears t h a t  t h e  boron doping technique employed 10 produce t h e r e  alloys wa5 s u c c e s s f u l  

' P a c i f r c  N o r t h w e s t  L a b o r a t o r y  i s  o p e r a t e d  far t h e  U . S .  Deoa r tmen t  o f  Ene roy  by B a t t e l l e  Memorial  
: ? s t i t U t e  under C o n t r a c t  De~ACO6-76RLO 1830. 



56 

. .. .. . , ~ .  . 

.~ . ,  . 

.. 

.. .~ 

, , .  . 

,. 



57 

NEW ACTIVATION CROSS SECTION DATA ~~ F .  M .  Mann and 0. E .  Lessor, Westinghouse H a n f o r d  Company 

OBJECTIVE 

The o b j e c t , v e  o f  t h i s  work i s  t o  p r o v i d e  n u c l e a r  d a t a  f o r  t h e  f u s i o n  m a t e r i d l i  communi ty .  w i t h  an emphas is  
on  t h e  d e v e l a m e n 1  o f  l o w ~ a c t i v a t l a n  m a t e r i a l s .  

SUMMARY 

New n u c l e a r  cross s e c t i o n  l i b r a r i e s  (known a s  USACT92) have been c r e a t e d  f a r  a c t : v a t i o n  c a l c u l a t i o n r .  A 
p o i n t - w i r e  f i l e  was c r e a t e d  f r o m  m e r g i n g  t h e  previous v e r s i o n  o f  t h e  a c t l u a ! i o n  l i b r a r y .  t h e  U . S .  N u c l e a r  
Data  L i b r a r y  ( E N D F / B ~ V I ) ,  and t h e  European A c t i v a t i o n  F i l e  ( E A F ~ Z ) .  175  a n a  99 w l t i - g r o u p  v e r s i o n s  were 
a l s o  c r e a t e d .  R11 t h e  d a t a  are a v a i l a b l e  a t  t h e  N a t i o n a l  E n e r g y  Research  Supercomputer  C e n t e r .  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

N u c l e a r  a c t i v a t i o n  c r o s s  s e c t i o n s  are needed t o  c a l c u l a t e  t h e  t r a n s m u t a t i o n  o f  I so topes .  The l a s t  r e t  o f  
i c t i v a t i o n  cross s e c t i o n s  for  t h e  REAC t r a n s m u t a t i o n  c o d e  s y s t e m  ( r e f .  1) was c r e a t e d  in December. 1990 and 
w a s  b a r e d  m a i n l y  on fNDF/B-V ( r e f .  2 )  and THRfSH ( r e f .  3 )  c a l c u l a t i o n s .  The new r e t  covering about 625 
t a r g e t  i s o t o p e s  i s  based upon ENDF/B-VI ( r e f .  4 )  and European e f f o r t s  ( r e f .  5 1 .  P o i n t ~ w i s e  a s  w e l l  as 99 
and 175 g r o u p  cross s e c t i o n s  were c r e a t e d  a l o n g  w i t h  l i b r a r i e s  s u i t a b l e  f o r  HEAC ca lc i i l a t ians .  
o f  l i b r a r i e s  are d e n o t e d  USACT92. 

The new set 

T a r g e t  i s o t o p e s  i n c l u d e d  ~n t h ? r  l i b r a r y  are a l l  s t a b l e  i s o t o p e s  and i s o t o p e s  hav,ng h a l f ~ l i v e r  greater 
t h a n  -1 d a y .  
l i m i t  i c  20. r10beV A l l  eneroetlcallv a l l o w e d  r e a c t i o n s  b e l o w  20 MeV ~ T P  I n c l u d e d .  Cross  s e c t i o n s  t o  t h e  

The e n e r g y  r a n g e  c o v e r e d  i s  lO.’eV t o  4O.x10*eV. e x c e p t  for  t h e  ( n . g )  r e a c t i o n  where  t h e  u p p e r  

P ’  
i~ ~ 

. . ~~ .~ . 
wdi ict ion o f  i s o m e r i c .  s t a t e s  ( t h a t  i s ,  s t a t e s  wi th a h a l f ~ l i f e  g r e a t e r  t h a n  -0.001 s)  are a l s o  i n c l u d e d  

P o i n t - w i s e  C r o s s  S e c t i o n s  

The g e n e r a l  a p p r o a c h  I ”  c r e a t i n g  t h e  new s e t  o f  p o i n t . w l r e  f i l e s  w a s  t o  merge  € N O I / B - V I  C v a l u d t i o n i  w i t h  
European f i l e s  and t h e  o l d  REAC p o i n t - w i s e  cross s e c t i o n s .  The s t e p s  w e r ~  

I )  C o r r e c t  t h e  o l d  R E A C  f i l e s ,  
2 )  C o n v e r t  t h e  European f i l e s  t o  t h e  r e q u i r e d  f o r m a t .  
3 )  C o n v e r t  t h e  resonance p a r a m e t e r s  o f  I N D F / B ~ V I  i n t o  p o i n t - w i s e  ~ a l u e z ,  and 
4 )  Merge t h e  f i l e s .  

The m o r t  recent REAC p o i n t ~ w i r e  cross S e c t i o n  f i l e s  were r e t r i e v e d  f r o m  t h e  Common F i l e  System (CFS) a t  t h e  
N a t i o n a l  Energy  R e s e a r c h  S u p e r c m p u t e r  C e n t e r  (NERSC). The r e a c t i o n  number ( m t )  was c o r r e c t e d  on  t h e  
( n , n * )  r e a c t i o n s  (mt  = 4 - >  304)  as needed. T h e r e  r e a c t i o n s  were t h e n  m a n u a l l y  moved t o  t h e  p r o p e r  
location s o  t h a t  t h e  m t  numbers were in numevical order.  The FORTRAN program CONVH had previously been 
iiied t o  p u t  t h e  h e a d i n g s  o f  t h e s e  f i l e s  i n t o  a new f o r m a t .  

The L n e r g i e  Centrum N e d e r l a n d  [ECN) has  t h e  r e s p o n s i b i l i t y  f o r  c r e a t i n g  a c t i v a t i o n  f i l e r  f o r  t h e  European 
e f f o r t .  
REAC cross s e c t i o n  f i l e s  b e f o r e  t b e  t w o  Set3  were merged.  The oraer o f  t h e  s e c t i o n s  a l s o  needed t o  be 
changed ~n somie o f  t h e  E C N  f i l e s  f a r  conrirtency. The r e a c t i o n s  p r o d u c i y  i i o r n e v l c  statcr ( E x .  n.g‘)  were 
Roved f rom i m m e d i a t e l y  f o l l o w i n g  t h e  c o r r e s p o n d i n g  g r o u n d - s t a t e  r e a c t i o n s  t o  t h e  p o s i t i o n  in w h i c h  t h e  1-1 
numbers were i n  n u m e r i c a l  o r d e r .  R FORTRAN p r o g r a m  ORORMT was w r i t t e n  t c  60  l h i i  r e - ” r o e r i n g  o f  ECN f i l e s .  

The ECN f i l e s  wsre c o n v e r t e d  from u p p e r  case  t o  l o w e r  care  t o  make them c a n s ! i t t n t  w i t h  t h e  o l d  

4 FORTRAN p r o g r a m  CHGCRS was w r i t t e n  t o  merge t h e  two s e t s  o f  f i l e r .  T h i s  nrogrdm r e a d  one m t  section a t  a 
t i m e  f rom each  o f  two f i l e s .  ! f  a n  rnt s e c t i o n  w a s  m i s s i n g  f r o m  one f i l e .  t’le m t  s e c t i o n  f rom t h e  o t h e r  
f i l e  w a s  u s e d  w i t h a l i t  chanqe.  if t h e  s e c t i o n  was  p r e s e n t  i n  each  f i l e .  t h e  d a t a  from t h e  p r i m a r y  f i l e  w a s  
kept in t h e  common energy kange and t h e  O t h e r  d a t a  w a s  n o r m a l i z e d  t o  t h e  primary f i l e  d a t a .  
n t  s e c t i o n  was  w r i t t e n  t o  t h e  n e w l y  c r e a t e d  f i l e  a new one would he read I O  f a r  processing u n t i l  a l l  
s e c t i o n s  had been merged and W r i t t e n  t o  t h e  new f i l e .  

I n  general t h e  ECN f i l e s  were t r e a t e d  a 5  t h e  p r l m a r y  and t h e  o l d  REAC f i l e s  a s  t h e  secanddry f i l e r  for  t h e  

Each t i m e  one 

nerging; however  t h e  source f o r  each i s o t o p e  was checked i n d i v i d u a l l y  b e f o r e  merging. F o r  each  i s o t o p e ,  i f  
t h e  o l d  REAC source f a r  a given m t  s e c t i o n  was known t o  be more c o r r e c t  o r  up t o  d a t e ,  t h e  c o r r e s p o n d i n g  m t  
section i n  ECN was d e l e t e d  before m e r g i n g .  

T h e r e  were some E C N  f i l e r  for  w h i c h  no USA f i l e  e x i s t e d .  
4ODSEQZ t o  add a sequence number t o  each l i n e .  The f i l e r  were t h e n  p r o c e s s e d  w i t h  CONVH w h i c h  r e a d  each 
o f  t h e  s e c t i o n  h e a d i n g s  and r e w r o t e  them i n  t h e  same f o r m a t  used i n  t h e  USA f i l e s .  The merged f i l e s  were 

T h e r e  f i l e r  were run t h r o u g h  t h e  FORTRAN p r o g r a m  
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5 9  

T a b l e  I 
L o c a t i o n  o f  F i l e s  

PURPOSE uL!mE 
addseq2.x  
b i n 1  1 b3 .x  
c h g c r s  . x  
c0nvh.x 
:?"Is. 99 

i n p r e q  
' I s o t o p e '  

!SOTOPE' 
mudata 
n u d a t a o  
n " l a c t 2 .  x 
mu1 t a v  . x  
a r d r m t  . x 
' i i o t o p e '  

code t o  add sequence Pcmbers 
code  t o  c o n v e r t  i n t o  b i n a r y  REAC f o r m a t  
code  t o  merqe f i l e s  
code  t o  c o r p e c t  h e a d i n q r  
99 g r o u p  cross s e c t i o n s  
175 g r o u p  cross  s e c t i o n s  
f l u x  we7ah ina  f i l e  
i n o u t  d a i a  for c h s c r s  
i n b u t  d a t a  f o r  a d i s e ~ 2  
o l d  REAC cross s e c t i o n  f i l e s  
ECN cross s e c t i o n  f i l e s  
99 g r o u p  5 t r " C t " r e  
175 group s t r u c t u r e  
code t o  c o n v e r t  from m u l t i g r o u p  t o  REAC f o r m a t  
code  t o  conver t  from p a i o t ~ w l s e  to mu!t>group format 
code t o  o r d e r  m t  numberr 
p o i n t ~ w l s e  cross SeCtlOnS 

: '001665/mu!act2~ 
'OO1665imul t a v  
'001665;ecn 
' 0 0 1 6 6 5 i u ~ a e c n i ' e I e m e n t '  

N o t e s :  
1 )  ' e l e m e n t '  r e f e r s  t o  t h e  2 l e t t e r  c h e m i c a l  symbol  fo i -  t h e  elernen! 
2 )  '180tOpe' OF ' I SOTOPE '  refer  t o  6 c h a r a c t e r  s t r i n g  c o n t a i n i n g  t h e  2 : ? t i e r  c h e m i c a l  symbol p l u s  t h e  

(up t o  3 d i g i t )  m a s s  number 01"s t h e  i o s o m e r i c  f l a g  ( b l a n k ,  i i, or n )  

A new p o i n t - w i s e  a c t i v a t r o n  cross S e c t i o n  s e t  has  been c r e a t e d  f r o m  E N O F I B ~ V I  and ECN d c t i v a t l n n  f i l e s .  
Furthermore, new g r o u p ~ w i r e  cross  S e c t i o n s  u s i n g  b a t h  t h e  Han fo rd  99 g r o u p  s t r : I c t u r e  and t h e  I n t e r n a t i o n a l  
1 7 5  g r o u p  V i t d m l n ~ J  s t r u c t u r e  h i s  been c r e a t e d .  
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FUTURE WORK 

f u t u r e  work  includes f i n i r h l n g  d o c u m e n t a t i o n  o n  t h i s  c r o s s  s e c t i o n  Set. a n d  an t h e  deca:, s e t  p r o d u c e d  l a s t  
yea r .  D o c u m e n t a t i o n  w i l l  a l s o  be  n r o d u c i d  f a r  t h e  l a t e s t  v e i s i o n  IREAC3, ' ; i )  o f  t h e  RF:C a c t i v a t i o n  and 
t r a n s n u t a t . i o n  code  system.  
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'lunbcr 
1 
2 

4 
5 
5 
? 
c 
1 

13 
! I  
I 2  
: 3  
14  
11 
1 5  
I ?  
18 
1 9  
2 3  
?I 
22 
23  
2 4  
?5 
2 6  
27 
28 
? ?  
3 0  
31 
32 
33 
3 4  
i1 
36 
37  
3' 
3 9  
13 
2 1  
1 2  
6 3  
4 4  
15  
46 
4 7  
48  
d 9  
50 
51 
12  
53 
54 
55 
16 
17 
58 
5 9  
60 
61 
62 
6 3  
64 
6 5  

67 
I_  

30 

1 s o t o p t  
h l  
h 2  
h 3  
he 3 
1 1  6 
1 i  7 
.e 9 
'.e IO 
I> IO 
h :I 
c 1 2  
c 13 
c 1 4  
n 14  
n 15 
I 16 
,, I ?  
0 19 
f I 9  
ne 20 
ne  21  
? P  22 
C d  22 
na 23 
"9 2 4  
-9 25 
"9 26  
d l  26  
31 27 
s i  28 
s 1  29 
i l  30  
i! 31 
S I  32 
0 31 
3 32  
p 3 3  
i 32  , 3 3  
i 3 4  
i 3 5  
5 36  
c 1  3 5  
r l  36 
c1 i? 
l r  36 
ar  37 
a r  38 
a r  39 
h r  40 
at- 4 1  
a,- 4 2  
k 39 
z 40 
k 4 1  
z 4 2  
ca  40 
c d  4 1  
C d  42 
c a  4 3  
c a  4 4  
L a  4 5  
c a  46 
c a  4? 
c a  48 
i c  44  
s i  45 

? I  n l t i a l  Record  l l vmber  o f  R e a c t i o n ,  
I 
3 
6 
3 

!4  
23  

59 
6 1  
57 
:E 
123  
1 4 2  
!60 
I J 9  
!?5  
Z ! S  

257 
2 7 7  
297 
3 1 7  
335 

376 
3 9 7  
419 
4 4 0  
6 6 3  
405 
507 
528 
548 
555 
5 5 5  
6C5 
6 2 1  
e 3 7  
6ii 
577  
657 
7 ! 2  
73?  
7 5 3  

7 9 5  
817  
532 
'53 

397 
917  
? 3 7  
919 
381 

I003  
1023 
! O 4 5  
1065 
1086 
I106 
1126 
1146 
1166 

I 2 0 0  

i, _. 

23' 

, - r  
> > D  

- 7 .  _ , v  

e 7 5  

i i e i  

1 2 i e  

2 
3 
2 
6 
9 
8 
!9 
:5 
2 2  
19 
1 7  
1 9  
18 
1 3  
19 
20 
10 
:9 
?0 
20 
20 
19 
20 
20 
2 1  
22 
21 
23 
22 
22 
2 1  
20 

20 
20 
!6 
1 6  
2 3  
io 
20 
1 5  
20 
2; 
2; 
2: 
2 2  
15 
21 
2 2  
2? 
20 
20 
22 
22 
22 
20 
22  
2 1  
20 
? O  
20 
20  
20 
1 5  
19 
18 
2 2  

._ 
! <  
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6 3  

Ll"mbel 
136 
137  
138 
139 
I40 
i l l  
132  
143  
I 4 4  
1 4 5  
I 4 6  
1 4 7  
1 4 8  
119 
I 5 0  
1 5 1  
152 
I53  
I54  
155 
! 55 
:57 
! 5 8  
I 5 9  
160 
161 
152 
163 
164  
I 6 5  
I 6 6  
167  
1 6 8  
169 
I 70 
!71 
I 7 2  
1 7 3  
: 7 4  
: 7 5  
: 76 
: 7 7  
: 7 9  
! 79 
180 
181 
182 

!E4 
185 
186 

I88 

I 9 0  
I 9 1  
1 9 2  
193 
I94 
1 9 5  
196 
197 
I98 
199 
200 
201 
202 
253 

ie3 

l a 7  

l e 9  

I s o t o p e  
a s  72 
a s  7 3  
a s  74 
i s  7 5  
a s  7 6  
a s  7 7  
s n  7 2  
5" 7 3  
si' 74 
s e  7 5  
i e  76 
i e  7 7  
s e  7 8  
i e  79 
iP 80 
se 82 
b r  7 7  
llr 79 
? r  81 

4r 78 
kr 79 
'cr 80 
kr 81 

k r  83  
k r  84 
kr 8 5  
kr 86 
r h  83 
trb 84 
r b  85 
rb  86 

5r 82 
i r  83  
st- 84 
s r  8 5  
sr 86 
c r  8 7  
Lr 88 
l r  8 9  
< r  90 :, 87  
i 88 y a9 
j 90 
y 91 
z r  8 8  
z r  89 
IT 90 
zr 91 
:r 92  
ir 93 
L T  94  
I T  95 
zr 96 
nb 91 
n b  9 1 m  
n b  92 
n b  92% 
nb 93 
n b  93" 
nh 94 
C b  95 
n'l 95P 

92 
r;o 33 

br e2 

t~ e 2  

r h  e? 

i i t i a l  Record  
2651 
2668 

2707 
2731  
2753  

2687 

2 7 7 4  
2791 

2831 
2549 
7873 

2921 
2945 
2970  
2994 

2809 

2896 

3014 
3C40 
3066 
3089 
3 1 1 5  
5138 
3157 
3!95 
3224 
3 2 5 1  
3279  
3306 
3331  
3 3 5 8  
3381 
3410 
3437 
3 4 6 2  
3483  
3507 
3536 
3555 
3584 
3611 
3636 
3659 
3680  
3 7 0 5  
3733  
3760  

3808 
3831 
3852 
3 8 7 9  
3307 
3933  
3357 

4001 
4024 
4055  
4085  
4117 

4179  
4210  
4238  
4263  

4319  

3 7 8 5  

3980 

4148 

4288  

23 
2 5  
24 
2 5  
2 4  
20 
26 
26 
23  
26 
73  

2 4  
23 
2 1  
23  
31 
31 
31 
31 
31 
31 
28 
25  
2 5  
31 
32 
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:lumber 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284  
285 
286 
287 
288 

290 
231 
232 
233 
294 
235 
216 
237 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 

309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
313 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 

289 

308 

Isotope 
sn113 
i n 1 1 4  
snll5 
sn116 
i n 1 1 7  
s n l l i r n  
S " l l 8  
sn119 
S " l l 9 r n  
s n l 2 0  
in121 
S " l 2 l r n  
i n 1 2 2  
i n 1 2 3  
s n l 2 4  
s n l 2 5  
sn126 
sb119 
ibl2O 
sblZ1 
s h l Z 2  
ib123 
i b 1 2 4  
ibl25 
sbl26 
s b 1 2 7  
tell8 
t e l l 9  
t c119m 
te120 
tal21 
t e 1 2 1 m  
te122 
te123 
t e i 2 3 n  
t e 1 2 4  
te125 
te125n 
tel26 
tel27 
te127m 
te12f l  
te !29  
te129m 
te130 
te131 
t e l 3 2  
I I24 
I 1 2 5  
1 126 
I 127 
i 128 
1 123 
I 130 
I 131 
re124 
x e l 2 5  
xe126  
x e 1 2 7  
xel28 
xel29 
xe123m 
re130 
xe131 
xel3lm 
x e 1 3 2  
re133 

6079 
6105 
6135 
6164 
6195 
5226 
6257 
6230 
6323 
6356 
6383 
6420 
6451 
6483 
6514 
6544 
5573 
6500 
6527 
6655 
6686 
6713 
6744 
6773 
6803 
5833 
5859 
6882 
6906 
6930 
6956 
5381 
7006 
7034 
7061 

7117 
7146 
7176 
7206 
7235 
7264 
7293 
7322 
7351 

7409  
7437 
7462 
7485 

7536 
7560 
7588 
7615 
7642 
7655 
7686 
7710 
7732 
7756 

7804 

7856 
7882 
7910 

7088 

7381 

m a  

7780 

7830 

?:rt o f  Isotopes 1'1 A c t i v a t i o n  Cross 8 e c : r a n  1 1 b r n r . i  

! n i t i d 1  Record :lumber o f  R e a c t i o n s  
26 
30 
23 
31 
31 
31 
33 
33 
33 
33 
31 
31 
32 
31 
20 
29 
77 
27 

31 
27 
31 
29 
30  
30 
26 
23 
24 
24 
26 
25 
25 
28 
27 
2' 
29 
29 
30 
30  
23 
23 
23 
29 
23 
30 
28 

25 
2 3  
23 
29 
24 
28 
27 
?7 
23 
21 
2 4  
22 
24 
24 
2 4  
26 
26 
26 
28 
!S 

2e 

?a 
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'.umber 
4 0 5  
106 
437 
'08 
409 
410 
3!1  
412 
4 1 3  
4 1 4  
4 1 5  
416  
417 
418  
119 
420 
421 
322 
4 2 3  
3 2 4  
425 
4 2 6  
427 
428 
429 
330 
1 3 1  
432 
4 3 3  
4 3 4  
435 
436 
"7 
438 
439  
440 
441 
l b ?  
4 4 3  
344 
4 4 5  
4 4 6  
447 
448 
4 4 9  
450 
4 5 1  
452 
4 5 3  
354 
455 
4 5 6  
4 5 7  
458 
459 
460 
451 
462 
163 
464 
455 
466 
4 6 7  
358  
469 
470 
a71 

l S " t 0 P C  
im148 
571149 
sa150 
m l 5 l  
~ 1 1 5 2  
1.1153 
1x154 
c!1145 
eu146 
e l l141  
i"148 
C U I 4 9  
~ ~ 1 5 0  
eu150m 
eu151 
,oul52 
111 I5271 
;"I53 
~ ~ 1 5 4  
eu155  
rul56 
e u l 5 7  
g a l 4 6  
qd147 
l;d148 
C d 1 4 9  

q d 1 5 1  
g i l l 5 2  
nd153 
gd154 
gd155 
gd156  
gd157 
";I158 
ad159 
ad160 
th153 
t b l 5 4  
t b 1 5 5  
t b 1 5 6  
tb156m 
t b 1 5 7  
t b 1 5 8  
t b 1 5 9  
t b 1 6 0  
t b161  
dy154 
3 ~ 1 5 5  
d y l 5 5  
4 ~ 1 5 7  
:iy!58 

dy160 
d y l 6 1  
dy16Z 
rly163 
dy164 
dv165  

ho163 
ho165 
ho166 
ho165m 
er162 
0.164 
c r l 6 5  

q.1150 

(dY159 

dY166 

9532 
9553  
9 5 7 5  
9597  
9618 
9640 
9653 
9687 
9706 
9725 
9142 
9760 
9782 
9804 
9826 
9853 
9876 
9899 
9926 
9951 
9975 
9998 
I@000 
!@018 
10038 
10058 
10076 
10097 
10119 
10143 
10165 
10190 
i o 2 1 4  
! @ 2 3 6  
I 0 2 5 7  
i 0 2 7 7  
!@294 
10314  
10336 
10358 
I0380 
10403 
10426 
10451 
10475 
10496 
10515 
10533 
13558 
:0581 
: m o 4  
:0627 
10652 
i o 5 7 3  
10695 
30736 
10736  
10756 
!@777 
l o 7 9 5  
10813 
10837 
10861 
10885 
:c9@9 
:0335  
!@951 

18 
?2 
22 
2 2  
27 
23  
23  
27 
2 5  
2 4  
23 

2 
i 8  
20 
20 
! 8  
21 
22 
2 4  
2 2  
2 5  
24 
2 2  
21 
20 
! 7  
20 
2 2  
2 2  
22 
23 
23  
25  
24 
21 
20  
i 7  
2 5  
2 3  
% j  

23  
25 
21 
2 2  
21 
20 
20 
21 
18 
13 
24 
2 4  
24 
24 
25 
26 
22 
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Number 
539 
540  
5 4 1  
5 4 2  
543  
5 4 4  
545 
546 
547 
548  
549 
550 
551 
552 
553 
554 
555 
556 
557 
558 
559 
560 
561 
562 
563 
564 
565 
566 
567 
568 
563 
570 
571 
572 
5 ? 3  
5 7 4  
575 
5 7 6  
5?7 
578 
579 
580 

582 
583 
584 
185 
586 
587 
588 
589 
590 
591 
592 
593 
5 9 4  
595 
596 
597 
598 
599 
600 
601 
502 
603 
604 
605 

581 

: s o t a p e  

r e i 8 4  
rel84m 
re185 
r e 1 8 6  
re186m 
r e 1 8 7  
1 ~ 1 8 8  
re189 
o s 1 8 4  
os185 
as186 
os187 
05188 
O S 1 8 9  
os190 
rs131 
"Si92 
01193 
o s 1 9 4  
ir188 
(r189 
i r l 9 0  
1r191 
1r192 
i r 1 9 2 m  
i r193 
1 r 1 9 3 m  
i r 1 9 4  
1 r 1 9 4 m  
p t 1 9 0  
p t 1 9 1  
p t 1 9 2  
p t 1 9 3  
0t193~ 
o t 1 9 4  
D t l 3 5  
c t135m 
p t 1 9 6  
p t 1 9 7  
p t198  
nu194 
a u l 9 5  
a u 1 9 6  
au197 
au198 
a"!98m 
au199 
h g 1 9 4  
hg195 
hg195m 
hq196 
hg197 
hg198 
hg199 
kg200 
+ 9 2 0 1  
n g 2 0 2  
hq203 
hg204 
t i 2 0 0  
t1201 
ti202 
t1203 
? I 2 0 4  
t 1 2 0 5  
P S Z O 2  

~ 1 8 3  
i i t i a l  R e c o r a  

1 2 5 5 0  
12572  
12596 
!2620 
12651 
12678 
12705 
12731 
12751 
12763 
12794 
i 2 8 1 6  
12842  
12867 
12893 
12919 
12945  
12968 
12993 
!3013 
!3033 
!3053 
i 3 0 7 3  
13096 
13l28 
13162  
!3195 
13227 
13259 

13309 
!3332 
!3357 
I3390 
1 3 4 2 5  
13460 
13434 
13525 
13556 
!3585 
!3610 
13637 
13665 
13694 
13723 
: 3 7 5 6  
13784 

I 3 8 3 7  
i 3 % 7  

! 3 9 2 3  
13957 
i3381 
14020 
14050 
14078 
14104 
14123 
14148 
!4!67 
; 3 1 9 2  
14214  
l 4 i 3 4  
!a256 
I 4 2 7 4  
14235 

13284 

!?e12 

13895 

'lumner o f  Rear t :nns  
2 2  
24 
24 
3 1  
27 
27 
26  
20  
I8 
25 
2 2  
?6 
25 
26 
26 
26  
23  
25  
20 
20 
20 
20 
23 
3 2  
23  
3 3  
32 
3 2  
2 5  
25 
23 
2 5  
3 3  
35 
3 5  
34 
2 1  
31 
23 
2 5  
27 
29 
2 9  
29 
33 
28 
28 
25 
30 
28  

3 4  
30  
33 
30 
28 
25 
2 4  
20 
19 
25 
2 2  
20 
2 2  
I8 
2 1  
2 3  

28 
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TRANSMUTATION O F  TUNGSTEN !N F F T F .  H F I R  AND STARFIRE ~ F .  A .  Garner and L .  R .  Greenwocd ( P a c i f i c  N o r t h w e s t  
L d h o v d t o T y )  

OBJECTIVE 

The o b j e c t i v e  of t h i s  e f f o r t  1 s  t o  d e t e r m i n e  t h e  r o l e  o f  t r a n s m u t a t i o n  on t h e  i n t e r p r e t a t i o n  o f  f i s s i o n  d a t a  
and 1:s extrapolation t o w a  f u s i o n  g o a l s .  

SUMMARY 

T t l n g i t e i  has  been u s e d  i n  il v a r i e t y  o f  low a c t i v a t i o n  f e r r r t i c  a l l o y s  and a l s o  i n  c o p p e r  < m o o s i t e  a l l o y s .  b o t h  
c u r r e n t l y  b e i n g  i r r a d i a t e d  ,n v a r i o u s  f u r i o n  m a t e r i a l s  e x p e r i m e n t s .  I t  h a r  been p r o p o s e d  a s  a n  armor m a t e r i a l  
a l s o .  i a n g r t e n  t r a n s m u t e s  s t r o n g l y  t o  r h e n i u m  and t h e n  osmium, however .  i n  a manner t h a t  :i s t r o n g l y  dependent  
on n e u t r o n  s p e c t r a .  T h i n  adds s i g n i f i c a n t  c o m p l e x i t y  t o  t h e  i n t e r p r e t a t i o n  n f  d a t a  d e v e l o p e d  ~n one  s p e c t r a l  
e n v i r o n m e n t  b u t  i n t e n d e d  f o r  a p p l i c a t i o n  t o  a n o t h e r  environment. 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

Tungs ten  i s  c u r r e n t l y  b e i n g  used i n  a v a r i e t y  o f  f u s i o n  m a t e r i a l s  now under 1 r r a d i a t ; o n  ~n t h e  U.S. and 
l a p a n e r e  ? a t e r i a l s  p r o g r a m s .  f x a m p l e s  a r e :  

1 )  T u n g s t e n - c o n t a i n i n g  l o w  a c t i v a t i o n  f e r r i t i c  a l l o y s  (PNL. ORNL.  NRIM. Monbusha. ; r r a d i a t i n g  i n  HFIR. EBR- 
I I .  f F T F .  J O Y O ) .  

2 )  C o m p a r a t i v e  i r r a d i a t i o n s  o f  a l l o y s  such a H I 9  i n  HFIR. E B R ~ I I  a n d  f f T F  ( P N L .  ORNL). 
3 )  T u n g s t e n  m e t a l  as an  armor f o r  p l a s m a - f a c i n g  components ( M I 1  and PNL, i r r a d i a t i n g  in F F T F ) .  
4 )  Cu~W c o m p o s i t e  a l l o y s  (ORNL and P N L .  i r r a d i a t i n g  i n  F f T F ,  SM- 2 ) .  

I t  has been r e c e n t l y  r e c o g m z e d ,  however ,  t h a t  s i g n i f i c a n t  amounts o f  t r a n s m u t a t i o n  occur i n  t u n g s t e n .  The 
s p e c t r a l  s e n s i t i v i t y  o f  t h i s  t r a n s m u t a t i o n  w i l l  r e q u i r e  t h a t  care be t a k e n  i n  t h e  a p p l i c a t i o n  t o  f u s i o n  
environments of d a t a  g e n e r a t e d  1 0  v a r ~ o u s  f i s s i o n  r e a c t o r  f a c i l i t i e s .  D i f f e r e n c e s  in t r a n s m u t a t i o n  w i l l  a l s o  
c o m p l i c a t e  t h e  compar ison  o f  d a t a  f rom v a r i o u s  f i s s i o n  r e a c t o r s .  

Tungs ten  has t h r e e  i s o t o p e s  w h l c h  p r o d u c e  s i g n i f i c a n t  t r a n s m u t a t i o n  v'i 1 n . y )  T P a C t i o n s .  The i s o t o p e s  184~W 
and 186~W have l a r g e  r e a c t i o n s  r a t e s  l e a d i n g  t o  R e .  Much o f  t h e  Re prOaL,CFd w i l l .  11 t a r n .  t r a n s m u t e  t o  O s ,  
e s p e c i a l l y  ~n H F I R .  The i s o t o p i c  18O~W p r o d u c e s  i 8 L W  ( 1 2 1  d )  w h i c h  d r c a y s  t o  :81b;a. D u r i n g  a l o n g  
: r r a d i a t i a n .  1 8 1 ~ T a  w i l l  t r a n s m u t e  t o  182-Ta (114 d )  w h i c h  ~ d e c a y ~  t o  1 8 2 ~ W .  The : i o t 3 n i c  181-W may a l s o  
t r a n s m u t e  t l l r e c t l y  t o  l 8 2 ~ w .  The n e t  e f f e c t  t h u s  depends on t h e  r i e t d l l i  o f  t h e  1r?dalatlon; however .  t h e  
abundance o f  180-W 1s o n l y  0 .12%.  s o  t h i s  r e a c t i o n  I S  n o t  v e r y  I m p o r t a n t .  Bi i rni ip i s  a i i o  ~ ' v e r e  f a r  182-W a n d  
1 8 3 ~ ~ .  I n  t h e s e  c a s e s .  1 8 2 ~ w  c a p t u r e r  t o  1 8 3 ~ W  w h i c h  ~n t u r n  c a p t u r e s  t o  l e 4 ~ W .  t h u s  ~ n c - e a i ~ n g  t h e  f r a c t l o n  
o f  1 8 4 ~ W .  w h i c h  i n  t u r n  t r a n s m u t e s  t o  185-Re and s o  o n .  I t  i s  a l s o  necessary ti include t h e  decay  o f  t h r e e  
I s o t o p e s .  namely,  18LW ( 1 2 1  d t o  I B b T a ) ;  1 8 2 -T a  ( 1 1 4  d t o  I 8 2 ~ W ) :  an0 185-W (75 I! t o  1S:~Rei .  > I 1  o f  t h o s e  
& , l l  continue t o  decay  a f t e r  t h e  Irradiation. l e a d i n g  to s i g n i f i c a n t  changes  ~n c o m m r i t i a n  a f t e r  r e a c t o r  
i h u t d o v n .  

P s p r e a d s h e e t  p r o g r a m  was d e v e l o p e d  t o  i n c l u d e  a l l  o f  t h e  above e f f e c t s  o f  b u r n u p  and d e c a y .  The (n .p )  
reactions on W a l l  l e a d  t o  p r o d u c t s  w h i c h  e v e n t u a l l y  decay  back  t o  W .  a s  do many o f  t h e  (n.0) r e a c t i o n  
c h a n n e l s .  S m a l l  amounts (<I appm) o f  T a  and H f  w i l l  he p r o d u c e d ;  however .  t h e s e  r e a c t i o n s  are n o t  w e l l - k n o w n  
and have  t h u s  been n e g l e c t e d .  

The r e a c t i o n  d a t a  were o b t a i n e d  f r o m  ENDF/B-V or V I  and, i n  some c a s e s ,  were e s t i m a t e d  f r o m  known f l u x  s p e c t r a  
and e v a l u a t e d  n e u t r o n  cross s e c t i o n s .  C a l c u l a t i o n s  were p e r f o r m e d  f o r  FFTF a t  t h e  s i d p l a r e  and t h e  m i d d l e  o f  
t h e  MOTA b e l o w - c o r e  C a n i s t e r  ( - 6 6  cm). The H F I R  c a l c u l a t i o n s  are f o r  t h e  P I P  p o s i t i o n  a t  m i d p l a n e  w i t h  t h e  
r e a c t o r  o p e r a t i n g  a t  85 MW. The STARFIRE C a l C U l a t l O n S  are f o r  t h e  f i r s t  w a l l  p o s i t i o n  i t  a w a l l  l o a d i n g  of 

Some o f  t h e  h i g h e s t  t r a n s m u t a t i o n  r a t e s  t a n  b e  s i g n i f i c a n t l y  m o d e r a t e d  by  n e u t r o n  s e l f - s h i e l d i n g ,  e s p e c i a l l y  
i n  t h i c k  s t r u c t u r e s .  I n  H f I R ,  t h e  r a t e r  are s o  l a rge  t h a t  t h i s  i s  a moot p o i n t ,  however .  Many o f  t h e  Re and 
'd i s o t o p e s  w i l l  e v e n t u a l l y  b u r n  up. t h u s  h a v i n g  t h e  same n e t  l o n g - t e r m  e f f e c t  ~n c h a n g i n g  c o m p o s i t i o n .  I n  
F F T F ,  s e l f - s h i e l d i n g  11 n o t  so  I m p o r t a n t ;  however ,  some o f  t h e  resonance r e g i o n  r e a c t i o n s  w i l l  be modera ted  
and t h i s  should be e x p l o r e d  i n  more  d e t a i l .  The n e a r b y  p r e s e n c e  o f  o t h e r  s t r o n g  n e u t r o n  - o d e r a t o n  ( e g  - C d .  
W .  6. L i ,  e t c . )  w o u l d  a l s o  r e d u c e  t h e  t r a n r m u t a t , O n  r a t e s  o f  t h e s e  i s o t o p e s .  

3.8 M W / ~ ' .  

'Pacific N o r t h w e s t  L a b o r a t o r y  !i o n e r n t e d  for  t h e  U .  S Departnent o f  i n e r g ?  5 ,  6dt:eIle Memor ia l  
: - i t l t o t e  ,under c o n t r a c t  D I x o 6 ~ 7 6 R t o  1 8 3 3 .  
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SUMMARY OF IONIZING AND DISPLACIVE JKKAI>IAllON FIELDS IN VAKIOUS FACIJ.lTII:S -- 
S J. Zinkle (OKNL) AND J..R. Greenwood (PNL) 

OBJECTIVE 

7be purpose of this report is to summarire the ionizing ndiation and displacement damage fluxes 
present in represcntative materials irradiation facilities. 

SUMMARY 

Calculations have hecn perfonnud to estimate the ionizing mid displacivc irradiation fields that will 
occur in ceramics during irccdiation in accelerators mil fission a i d  fusion reactors. A useful measure of Lhe 
relative strength of ionizing vs. displacivc ndiation is the ralio of Uic absorbed ionizing dosc to the 
displacement damage dose, which in thc c i ~ w  of ion iimdatiim is equal IO the rxio of the electronic slopping 
power to the iiuclear stopping power. I n  ceramics such as A1203. diis ratio is about 20 at a fusiori reactor 
first wall, and has a typical v;lluc of about 100 in a fusioii rc:ickir hl:mkct region =id in mixed spectrum 
reactors such as 1IFIK. Particle acceler:itor sources typically have much higher ioni7ing to displacivc 
radiation ratios. ranging from about Zoo0 for 1 MeV protons to >10,OW for 1 MeV elccuons. 
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RESULTS 

Two parameters cai he used to chancterize the relative magniludes of ionizing radiation and 
displacement damage for materials exposed to radiation. The most straightforward approach is to examine 
the ratio of the absorbed dose from gamma rays (which are primarily ionizing) to the absorbcd dose from 
neutrons (which produce the displacement damage). However, this simple approach ignores the subslantid 
amount of ionization that is produced via the PKAs generated by the neutrons. In addition, this ratio can 
only be applied to neutron irradiation fac es. A more appropriate measure of the ionizing and displacivc 
radiation fields is the spectrum-averaged ratio of the electronic stopping power (S,)  to the nuclear stopping 
power (S& The spectrum-averaged nuclear stopping power (damage energy) conkins only the fraction of 
deposited energy that induces displacement damage. The electronic stopping power includes ioni~ation 
effects from both PKAs and gamma rays. In the following the spectrum averaged ratio of S,/S, will k 
referred lo as the ionizing to displacive ahsorbcd dose (IDAD) ratio: 

IDAD = J I$ (E) &(E) / I  I$ (E) &,(E) (1) 

where the integration is canied out for both the neutron and gamma ray spectra 

The IDAD ratio is a convenient parameter for comparing the relative strength of ionizing radiation 
in differcnt irradiation facilities such as fission reaclors and electron and ion accelerators. One shortcoming 
of this ratio (as with dpa calculations) is that i t  does not provide information of the spatial uniformity of the 
radiation fields. Just as displacement cacade effects have k e n  shown to he an important factor associated 
with defect production in metals [IO], spatially localized ioniution "cascades" in the tracks of energetic 
incident or knock-on atoms may modify the resultant ionization effect. However, given the present lack of 
information on ionization effccLs as a whole, the IDAD ratio is a worthwhile first-order correlation 
parameter. 

The TRIM40 computer code [ 1 I]  WAX used to calculate the energy deposited into ionizing and 
displacive evenL9 in AI203 for energetic ions ranging from 1 MeV protons to 4 MeV %r+ ions. The third 
possihle component of deposiled energy, phonons (heat) was generally found to be insignificant except for 
irradiation with massive ions with energies helow 200 keV. A to id  of 3000 to 10000 ion trajectories were 
run for each condition. The calculations uscd an electron binding energy of 2 eV and a sublattice-averaged 
threshold displacement energy of 40 cV. Identical results wcre obtained whcn the TRIM calculations wcre 
repeated for the lightest and heaviest ions using the measured [121 AI and 0 sublattice displacement energies 
of 24 and 79 eV, respectively. The resulls of the calculations are summarized in Table 1. Due to the high 
stopping powers of the incident ions, the ionizing to displacive absorbed dose showed a strong depth 
dependence-the IDAD ratio decreased rapidly with increasing depth a the ions slowed down and approached 
values <I at the depth where the ions came to rest [ 131. nie IDAD ratios given in Table 1 refer to values 
for the incident surface. 

The cDrresponding IDAD ratio for 1.8 MeV electrons is given in Table 1 for comparative purpases. 
Published results [14] on the displacement damage (dpa) and ionizing dose (Gy) associated with 1.8 MeV 
electron irradiation of A I 2 e  wcre converted to nuclear and electronic slopping powers using the mnversion 
factor for A1203 of 

IDAD = 2.12 x * (GylDPA) (2) 

This conversion factor makes use of the AI203 atomic density of 1.17 x 1029/m3 ano assumes a suhlattice- 
averaged threshold displacement energy of 40 eV. The extrapolakd range for 1.8 MeV electrons given in 
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Table 1 was calculalcd using the well-known cxperirnenlal rebulh for AI [I51 and c o m c m g  for the 
difference in density hetween A1203 and Al. 

Table 1. Ionb 

Irradiation Source 

1.8 MeV elecrrons 

20 MeV protons 

10 MeV protons 

1 MeV protons 

28 MeV He+ ions 

1 MeV lIc+ ions 

3 MeV C' ions 

2 MeV AI+ ioi is 

4 MeV k+ io i is 

1 MeV %I+ ions 

Llixed specuurn tission 
eaclor (HF1K KB*) 

%t fission rcaclor 
'FT,TF M W A )  

k i o n  Reactor 
- 1st wall 
- magnet coils 

14 MeV neulrons 

:and disp 

lo11 
Rmpe 

2.1 rnrn 

1.3 rnm 

0.39 m m  

X.7 p n  

0.21 inin 

2.0 p1n 

1.8 Fin 

1.2 p n  

1.5 pin 

1.1 p n  

.. 

- 

.. 

.. 

.. 

ous irradiation 

Rate 
oarnage 

(d*dS) 

- 

1.2 x 10-8** 

1.8 x 10-R** 

2.1 10-7** 

1.2 10-7** 

3.8 x 10~"* 

4.3 x 10-s** 

4.1 10-4** 

1.4 x 1 0 ~ ? * *  

4.0 x 1 0 ~ 3 * *  

3.2 10-7 

1.8 x lo r6  

1.5 x 1 0 ~ 6  
<? x 1 0 ~ 9  

6.X x 10~' 

'These calculations ncglecl displ:sciiiciils due Lo I I I~CIC: I I  r e m i o x ,  wliicli c:m he signiticluit lor light ion 
Lncrgics >IO MeV k e e  I). W. Muir and J .  M. Bunch, iii ICidiatioii lillcc~, and 'Iritiuin Tcchnolwy for  
Fusion Reactors, p. 11-517). 

**Displacivc and ionizing dose rates c;llculated lor a Ixam ciirrcnt u l  1 pNcin? ol singly charged ion> 

.Ihe 1I)AI) and gnmnla ray 10 ncurroii ahsorhcd do= mios for .xverd  ncuuon irradiation facilities 
arc shown in Tdhle 1 .  The ionizing and displacive ;ibsorhed doses i n  A1203 due lo I I C U ~ T ~ I I S  were calculated 
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using the SPECOMP code [ 161. The energy deposited by gamma rays in the fission reactor facilities was 
obtained by subtracting the neutron absorbed dose from the measured volumetric heating rates. The gamma 

ray absorbed dose was calculated for Fe, since volumetric heating has not been measured in malerials such as 
A1203. Since the gamma ray mass absorption coefficients for I MeV gammas are nearly constant for 
elements with atomic weights between C and Ag [17], it was assumed that the gamma ray portion of the 
volumeuic heating (absorbed dose) was equivalent for Fe and AI7.03. The volumetric heating rates in Fe for 
the HFIR RBI position (85 MW,h power) and IFF MOTA faci-lity are 16000 and 4500 Gy/s, respectively 
(16 and 4.5 wlg) [181. 

Table 1 also summarizes the absorbed dose ratios for 14 MeV neutrons and for 2 positions in a 
fusion reactor, The absorbed dose ratios for positions near the superconducting magnet coils in a fusion 
rcaclor depend strongly on the choice of blanket and shielding materials, and also depend on exact location 
due to radiation streaming effects [ l9,20]. As shown in Table 1, calculated IDAD ratios in A1203 hetween 
40 and 330 at the superconducting magnet can be obtained for different combinations of blanket and 
shielding materials [19]. 

DISCXJSSION 

The calculated ionizing radiation panmeters for the neutron irradiation facilities need furlher study 
to evaluate their quantitative accuracy. For example, calculations by Dell a id  Goland [4l for A1203 
irradiated in the 14 MeV neutron source RTNS-I1 give an IDAD ratio of 5.5 3s opposed to the value of 35 
calculated in the present work. Similar (although smaller in magnitude) discrepancies appcar between Dcll 
and Goland and the present work for mixed spectrum and fast reactor irradiation sources. In all cases, the 
A1203 displacement damage calculations from the two studies are in good agreement. The main source of 
the discrepancy lies in the calculations of the amount of ionizing radiation produced by neutrons. The 
values obtained by Dell and Goland are consiskntly smaller than thc values calculated in the present study 
by a factor of 2 to 6.  depending on the neutron spcctrum. The source of this discrepancy is unknown at lbe 
present time. This highlights the need for better characterization of the ionizing radiation environments in 
irradiation facilities. 

It is worth noting that even "pure" neutron sources such as RMS-I1 are highly ionizing (IDN) 
ratio -35). The high amount of ionization is due to lhc dense ionization associated with lhe high avcrage 
PKA energy created by energetic neutrons. The fraction of absorbed dose associated with ionization 
increases rapidly with increasing neutron energy. For example, the IDN) ratio for AI203 in a fast fission 
reactor is only about4.4. whereas the value is -35 for 14 MeV neukons 

The IDAD values presented in this report are only valid for AI203 Significantly different results 
will be oblained for different ceramic materials such as Sic, and the appropriate values for polymers will be 
much different. 

A range of irradiation facilities may he needed to obtain data appropriate for insulators to be used in 
different locations in a fusion reactor. According to the present calculations, the range of IDAD ratios 
relevant for A1203 vary between -15 for applications near the first wall to -100 for blanket applications. 
Further work is needed to determine the sensitivity of ceramic insulators to slight variations in the IDAD 
ratio. Scoping studies performed to date have shown that significant differences in the microstructural and 
electrical pmperty evolution can be obtained when the IDAD ratio is varied by a factor of ten or more [8,9]. 
It remains to be seen if detectable differences will occur when the IDAD ratio is altered by a factor of -2. 
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IMPKOVEMENI' OF DECAY AND CROSS-SECTION DATA LIBKARIES FOK ACTIVAI'ION 
CALCULATIONS-11. Attaya (.&rgonne National 1,aboratory). 

OBJECTIVE 

The ob,jectivc of this work is to upgrade and improve the activation decay and cross-sections data 
lihraries to provide accu-ate and more comprehensive estimates of fusion reactor activation. 

SUMMAKY 

A new decay data library has been complcted. 'lhe new library contains up-to-dau: decay information 
(half-lives. branching ratios, decay energies, r s  energies and intensities). Activation responses such as thc 
air and wakr biological hazard potentials. the waste disposal rating. and the biological dose are also included 
in this library. Keccntly dcvcloped cross-section libraries have been acquired to he used together with the 
decay data library. 

STAI'US AND I'KOGRESS 

Introduction 

To enhance the safety of fusion reactars, materials' activation characteristics became an important 
Pactor in selecting the materials for use in fusion reactors. 'Therefore, the cvalualion of the materials 
activation characteristics must be accurate and reliable. Decay and cross-section libraries ~ IE  primary and 
essential inputs lor activation calculations. 'lbus, the quality of Lhese calculations depends on the quality 
of these libraries as well as the method of solution and the accurate modcling of the problem under 
consideration. 

Activation Ih ta  Library 

'The activation data library conlains information that is essential in consuvcting the decay and trans- 
mutation chains. This information includes the half-lives, die decay modes, and the hraching rdtioS of  thc 
different &cay modes. In addition. the decay encrgies o i  the emitted radiation %e required to calculate the 
decay heat generation rate, and the y's energies and intensities are required to calculate the biological dose. 

We have utilized the computer data bases of thc Isolope I'rojrct in I.awrcncc Bcrkcley Laboratory 
(which is reflected in the 'Table of Radioactive Isotopes') m d  of the National Nuclear Data Ccntcr at 
Brookhaven to generate an up-to-date activation data library. The genetic feedmgs (which are the branching 
ratios of a particular decay mode to different isomeric states) used in this library ilic from the ?'able of 
Iso1opes2. 

Several activation responses are included in chis library. These are the air and water maximum 
permissible concentrations3 to calculate the inhalation and ingestion biological h w x d  potential, the waste 
disposal limits3 to calculate the waste disposal rating. and the biological dose rates at 1 meter from a point 
source. The decay data library contains 2682 isotopes (521 isomers) compared to only 166 isotopes ( 26 
isomers) in the old decay data library. 

Activation Cross-Section Data Library 

Several aclivation cross-section data libraries have been acquired to bc used with the new decay data 
library. The most recent ones are, the new WAC-3 cross-section library and the European Activation File 
EAF-3s. The latter library has 10456 reactions' cross section dala for 72Y isotopes. Both libraries were 
made available by F. Mann ( Westinghouse llanford Company). 
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Availahlc dosimetric expcrimend results will hc used to verify t ic  aclivation calculations. 
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ACTIVAI'ION ANALYSES FOR DIFFEKENT SI'KUCTUKAL ALI.OYS CONSDEKED FOK ITER 
H.  Attaya and D. Smith (.4rgonnc National Laboratory). 

OBJECTIVE 

' h e  objective oithis work 1s to evaluak the activation characteristics of different structural alloys 
that are bcing considered for 11ER. 

SUMMARY 

Aclivalion calculations have heen made for the austenitic steel 316SS, the ferritic alloy IIT-9, the 
titanium alloy 'I'i6A14V. and the vanadium alloy V5Cr5Ti in a liquid metal (Na) design suggested recently 
for ITER. The calculations show that the vanadium alloy has the minimum short and long-term 
radioactivity and BHP. It also has the minimum decay heat all the time. The titanium alloy has less 
radioactivily than the austenitic and the fkrritic alloys. Howcvcr. the decay heat of this alloy could cxcccd 
that o€ the conventional alloys. 

STATUS AND PROGKESS 

Introduction 

Several structural alloys have heen considered €or ITER. In addition to the austenitic, femtic, and 
vanadium alloys. there is an interest in considcring the titaniuni alloys. 'The interest in the titanium alloys is 
due ti) the fact thal t h c x  are less radioactive than the conventional austenitic and Icmitic alloys. In this 
work, using a rccently suggested liquid mctal design (Na) for ITER, d rent activation rcsponsrs of thcx 
alloys are examined and comparcd. 

Aclivalion Calculalions 

Several liquid mclal; Na, NaK. K, Ph, and l i  have been envisaged for a liquid metal coolant design 
of ITER. The sodium coolant appars to have the minimum activation (for times > 1 day dtcr shutdown). 
AU optimized inboard design that protects the magnet consists of 0.5 cm FW, 65 cm shield (50% Na, SO%, 
structure), and 35 cm vacuum vessel (62% structure. 3x9 ,  water). llsing this design. the radioactivity, the 
air-BHI's, and the decay heat generation rates in the inboard first wall are calculated for the four alloys 
using the radioactivity code RACC.] The calculations arc based on 3 ycxs  of ITER operation with I 
MW/m2 neiivon wall Icading. 

The radioactivity of the four alloys d k r  shutdown is shown in Fig. 1 .  It is clear in this figure that the 
long-term radioactivity of the vanadium alloy is several orders of magniludc less than the radioactivity of 
any other alloy. It is only in the period from 2 years to 20 years d tcr  shutdown, that the titanium alloys 
radioactivity is less than that of the vanadium. This is duc to the Tact that the radioactivity of the vanadium 
alloy is dominated by 49V isotope, see Fig. 2, which is produced mainly by 5"V (n, 2n)4% reaction. The 
titanium alloy's radioactivity, however, is much less than the radioactivity of the femtic and the austenitic 
alloys. Figures 2 and 3 identiry the dominant isotopes in the vanadium and the titanium alloys, respectively. 
The air biological hazard potentials of the four alloys are shown in Fig. 4. Here, again, the short and the 
long-term vanadium's BHP is less than that of Ihc other alloys. However. the period over which the 
titanium alloy's BHP is less than the vanadium alloy's BIIP is longer and extends from just a few hours io 
20 years. This is because the vanadium alloy's BIIP is dominated by the isotope 49V from the onset 01 the 
cooling period (80% al shutdown and -loo%, at -4 years). 
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Fig. I. 'lhc specific mdiixictiviiv i n  the first wall ?or thc S o u r  alloys. 
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The decay heat generation rites (OHGKs) of h e  four alloys z e  shown in Fig. 5. 'Ihc vanadium alloy 
has thc least DHGR all the timcs d ~ r r  shutdown. Only thc Icrritic alloy's UlIGK comes closc to that of the 
vanadium at about I day after shutdown. 'l'hr DHGK of the titanium alloy is domioakd by the isotopes 
%c Cl'l,? = 1.82 d. 3.35 MeV% ,221 MeV p) and IhSc ( T,,? = 83.83 d, 2.01 MeV y, ,121 MeV p). 'lhcsc 
strong y and p emitters makc thc Ut I t iK  of the t imium alloy Iaugcr than !he DHGR of HT9 in the period 
from Z hours to - I  month after shutdown. The DIIGK oi the tilaniunl alloy even exceeds that of the 316SS 
alloy Irom 2 hours to ahout 1 wczh dtcr shutdown. 
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Fig. 5 .  ' Y k  decay hcat gcncration rates in thc l i n t  wall lor Lhc lour alloys. 
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3.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS 

No contributions. 
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4.0 FUNDAMENTAL MECHANICAL BEHAVIOR 
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MECHANICAL PROPERTIES ALONG INTERFACES OF BONDED STRUCTURES IN FUSION 
REACTORS - M. H. Hassan and G. L. Kulcinski (University of Wisconsin) 

OBJECTIVE 

The objective of this work is to be able to characterize unirradiated bonded structures used in 
fusion reactors based on differences in mechanical properties along interfaces due to fabrication techniques. 

SUMMARY 

Proper assessment of the mechanical properties along interfaces of bondcd structures currently 
used in many fusion reactor designs is essential to compare the different fabrication techniqucs. A 
Mechanical Properties Microprobe (MPM) was used to measure hardness and Young's modulus along the 
interfaces of Be/Cu bonded structure. The MPM was able to distinguish different fabrication tcchniques 
by a direct measurement of the hardness, Young's modulus, and WE2 which rcflects the ability of 
deformation of the interfacial region. 

Jntroduct ion 

Current proposals for high heat flux fusion components (such as divertor plates) include duplex 
thin walled structures. The stnrcture may he subjected to high temperatures, high temperature gradients, 
thermal and irradiation creep, swelling, sputtering. and thermal expansion. A major point of concern for 
these bonded stnrctures is the initial adhesion along the interfaces and the relevant mechanical properties. 
These properties, if properly assessed before irradiation, can help in screening the different fabrication 
techniques. This will ultimately reduce the time needed for irradiation testing by only considering joinls 
that are compatible with the needed specifications. 

For fusion material characterization programs, a Miniaturized Specimen Technology had to be 
developed to account for smaller irradiation volumes, lower post-irradiation testing doses to personnel, elc. 
A wide variety of tests have been developed for determining strength, ductility, and fracture-related dam.' 
Measurement of mechanical properties of interfacial mnes is very complicated and usually requires the 
support of mathematical micromechanical models? Adhesion tests based on fracture mechanics principles 
are the most likely source of quantitative data. However. currently available adhesion tests are of rcstricted 
application and are too complex for most purposes? 

Despite the difficulty of predicting the serviceability of a coating from its microhardness valuc. it 
is probably the mechanical property most often measured! Conventional microhardness has several 
characteristics that make it attractive for mechanical property characterization in small specimens? 
Primarily. the volume of material "sampled" during the test is small. Also, conventional microhardness 
data have been shown to be related to mechanical properties of the test material, such as ultimate tensile 
strength. largely by empirical means. It should be noled that conventional microhardness testers require 
direct imaging of the indentations to obtain hardness and large errors are introduced due to measurement of 
the diagonal lengths. especially when the indentations are small6 

Elastic properties along interfaces are very important for several reasons. First: modelling of 
bonded structure behavior is very complicated since some of the critical input parameters such as bond 
strength and interface compliance are not well known and the lab testing of these properties is believed to 
be even more critical than it would be for a simple structure? Second fabrication techniques, like brazing 
or plasma spray, do not produce sharp interfaces. and a certain degree of elemental mixing along the 
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interfaces takes place. Elastic properties are known to dcpmd m the composition, especially along 
interfaces where elemental mixing may be promoted.* There are two extreme cases to consider for bonded 
suucturcs. At the one extreme, a stress is applied transverse to the interface and the other, the load is 
applied parallel to the interface. It is imponant to remember that many bonded suuctures will dcform by a 
combination of the two cases. 

Radiation damage in bonded stmctures is expected 10 induce certain changes in clastic propcnies. 
Swelling can reduce the elastic properties by up to 2% for every 1% swelling in AIS1 316 Stainless 
Steel? Designers usually do not allow swelling 10 exceed 5-10%. Baed  on this figure, we may expect a 
maximum of 10.20% rduction in Young's modulus by the end of the component lifetime. Detecting 
changes in Young's modulus from small material volumes along interfaces thus becomes a necessity to 
forecast the irradiation behavior of certain structures, especially intcrfaccs of bonded structures. 
Collisional mixing due to neutron irradiation may also causc clcmcnwl mixing alnng interfaces of bonded 
suuctures. These changes need to be quantified and measurcd. 

The Nnnoindcnter 

An automated system with the ability to evaluate the mechanical response of a sample with 
submicron spatial resolution has an extremely wide range of applications. A testing system must h3\e 
cenain characteristics to be considered a Mechanical Propcrtics Microprobc (MPM).'" I t  can measure the 
required propcrtics from volumes of material at least as small as one micron in diamctcr. Ideally. the 
system could dctcrminc a constitutive equation for Lhat volume of material; hence, i t  must measure both 
the elastic and platic mechanical pmpcrtics. To do this reproducibly, the system must control o r  measure 
all the panmeters affecting such propcrtics. These pwamcter:; include the swain, strain raw. Icmperaturc, 
szess. and the environment. Finally, the system must lake thcsc mcilSuremcnLs with reaxmahie precision 
and with rcasonablc invcsmcnt of time and effort 

At the present time. only one typc  of nicchanical test can potentially satisfy all of the above 
requiremcnts.l0 Properly instrumented and controlled, a (depth sensing) microindenwtion tcst can 
accomplish many of these goals. During an indentation test, both clastic and plastic strains are generated. 
For many materials the swains from both fields asc of sufficient magnitude to bc mcawrcd. The lest can 
be scaled down so that submicron vulumcs of malerials arc omplcd. hlicroindcntation tcsts have heen 
used to measure an extremely wide variety of material propcrties: yield strcnglh, creep resistance, strcss 
relaxation, modulus, fracture toughness, and even fatigue ICSLF. In addilion, kcause  the material k i n g  
tested is close to a surface. environmenwl effecE can bc measured. With the propcr combination of 
micmindcntation test?. a nearly cornplcte constitutive equation of the m p l c ' s  mechanical rcsponye can be 
ma@. 

A schematic of a commercially available ultralow force indentation syslcm, the Nanoindcnter. is 
shown in Figure A typical loading curve is shown in Figure 2. 'lhc depth plotlcd represents the tom1 
displacement of the indenter relative to the initial position of the surface. The displacement has 
compunents of both elastic and plastic dcformation." 

cross S c c l  ional measurement of mcchanical Drovertics alone intcrfaccs 

There is a great need for the determination of hardness and elastic profiles along thc interface of 
bonded smcturcs as well as to pro& certain microstrucwes ltke the intermetallic compounds formcd in 
some of the brazing joints. If the specimens are prepared in cross section. the Nanohardncss unit. with is 
high accuracy in the placement of inden&. can be used to probe the mechanical propcrtics along 
interfaces. Regardless of the fact that the measurement of hardness on cross sectioned samples has 
suggested early in the literature,'* there has only been a substantial activity in this area in the last few 
years as the use of coatings as well as composite materials has i n c r c u s ~ d . ~ ~ - ~ ~  
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indentations on infinite and semi-infinite media." 

A major p i n t  of concern for cross sectional measurements of mechanical properties, especially 
along interfaces, is how close successive indents can be to each other and how close an indent comes to a 
material discontinuity such as an edge or an interface without interference. Standard specifications for 
macroindentations require that the center spacing of pyramidal indentations be at least three indentation 
diagonals (3D).I7 The origin of this value seems to be lost in the early history of the development of 
hardness testing, and there appears to be no modern published reports of experimental investigation to 
support the value of 3.17 

Samuels and Mulhearn's experimentally quantified these limits using Vickers-pyramid and 
Brinell-ball indentations for 7030 brass. Since the isostrain contours below the indenter are independent 
of indenter geometry away from the plastic imprint, their results apply also to the Berkovich pyramid of 
the Nan~indente r . '~  Figure 3 shows fhe elastic-plastic boundaries for an infinite and semi-infinire 
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material. The indenter geometq is that of the Berkovich pyTamid which has an imprint diagonal to depth 
ratio of 6.5. From the figure i t  is apparent that for the infinite medium the elastic plastic-boundary is 
spherical for infinite material. 

The knowledge that is available on the plastic zone assochtcd with the indentations permils an 
assessment 10 be made of what should be an acceptable spacing. As a starting point, i t  might be said that 
the elastic-plastic boundaries of  adjoining indcntations should not 0 ~ e r l a p . l ~  This criterion would permit 
a center spacing of about 3 D for metals of mcderdtely low yield stress, and 1 D for metals of moderately 
high yield stress. But these would be conservative values because hardness is not sensitive to small 
plastic suains even in matllrials which work-harden considerably. A more realistic criterion perhaps would 
be that the iso-stain boundaries for something approaching Tabor's equivalent strain should not overlap. 
To  be on the safe side, one might require that the 5% iso-strain boundaries should not ovcrlap. By this 
criterion. the indentations could nearly touch one another without error, except perhaps in the very softcst 
of materials. As a guide, it can be assumed that a serious error has not been introduced if the s h p e  of the 
preexisting indentation has not been distorted noticeably by the new indenlation. This criterion is 
particularly likely to be acceplable with microindenwtions in which there is so many other experimcnwl 
uncertainties.17 

The iso-strain contours are deformed significantly for indcnls close to the edge of a stample. 
From Figure 3l' it is Seen that the clastic-plastic bounday for a semi-infinite sample is skewed such that 
the boundxy contacls the edge of thc sample at a distancc/indcnlcr dcpth ratio of 11.7. The min imum 
approach distance In an edge should therefore be 11.7 times h e  dcpth of the indent. While this would l a d  
to the conclusion that he shallowest indcnls are the bcst, considerations of surface roughncss must also 
be addressed. A Wadcuff niust be made bctwccn dccrcased volume averaging below the indenter and the 
inaccuracy due to surface imperfe~tions. '~ Once more, Samuels suggested h a t  the swnhrds  are ccminly 
excessively conscrvativc for microindentation ksting'7 

Another point of concern for the cross-.sectional mcilsurcnicnt of mechanical propcnics of tmndcd 
SUUC~UICS is the anisotropy of  these For example, thcre is a typically crystallographic 
variation in Young's modulus. The reported values of  clastic propenies are usually average values taken 
from polycrystalline materials with a random orientations of h e  individual gmins.1" The question that is 
usually addressed is whether to average over the ehstic consmnts (Voight averages) or over thc claslic 
compliances @cuss 3vcrages). The former is appropriak for a polycrystal in which the gains  have the 
same State of swain: the laucr for the case when they havc the samc s t r ~ s s . ~ '  If one is intcrcstcd i n  
probing the anisotropy along interpaces for bonded structures in fusion rwctors, where the structurcs at thc 
interfxes are suhjcct to the same swain, the use of  the Voight average is more suitable. 

Mechanical momn ics alone thc. interfaces of Be/Cu structtjrcs 

The Mechanical Propertics Microprobe (hlphl) at the University of Wisconsin was u s d  in 
measuring the mechanical properties along interfaccs of Bc/Cu structures fabricatcd at Sandia Nauonal 
Laboratory. Samples of two fabrication whniques were studied: 

1. Beryllium hipped (Hot Isostatic Prcsscd) to Oxygcn Free High Conductivity (OFHC) coppcr. 
2. Beryllium brazcd to OFHC using a silvcr baxd brazing alloy. 

The samples were polished using 1 p m  diamond paste. Hardness and Young's modulus were then 
measurcd using the Nanoindenter. 

Bc/Cu Brazed structure . Thiny two indentations wcre first made in two runs in Be and Cu bulks 
away from the intcrface to compare the bulk and interface values. Fifty indentations were then made 
starting from the Be side into the interfacial zone in two runs (20 and 30 indentations respeclively). The 
large number of indentations is needed to assess the variation along the interpace and also to increase the 
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Fq. 4. Indentation run along the interfacial zone of a BeFh brazed p i n t  

saltistical d n t y  in the results. The high load range (0-120 mN) was used to obtain indentation depths 
of 500,750. and loo0 nm. The minimum swings  between indents were 53.34 p for the two runs 
respectively (>30 times depth). The distance to the interface was approached at nearly 10 and 7 pm per 
indentation for the two runs respectively. As shown in Figure 4, indentations were made at an angle to 
the interface. so that a proper assessment of the properties along the interface could be made (notice that 
indentation size reflects the different hardness values). Forty indentations were then made starting from the 
interfacial zone into the Cu side in two runs (20 each) at indentation depths 500, 1ooO. and 1500 nm. 
Minimum spacing of indentations in this case was 51 pm. The interface was approached at nearly 12 and 
10 pm per indentation for the two runs respectively. Table 1 represents the indentation segments for both 
the Be-lntcrfacial m e  and Interfacial Zone-cu regions. 

v. l%e same techniques wexe used for the other type of smcture (the brazed 
type). Indentations were fmt made in the Be and Cu bulk regions away from the interface to compare the 
bulk and interface values. In this case, a sepuate run had to be done for the interface since its thickness 
varies from 400 to 450 pm. 

Besvlts 

Figures 5.6. and 7 show the @ation of hardness (H), Young's modulus (E), as well as the load 
over thc compliance squared (i.e. HEz) for indentation depth loo0 nm for the brazed structure. Several 
points arn be observed: 

1. The jump in the mechanical Pmperties between the Be side and the interfacial zone is quite 
obvious compared with the smooth hansition along the interface between the copper and the interfacial 
zone. 



P 
ml 
mi 

I01 

I t  
0. 
tin 



101 

118 

4.0 
118 

2 1.1 

2 e I.. s 
5 

B 11. 
3 

I *a 
- 

1.1 

0 a 

Dtp, hm edge 0fintrrl.d.l rcgim mano) 

Fig. 7. Variation of Us2 along interface 

Md.m hm edge Of interfuld male (Mkroo) 

Fig. 8. Variation of hardness along 
of a M u  brazed joint interface of a BJCu hipped joint 

DLNDN from edge of 1nterfa.d.l zone (Micron) 

Fig. 9. Variation of Usz along interface of a S K U  hipped p i n t  

The foUowing points can be observed in the hipped smctm: 

1. The discontinuity in the mechanical propedes along the edge of the interfacial zone with 
beryllium still exists It is even much more dramatic than in the hipped joint due to the existence of the 
microstructural islands. 

2. The smooth transition along the edge of the interfacial zone with the copper still exists. 
However, a mismatch in hardness values can still be obsemd. 

3. Away from the microsrmctural islands, Young's modulus values are slightly higher in the 
interfacisl region for the brazed joint compared with the hipped joint. This bridges the large gap between 
the Young's modulus values of the Be and the Cu. The same uend is also observed for the hardness 
values. Also, the HEz values of the interfacial zone in the brazed p in t  are lower lhan the hipped p in r  

The microstructural islands are believed to be intermetallic formations due to interdiffusion 
between beryllium and copper. It is well known that in case of beryllium pining, as atoms in the base. 
meal  migrate by diffusion into the other metal and vice versa, changes in the properties of the boundary 
layer between the two metals may occur. This can sometimes affect the joint strength by formation of 
brittle intermediate phases. In other cases, on the contrary, one can obtain, deliberately or not, higher 
qualities of the j0int.2~ In this case. the strength of the joint no longer depends on the bond strength 
between the two metals. Instead it depends on the bond strength between either of these and the newly 
formed intermediate layerp 
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GREEN'S FUNCTION METHODOLOGY FOR FRACTURE MECHANICS OF S I C  
Sic  COMPOSITE STRUCTURES' A.El-Azab and N.M. Ghoniem, Uniwmity of California. L a  Ange l s  

OBJECTIVE 
The purpose of this work is to develop new methods for the analysis of fracture prooesses in SiC- 
S ic  wmposite structures under fusion conditions. Presently, no satisfactory method is available 
for determination of crack growth characteristics in real structures, where crack-crack interaction is 
important. 

SUMMARY 
A fundamental solution of plane elasticity in a finite domain is developed in this paper. A closed- 
form Green's function for the elastic field of an edge dislocation of arbitrary Burger's vector at an 
arbitrary point in an orthotropic finite elastic domain, that is free of traction, is presented. The 

..method is based on the classical theory of potential fields, with an additional distribution of surface 
dislocations to satisfy the free traction boundary condition. A solution is first developed for a 
dislocation in a semi-infinite half-plane. The resulting field is composed of two parts: a singular 
contribution from the original dislocation, and a regular component associated with the surface 
distribution. The Schwarz-Christoffel transformation is then utilized to map the field quantities to 
a finite, polygonal domain. A closed form solution containing Jacohi elliptic functions is developed 
for rectangular domains, and applications of the method to problems of fracture and plasticity are 
emphasized. 

PROGRESS AND STATUS 

Introduction 
The concept of a dislocation was first introduced by Weingarten 111, Timpe [2] and Volterra 131 as a 
mathematical device to deal with the possibility of solutions which satisfy the governing equations 
of the theory of elasticity, but possess the property of a multi-valued displacement field. For many 
years after its introduction, the mathematical device was termed a volterra dislocation [4]. On 
the other hand, the existence of crystal dislocations was found to be necessary for explaining the 
fact that most ductile materials yield and fail at stress levels that are at least three orders of 
magnitude smaller than the theoretical values predicted by atomic potential considerations alone 
[S8]. The advent of analytical techniques in materials science proved, beyond doubt, the important 
role which crystal dislocations play in deformation, micromechanirs of fracture, and other materials 
properties. The materials science applications of the theory of dislocations are extensively reviewed 
by Hirth and Lothe 191 and Nabarro [ lo] .  A detailed work on the use of dislocation theory in 
modeling materials phenomena such as twining, grain boundaries [ I l ,  121, interfacial energy and 
surface tension [13, 141 was conducted by Marcinkowski and Jagannadham. More recently, Amodeo 
and Ghoniem 115,161 developed a dynamical method for the study of the micromechanics of plasticity 
in ductile materials. They termed their method Dislocation Dymmics , in which they solved for 
the simultaneous equations of motion of distributions of dislocations under a variety of applied 
stress conditions. In their work, however, they used elasticity solutions for dislocations in an infinite 
isotropic medium. 

'This material Is based upon work supported by the U.S. Department of Energy under award number DEFGU3- 
91-EM4114 at UCLA 
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Applications of dislocation theory to fracture mechanics, deals with dislocations in a continuum. 
The continuum theory of dislocations is reviewed by Hirth and Lothe [9], Nabarro (lo], Mura 117, 
181, and Lardner [19]. In fracture applications closed form solutions can be obtained by modeling 
cracks by continuous ( or discrete) distributions of dislocations. However, the proper dislocation 
elastic fields (Green's function) in the crack domain must be available. Examples on application 
of dislocation theory to fracture mechanics are reported by A. N. Stroh [20], J .  Qu and Q. Li [Zl] ,  
J. R. Willis (221, Delale and Erdogan [23], Lardner [24], Atkinson [25], and Vitek 1261. A review 
of dislocation models in fracture is given by Lardner 1191, Vitek and Chell 1271, Jagannadham and 
Marcinkowski [ZS] and Bilby and Fshelby (291, where dislocation Green's functions developed for 
infinite domains were used. In Ref. [28] extensive use of dislocation theory in modeling elastic and 
elastic-plastic fracture problems has been made. 

In some cases dislocation fields are obtained for finite (circular, infinite strip of finite width) 
domains using the image dislocation method [9, lo]. Marcinkowski et al 1301 argued that the image 
dislocation method is inadequate to obtain dislocational fields in finite domains since the resulting 
elastic fields do not vanish outside the domain ofsolution. They also introduced the method of surface 
dislocations to obtain dislocation fields in semi-infinite domains. The idea of the surface dislocation 
technique is based on the use of a correcting field, which yields the field in a finite domain if added 
to the infinite domain solution , with the boundary conditions satisfied. Marcinkowski et al [30, 311 
used distributions of dislocations along a semi-infinite domain boundary to generate the additional 
correcting field. They developed analytical expressions for edge dislocations in isotropic half-planes. 
Their method proved to be exact and realistic in the sense that the dislocation fields identically vanish 
outside and on the domain boundaries. For rectangular domains, they used numerical methods to 
obtain the solution [32]. These approaches are based upon the classical theory of potential fields, 
and rely on solving an integral equation for the surface dislocation distribution. Other authors 
obtained the dislocational fields in half-space using the analytic continuation technique 133, 341. In 
this method , additional correcting fields are determined so as to satisfy the free traction boundary 
condition on the domain boundary. However, Miller 1331 and J.  C. Lee 1341 used two different 
methods to find the correcting fields, which yielded different expressions. 

In applying dislocation theory to fracture mechanics or other materials science phenomena, the  
importance of development of an accurate solution to the governing equations of elasticity for a 
dislocation cannot be underestimated. It is from this prespective that we develop our present 
dislocation Green's function in a finite orthotropic domain. The problem formulation makes use of 
the classical theory of potential fields, with the surface dislocation technique to obtain the solution 
in a half-plane. The Schwan-Christoffel transformation [3537) is then utilized to obtain the solution 
in a finite (rectangular) domain. As will be shown here, only the elastic field of a dislocation in an 
infinite domain is a necessary ingredient in our present fordat ion.  

Green's function for a dislocation in an infinite domain 
For elastic anisotropic continua with material constants smn (m, n = 1,2,6)  Hooke's law is written 
as: 

2, = 8 1 1 0 ~  + S120y + 8160zy, 

Cy = 8 1 2 0 ~  f 8220y f 826U'ryr 

26, = 5 1 6 0 ~  + S260y + 8 6 6 ' 3 1 ~  (1) 
The stresses and complex displaoement, U, are written in terms of the complex potentials, q h ( t l )  

and h ( z 2 )  as follows [33, 341 : 
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in which Re = real o f  and the overbar represents complex conjugation. The primed variables are 
derivatives with respect t o  ZI or 22. The constants XI and XZ and their complex mnjugates are the 
roots of the following characteristic equation 1381: 

21 = z + Xly = (71.2 + 6 1 i ) / 2 ,  
zz = z + Xzy = (72.2 + 622)/2 (4) 

where z = z +  iy,y, = 1 - i X ,  and 6, = 1 +iX,, j  = 1,2.  The functions $ I ( z ~ )  and h ( z 2 )  are the 
complex potentials of the dislocation and are analytic within the body except at q. The polynomial 
p(X) is given by 1381 : 

i 
P ( x )  = (312 - S 1 6 x  + S l l x 2 )  + x ( 5 2 2  - S26x  + S l Z X 2 )  ( 5 )  

The complex potentials at a point z (or alternatively q 2 )  due to a single dislocation at z. = 
zo + iy, in an infinite anisotropic plane are given by 133, 341 : 

where z l0  and zzo are related to 2, by the set of equations (4). The subscript s is added to indicate 
that the infinite domain potentials are singular at the location of the dislocation zo .  The complex 
constants are determined by the conditions that the deformation due to a single dislocation is 
not single-valued (dislocational), and the traction integral along any arbitrary contour surrounding 
the dislocation vanishes (se2f-epudibnurn). The dislocational condition can he expressed as : 

b =  2 ~ i  [p (Xi )Ai  - P ( X I ) A I  +p(Xz)Az  - p ( L ) A z ]  (7) 

where b = Ib/e'' is the Burger's vector of the dislocation. The self-equilibrium condition yields the 
following equation : 

61A1 - 71 A1 + &A2 - j 2 A 2  = 0 ( 8 )  

By taking the complex conjugate of equations (7) and (8), two additional equations are obtained. 
The four equations can be solved for A I ,  A , ,  Az, and A,. El-Azab and Ghoniem 1391 obtained a 
solution for A I  and Az for the case of an orthotropic domain, where SI6 = s26 = 0, which is written 
as: 

A I  =c l rZrn(b)+ ic12Re(b) ,  
A2 = czlZrn(b) + iczzRe(b) (9) 

where q, are real constants which depend on the material constants s,,,". h ( b )  and I r n ( b )  are the 
r ed  and imaginary parts of the Burger's vector, respectively. 
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Dislocation in a finite domain : General formulation 
Consider an edge dislocation of arbitrary Burger’s vector, b = IbleiB, which is located at zo in the 
finite domain D+ bounded by the contour L,  as shown in Figure (1). The Green’s function in an un- 
bounded medium automatically satisfies the governing field equations. Any linear wmbination of the 
znfinite domain Green’s functions, which also satisfies specified boundary conditions for a finite do- 
main, must be the Green’s function in that finate domain. The solution, therefore, will be constructed 
as a linear combination of the singular, infinite domain solution, and an additional distribution of 
surface dislocations, such that the boundary is free of forces (; .e. ,  zero surface tractions). 

Let F( t )  be a distribution function of surface dislocations, which is complex, and written as: 

F ( t )  = f l ( t )  + i f z ( t )  (10) 
where t is a complex variable describing the domain boundary L,  and f l ( t )  and f Z ( t )  are real 
functions of the complex variable t. Physically, F(t )ds  is defined as the Burger’s vector of the surface 
dislocation in the interval ds,  where s = s ( t )  is the scaler distance along the domain boundary. The 
traction caused by the original dislocation and the surface distribution, evaluated at any arbitrary 
point along the boundary, must be equal to any prescribed boundary tractions. For the case of a 
free surface, this condition is written as : 

where so = .(to) and Xd+iYd is the residual complex traction at t on L due to the original dislocation 
at zo inside P. X.(t., t )  + iY.( t , , t )  is the complex traction at t on L due to a surface dislocation 
of Burger’s vector F ( t , )  at to on L .  If the surface experiences any localized or distributed forces, 
T ( t ) ,  the right hand side of equation (11) is no longer zero, but rather = T ( t ) .  Here, we consider 
only free surfaces. Equations ( Z ) ,  (6) and (9) will be used to determine Xd + iY, at any point t on 
L. The same equations will be used to determine X,(t, ,  t )  + iY.(t,, t )  at t on L, with one difference, 
that is; Re(b) and Irn(b)  in equation (9) will be replaced by fl(to) and f2(to). This means that  the  
complex quantities A1 and Az are no longer constants when dealing with surface dislocations. Let 
these quantities be denoted by B1 and B2, and be written as : 

Equation(l1) can now be rewritten in terms of f l ( t )  and fZ(t ) .  and can be utilized to determine 
these two functions. Once f l ( t )  + ifz(t) is determined the total stress field can be determined at 
any point in the domain D+ by adding together the singular field and the additional field due to 
surface dislocations. 

When a rectangular domain is considered, as shown in Figure (Z),  two mathematical difficulties 
arise: 

1. the residual singular traction, xd + iyd,  will have different expressions at t describes different 
sides of the rectangle, and 

2. the contour L is not smooth. 
Because of that, a suitable numerical method may be used to solve equations (11) and (12) for the 
complex function f l ( t )  + ifi(t). Such an approach was used by Jagannadham and Marcinkowski 
1321, to predict the stress field for an edge dislocation in an isotropic rectangular domain. Their 
solution yielded inaccurate results outside and close to the domain boundary, and they were able to 
satisfy the boundary conditions in an approximate point collocation fashion . The reader is advised 
to compare the present results with those of Ref 132). FYom the mathematical point of view, there 
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Figure I :  Arbitrary dislocation in a finite domain 

n-  o-  - t D X )  

0 

Figure 2: Variation of the residual surlacc traction for a dislocation in a rectangular domain 

is an inherent difficulty associated with the problem of finding the elastic field of a dislocation in 
a polygonal domain. As can be noticed from the forms of the functions q41(z1) and @ ~ ( L z ) ,  the 
ficld is a cylinderical potential ficld. which is to be fit onto a geometrically incompatible polygonal 
boundary. However, the approach taken here is to obtain the solution in a semi-infinite domain and 
then use the Schwarz-ChristoKel transformation to map the solution onto a polygon. This approach 
is illustrated in the next two sections. 

Dislocation solution in an orthotroDic semi-infinite domain 

Distribution function of surface dislocations 
Consider a dislocation of an arbitrary Burgcr's vector b = /ble'' at the point zo = z,+iy, , as shown 
in Figure (3). The domain of solution D+ is the upper half-plane, Irn(z) 2 0,  so that the contour L 
is taken to be the z-azm from -a t o  +m. In this casc the residual singular traction X, ( t j  + iY,(t) 
is gven by : 
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Figure 3: Dislocation in a semi-infinite domain 

where A1.2 are given by equations (9). Similar expressions can be written for ury(z., z) and uy(zo, z), 
by replacing A1 and A2 by B1 and E2 given by equations (12). The result is stated as follows : 

If  equation (12) is used in (17), the following simplified expressions for u,,(z0,z) and u,(z.,z) are 
obtained for the case of orthotmpic domains : 
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where uw and uv in equations (16) and (18) are real quantities. p1 and h are the imaginary parts 
of the roots X I  and Xz. Note that X I  and Xz are pure imaginary in the case of orthotropic materials 
(see Appendix B). 

The integral Equation (15) can then be rewritten as : 

which is a singular integral equation with a Cauchy-type kernel. The integral part edsts  in the 
sense of its principal value. The integral equation (19) can be directly solved for a l fI(z)  + aaz,f2(2) .  

Alternatively, the real and imaginary parts of the integral equation can he separated to obtain two 
real integral equations for f l(z)  and f2(z). Following Muskhelishvili’s methods for the solution of 
singular integral equations [40,41], and excluding mathematical details, the following two expressions 
are obtained for !I(.) and j Z ( z j  : 

where j l ( z )  and fz(z) are real quantities. The complex function F ( z )  = f l ( z j  + if?(.) must satisfy 
overall material compatibility condition, t .  e., conservation of Burger’s vector [30], which can bc 
examined using the following integral : 

1- I.‘(z’jdz’ = b J ( z )  

b , ( z j  = - b t  (=’:) - [ x , A ,  iog(z - z lo )  - X , A ,  iOg(z - i l o )  

+ X 2 A 2  i o g ( ~  - ~ 2 ~ )  - X 2 A 2  log(z - Zz.)] 

+ - [ A l  log(z - L l 0 j  - A ,  log(z - Z l ” )  1 
+A2 log(z - zZoj - A2 log(z - izo)] (21) 

It can be shown that b , (z )  - -b as z - +m. 
The results are specialized for an orthotropic domain for which sI6 = s26 = 0. To test the 

theory presented here, the properties of the Nicalon/CVD-SiC (fiber/matrix), which is an orthotropic 
material, are chosen. The elastic constants are evaluated using the rule of mixture for the fiber and 
matrix properties given in Ref. [43, 441. The plane stress compliance constants are determined to 
be sI1 = 3.125 x IO-”,s22 = 3.503 x 10-lz,slz = -6.563 x 10-l3,ands66 = 9.31 x 

In presenting the results all distances are normalized to the magnitude of the burgers vector. 
Figure (4) shows a typical surface distribution as a function of the distance along the free surface, 
for a dislocation at zo = +a50 with a purely real Burger’s vector. It is obvious that F ( z )  + 0 as 
z - *m. The effect of varying the distance yo from the free surface on / F ( z ) /  is shown in figure ( 5 ) .  
The distribution becomes sharper as y, becomes smaller and localized at z = 0. I t  also broadens as 

Pa-’. 
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Figure 4: The surface distribution ( F ( z )  = f l  (z)+if2(z)) as a function of distance along the surface, 
q, = +;SO. The Burger’s vector is real 

yo becomes large. In fact, this is a fundamental dilTerence between the surface dislocation technique 
and the image dislocation method for which the image dislocation represents an extremely localized 
distribution at the point T = 0. In figure (6), the integral surface Burger’s vector b , ( z ) ,  which 
is given by equation (21) is shown on an Argand diagram for different orientation of the Rurger’s 
vector of the lattice dislocation. z describes one curve as it varies from -w t o  +w. b,(z) is given 
by the vector drawn from the point (0,O) to  any point on a curve. The results clearly indicate that 
the condition of material compatibility is satisfied. That is to  say b + J:z F(z’)dz’ = 0 (301 

Field Quantities in a semi-infinite domain 
The complex potentials due to surface dislocations will be denoted by $ir(zl) and $zr(22). Thmc 
potentials will be evaluated as integrals over the distribution function of surface dislocation on 
z - axis ,  as follows : 

$,T(.J) = I+- B, (*) Iog(2, - z)dz (22) 
-m 

where j = 1,2. Since the stresses are determined in terms of the derivatives of two complex poten- 
tials, it is convenient to develop an expression for $>?(z j ) ,  which is written as : 

where, again, B, is determined in terms of fl(z) and f 2 ( z )  using equations (12). Omitting mathe- 
matical details, expressions for 4;,(2]) and & ( ~ 2 )  are obtained as follows : 

;(zi E D-1, 

21 - 210 11 - m a  21 - 210 21 - 220 
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Figure 5: Magnitude of F ( z )  a5 a function of distance along the surface for diflerent positions of the 
dislocation (q = +iyo). The Burger's vector is real 

1 ,  A 
- 0 = 0  

0 = n l 4  
0 5  8 = n l Z  . ....... 

+- 
0 

i i, 0 5  

+-.-., 

Figure 6: Argand diagram for b. as given by (21) for three different orientations of the Burger's 
vector b. The curves represent b, (z ) .  where z varies form --co to +m. The arrows represent the 
Burger's vectors b of the lattice dislocation. As z + +mb, + -b. 
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(25) 

The two derivatives $ i r ( z J ) , j  = 1 ,2  are regular everywhere in the entire zl and 2 2  ( or I ) planes, 
including boundary points because the poles lie outside the respective domains. The total field is 
now constructed as the superposition of the s m g u l a r  a n d  Tegular f ields,  as follows: 

di(zj) = + i a ( z j )  + +&kJ) (26)  

where + i s ( z j )  are given by equations (6). The stress tensor components in the half-plane are given 
by equations (2), where derivatives of the complex potential functions are given by equations (26). 
With some laborious algebra, the derivatives of the total potentials given by (26) can be shown to 
be identically zero at any point in the lower half-plane ( Im(r )  5 0). The stress tensor components, 
a.,oy and azyr will therefore vanish outside the domain boundary. 

Figures (7), (8) and (9) show equi-stress contours for different stress components for a dislocation 
in a semi-infinite domain. z and y refer to the real and imaginary axes of the complex z-plane, 
respectively. The stresrS and distances are normalizcd to the shear modulus 6 1 2  = 1 1 ~ 6 6 ,  of the 
material, and the magnitude of the Burger’s vector, respectively. Only zero stress contours 01 the 
stress components uy and ary intersect with the boundary (real-axis), which means that the stress 
field satisfies the free traction boundary condition. These results illustrate the usefulness of the 
powerful complex potential field theory, when contrasted with the method of image dislocations 
[9], analytic continuation techniques (33, 34land spectral expansion methods [42]. In the immediate 
neighborhood of the dislocation, the singular stress component (infinite domain field) dominates, 
which is clearly shown by the behavior of the contour lines close to the point zo. 

Green’s function for a dislocation in a rectangular orthotropic 
domain 
In this section the Schwarz-Christoffel transformation, which maps the upper half-plane onto a 
polygon, will be applied to  the semi-infinite domain solution to  obtain the solution in a rectangular 
domain. We will consider the case where the boundaries of the rectangular domain are free of 
tractions. If a set of surface tractions are subsequently applied, a convenient method can be used, 
and the total solution is obtained by superposition. 
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Figure 7: uz for a dislocation ( h  = Pf4, 4, = t50i) in a scmi-infinite domain. The free surface is 
the real axis. 

-1oa.o -50.0 0.0 50.0 1 
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.o 

Figure 8: ozy for a dislocation ( b  = C " , Z O  = +50i) in a semi-infinite domain. Only zero stress 
contours intersect with the free surface (real axis) 
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Figure 9: oy for a dislocation ( b  = e"/4,zo = +SO<) in a semi-infinite domain. Only zero stress 
contours intersect with the free surface (real axis). 

The Schwarz-Christoffel transformation 
The general form of the SchwamChristofTel transformation is written as 135-371 : 

This transformation maps the upper half of the r-plane onto a polygon on n vertices in the w-plane. 
C,,? are complex constants which adjust the size, orientation and location of the polygon. Thc 
points a,on the z ~ a z i s  (2-planc) transform to the vertices of the polygon, and a,li arc the interior 
angles of the polygon. With this transformation, solutions in polygonal domains (e.g. hexagons, 
pentagons, etc) can be obtained from the scmi-infinite domain solution. 

In the special case of a rectangle, a, = +, and n = 4 .  Equation (27)  can be written as [36] : 

dE 1' ,/(I -e2)(]  - k2E2)  
w = f ( 2 )  = 

= F(z, k )  ; o < k < l  

where F ( z .  k )  is the elliptic integral of the first kind [45, 461. The integral (28) maps the upper half 
of the  z-plane onto a rectangle in the w-plane for any k ,  Figure (IO). The vertices of the rectangle in 
the w-plane are + K ( k )  and i K ( k ) + i K ( k ' ) ;  k2+k'* = 1, where K ( k )  is a complete elliptic integral 
of the first kind, which is written as : 

cy 1 

J(l -E2)(l  - k2E2)  
K ( k )  = (29) 

and K ( k ' )  is the complementary complete elliptic integral of the first kind defined by (29) for k'.  
The vertices of the rectangle are mapped to the points +I and * I l k >  on the z-  azis in the z-plane. 

Let the actual rectangular domain which mntains the dislocation be defined in the w*-plane,where 
ui* = u* + iu', as shown in Figure (10). Let the vertices of the rectangle be given by &HI and 
& H I  + iH2, which correspond to the four vertices in the v-plane. Consequently, it is necessary to 
establish a relationship between the w*-plane and the w-plane before actually using equation (28) to 
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Figure 10: Schematic of the different complex planes and their interrelationships 

perform the mapping. In fact the mapping process will be multi-step, from w*-plane t o  the w-plane, 
and then to tha z-plane. Let the u:. and the w (where w = u + ZU) be relatcd as follows : 

If  we arbitrarily choose & = & = c, z.e., wf = cw, then the transformation between thew'  
and w-planes is linear, where the constant c will be determined once the parameter k is determined. 
The IaLter is found by solving the following transcendental equation : 

where k2 + kI2 = 1 

Field quantities in a rectangular domain 
The fundamental stress combinations, eZ and in the z-plane are written as [38, 401 : 

o,=o,+o,, 
ax = a, - o* + Zio,, 

Under conformal transformation from the 2-plane to the *plane, the fundamental stress combina- 
tions transform according to the following relations : 

133) 

I t  is clear that 8, ia an invariant of the transformation, while ha5 t,he transformation Jacobian 
given by: 
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The stress components in the wplane are determined in terms of 8, and a,,, as follows : 

(35) 
i 
4 0"" = - - (aw - 6,) 

Since the transformation between the w and w* plane is linear with the constant c is real, the 
corresponding jacobian is unity and, in turn, the field quantities are identical in these two planes. 
The derivative is found from (28) as : 

- dz  = J(1 - r 2 ) ( 1  - k2z2) 
dw 

The transformation works as follows: to determine the stress field at a point w*, w is found 
using equation (30) as w = w'/c then the inverse of the relation (28) is used to find z .  Once z 

is determined, equations (32) through (35) are used to  completely determine the stress field in the 
w-plane (ie., in the lo'-plane). The inverse of the relation (28) is known as the Jacobi elliptic sane 
function, which is written as follows: 

2 = sn(w, k) (37) 

The form of the elliptic sine function, and the associated numerical accuracy of the computation 
are given in (391. Note that the dislocation solution in the w-plane is recovered from the solution 
in the r-plane. Let the displacement vector in the z- and w-planes be denoted by U, and U,, 
respectively.The displacement vector transforms as : 

The Burger's vectors must have the same relation. Let thc burgers vector in the z- and wplanes 
be denoted by b, (at the point zo) and b, (at the point wo), respectively. Therefore, the Burger's 
vector in the z-plane is given by : 

where b, is the prescribcd one, and + is given by (34) cvaluatcd at z o ,  

(39) b - b 
I -  w 

Discussion and Conclusions 
Representative results for the s t r m  field in a rectangular orthotropic domain are shown in figures 
(11) through (16). ZL* and IJ* refer to the real and imaginary axes of the complex w* plane, which 
is the actual domain of the dislocation. The s t r e w  are normalized to the shear modulus G I ~ .  In 
calculating the stress field a value of k2 = 0.5 is chosen, for which K ( k )  = K(k' )  = 1.85407467. It 
is important to note that the shear and normal stresses identically vanish on the domain boundary. 
Also, the stress field shows the proper singularity at the location of the dislocation (Fig. (16). 

The solution presented here is general in the sense that i t  accounts for thc domain orthotropy 
and geometry effects, which is an essential factor in boundary value problems of elasticity, as well as 
the arbitrariness in specifying the Burger's vector (magnitude and direction). The solution can be 
easily extended to domains of general anisotropy. With this solution, a large number of materials 
macro/micromechanics problems can be accurately treated in the Sense that more realistic disloca- 
tional fields in domains of finite sizes (present work) can replace the infinite domain field. Among 
these problems are the following : 
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"* 

F-igurc 11' 
vanishes on the  upper and lower sides of the rectangle. 

nu. for a dislocation ( b  = = + 3 O i )  in a rectangular domain. 

.o -30.0 0.0 30.0 
v* 

identically 

0 

Figure 12: 
vanishes on the  upper and lower sides of the  rectangle. 

uu. for a dislocation ( b  = eZz ' ' j ,u ;  = f30i) in a rectangular domain. uu. identically 

. 
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Figure 

U' 

13: uu.!,. for a dislocation ( b  = eXrl2,  w; +30i) in a rectangular domain. 
vanishes on all sides of the rectangle. 

identically 

1.0 

Figure 14: 
vanishes on the right and left sides of the rectangle. 

0". for a dislocation (b  = e'"12,wg = +30i) in a rectangular domain. uy:. identically 
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Figure 15: 0%. for a dislocation (i, = e 'T/2 ,w;  = 30+ 3Oi) in a rectangular domain. 0":. identically 
vanishes on the right. and left s i d a  of the rectangle. 

Figure 16: au. for a dislocation ( b  = erz12, W E  = 40 + 302) i n  a rectangular domain showing the 
singular behavior of the stress field at UQ. 
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1. Elastic and elastic-plastic fracture mechanirs problems, where cracks of any size, shape and un- 
der generalized loading are modeled using distributions of dislocations, in finite size structural 
elements. Ref. [27] contains a list of the most important applications of dislocation theory in 
fracture. The reader is also advised to check the book written by Lardner [19] as well as Bilhy 
and Eshelhy's article [29]. 

2. Dislocation-crack interaction problems, such as the spread of plastic yield from crack tips (471, 
cleavage, dislocation emission and crack shielding under generalized loading conditions 1481 

3. Problems of micromechanics of plasticity and viscoplasticity (dislocation creep), which involve 
detailed description of dislocation motion as well as dislocation-dislocation interactions in real 
crystals or in specimens of finite sizes (15, 16, 491. 

A major outcome of the present work is that it demonstrates the weakness of the infinite domain 
dislocation solution in a large number of problems in which the range of interest for the dislocational 
field is comparable t o  the domain size. This is illustrated in figure (ll) ,  where the stress component 
a". changes between tensile and compressive on one side of the v *  axis, which is not a feature of the 
infinite domain solution. Also, a rotation of the burgers vector can dramatically change the features 
of the stress field for the same geometry. This is shown by comparing figures (11) and (12). Another 
important effect is the behavior of the stress field close the domain corners and edges (Figs. (13) to 

I t  must be noted that the general method developed in this paper is also applicable for obtaining 
the Green's function for screw dislocations, and for dislocations of mixed-mode character in finite 
domains 

(15)). 

FUTURE WORK 
The method will he applied t o  solutions for the elastic stress field, crack opening displacement and 
stress intensity factors for cracks in Sic-Sic composites under mixed mode 1/11 loading conditions. 
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FACTORS WHICH CONTROL THE SWELLING OF F e - C r - N i  TERNARY AUSTENITIC ALLOYS ~ f .  A .  Garner and 0. J .  Edwards 
( P a c ~ f i c  No r t hwes t  L a b o r a t o r y ) d .  

OBJECTIVE 

T $ e  o b j e c t i v e  o f  t h i s  e f f o r t  I S  t o  de te rm ine  t h e  f a c t o r s  wh ich  c o n t r o l  t h e  response t o  i r r a d i a t i o n  of m a t e r i a l s  
, i iea ~n f u s i o n  env i r onmen ts .  

SUMMARY 

I n  agreement w i t h  l i m i t e d  earlier s t u d i e s .  a comprehens ive  i r r a d i a t i o n  expe r imen t  conducted i n  E B R - I 1  
demonst ra tes  t h a t  w h i l e  c o l d ~ w o r k i n g  decreases s w e l l i n g  o f  Fe-15Cr-XNi (X-12-45  ~ 1 % )  a l l o y s  a t  r e l a t i v e l y  l o w  
i r r a d i a t i o n  t empe ra tu res .  It Inc reases  s w e l l i n g  a t  h i g h e r  t e m p e r a t u r e s .  Ag ing  o f  c o l d ~ w o r k e d  specimens t o  
n r o d v c e  p o l y g o n i z e d  d i s l o c a t i o n  ne two rks  tends t o  f u r t h e r  i n c r e a s e  s w e l l i n g ,  e s p e c i a l l y  a t  h i g h e r  n i c k e l  (>25%) 
l e v e l s .  S w e l l i n g  a t  l o w e r  n i c k e l  l e v e l s  a l s o  appears t o  be s e n s i t i v e  t o  d e t a i l s  o f  t h e  a n n e a l i n g  t r e a t m e n t .  

PROGRESS AN0 STATUS 

I n t r o d u c t i o n  

There  i s  a v e r y  general p e r c e p t i o n .  deve loped p r i m a r i l y  from r e s e a r c h  an  s t a i n l e s s  s t e e l s ,  t h a t  c o l d - w o r k i n g  
a meta l  p r i o r  t o  i r r a d i a t i o n  a lways reducer  s w e l l i n g .  e x e r t ! n g  a monoton ic  b u t  d i m l n l i h i n g  I n f l u e n c e  w l t h  
~ n c r e a i ~ n g  c o l d - w o r k  l e v e l .  I t  i s  a l s o  g e n e r a l l y  accepted t h a t  f a c t o r s  wh i ch  promote  v o i d  n u c l e a t i o n ,  such 
a s  h i g h  h e l i u m  g e n e r a t i o n  rates. c a n  a t  l e a s t  p a r t i a l l y  O V P r C O m e  t h e  s u p p r e s s i v e  e f f e c t  o f  c o l d ~ w o r k  an v o i d  
n u c l e a t i o n .  

I n  a r e c e n t  r ev i ew '" ,  however.  11 w a s  shown t h a t  t h e  r o l e  o f  s t a r t i n g  d i s l o c a t i o n  d e n s i t y  and d i s l o c a t i o n  
ar rangements ,  as w e l l  a s  t h e i r  i n t e r a c t i o n s  w i t h  v a r i a b l e s  such a s  h e l i u m  g e n e r a t i o n  r a t e .  are much more 
comp lex  t h a n  p r e v i o u s l y  assumed. I n  many c a s e s .  c o l d - w o r k i n g  can a c t u a l l y  i n c r e a s e  s w e l l i ~ ~ ,  e s p e c i a l l y  i n  
p u r e  m e t a l s  such a s  N i  and dl  and a l s o  i n  s i m p l e  t e r n a r y  and q u a t e r n a r y  a u s t e n i t i c  a l l o y s .  ' 
i n s t e a d  o f  d e l a y i n g  s w e l l  Ing, Garner and coworkers  have r e c e n t l y  shown t h a t  c o l d ~ w o r k i n g  o f t e n  i n c r e a s e s  
s w e l l i n g  o f  Fe- Cr - N i  model a l l o y s ,  e s p e c i a l l y  unde r  c o n d i t i o n s  where v o i d  n u c l e a t i o n  I S  r e l a t i v e l y  d i f f i  ;I, , 
1 , e . ,  for  r e l a t i v e l y  h i g h  n i c k e l  or phosphorus l e v e l s  and a t  r e l a t i v e l y  h i g h  i r r a d i a t i o n  temperature$..- \ .  
A t  l o w e r  n i c k e l  l e v e l s  and t empe ra tu res ,  where Vo id  n u c l e a t i o n  I S  r e l a t i v e l y  easy, c o l d ~ w o r k i n q  u s u a l l y  reduces 
swe l l  , n g .  

The c u r r e n t  i n t e r e s t  i n  c o l d - w o r k ' s  I n f l u e n c e  On s w e l l i n g  ar ise .8  Porn t h e  u s e  o f  b o t h  annea led and co ld - wo rked  
a l l o y s  1" an -go jng  i s o t o p i c  t a i l o r i n g ' , 4 '  and s p e c t r a l  t a i l o r i ng . ' . ' '  e xpe r imen ts  d i r e c t e d  toward  d e t e r m i n i n g  t h e  
sepa ra te  and s y n e r g i s t i c  i n f l u e n c e  of h e l i u m  on r a d i a t i o n ~ i n d u c e d  m i c r o s t r u c t u r a l  e v o l u t i o n  in c o m p e t i t i o n  w i t h  
' var ious  i m p o r t a n t  m a t e r i a l  and env i r onmen ta l  v a r i a b l e s .  

To a i d  in the u n d e r s t a n d i n g  o f  s u c h  r e l a t i o n s h i p s ,  a sevles o f  F e ~ C r ~ N i  specimens i r r a d i a t e d  i n  t h e  E 8 R - I 1  A A -  
i 4  expe r imen t  was examined. Seven Fe -15Cr~XN i  a l l o y s  ( X - 1 2 ~ 4 5  wt%) were i r r a d i a t e d  i n  t h e  form o f  3 mm 
n i c r o s c o p y  d i r k s  a t  425°C t o  31 dga and t o  32 dpa a t  SO0 and bOO~C. Each a l l o y  w a s  i r r a d i a t e 0  s i d e - b y - r i d e  
i n  t h r e e  c o n d i t i o n s :  annea led ( 915  C/IO min/WQ), 30% co ld - wo rked ,  and 30% c o l d ~ w o r k e d  and aged (65O'C/ lO hr/WQ) 
Measurements o f  d e n s i t y  changes were made u s i n g  an immers ion  d e n s i t y  t e c h n i q u e  known t o  be a c c u r a t e  t o  ? O . i 5 %  
change i n  d e n s i t y .  

The swelling va lues  c a l c u l a t e d  from measured  d e n s i t y  changes are p r e s e n t e d  ~n f i g i i r e  I .  
o f  t hese  d a t a  shou ld  be no ted .  

The f a l l o w i n g  f ea tu res  

I .  The s t r o n g  decreps,e o f  s w e l l i n g  w i t h  i n c r e a s i n g  n i c k e l  c o n t e n t  u s u a l l y  observed i n  Fe-Cr-NI 
a u s t e n i t i c  alloys " i s  p rese rved  ~n t h i s  expe r imen t  i n  a l l  t h r e e  s t a r t i n g  c o n d i t i o n s ,  b u t  w i t h  one 
i m p o r t a n t  e x c e p t i o n .  Note t h a t  In e i g h t  o f  t h e  n i n e  s e t s  of da ta ,  s w e l l i n g  decreases a t  t h e  l owes t  
n i c k e l  l e v e l s ,  p r o d u c i n g  a peak i n  swelling Y S .  n i c k e l  c o n t e n t .  

The s w e l l i n g  a t  3 1 - 3 2  dpa o f  annea led Fe - C r - N i  s t e e l s  a t  425 and SOO'C I S  r e l a t i v e l y  i n  e endent  2 .  
o f  t empe ra tu re .  b u t  decreases s i g n i f i c a n t l y  a t  bOO'C, i n  agreement w i t h  e a r l i e r  s t u d i e s  %P 

' P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ope ra ted  f a r  t h e  U .  8 .  Depar tment  o f  Energy by B a t t e l l e  Memorial  
l n r t i t u t e  under C o n t r a c t  D E ~ A C O 6 ~ 7 6 R L G  1830 
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3 .  Swelling is decreased by cold-Working at 425 and 500'C but at E O O ~ C  it is increased at higher 
nickel l e v e l s .  

Under some conditions. cold-working followed by aging can also significantly increase swelling. 4 .  

D!srursion 

The peak in swelling observed at 12.15% nickel is inconsistent with the behavior observed i n  earlier studies:", 
where swelling either increased manotonically with decreasing nickel content, or exhibited a plateau a t  l o *  
n,rkel levels and r e l a t i v e l y  low temperatures. It i s  felt that this difference may arise f r o m  the fact that 
the,specimenr in the earlier study were better annealed. 1030"c for 0 . 5  h r  and air cooled, a s  opposed to the 
?75-C for 10 mi" and water quenched treatment used in the current study. One possible consequence of this 
zlfference 1 s  the fact that specimens appeared to be increacingly magnetic a t  lower nickel l eve l s .  a s  indicated 
5 1  thelr interactions with the electron beam during microscopy examination. The cold-worked and aged specimen 
i t  12% Ni did not exhibit magnetic behavior i n  the unirradiated condition, while the annealed and the cold- 
worked specimens were found to be very magnetic. Thus. there i s  an apparent correlation o f  magnetic behavior 
w , t h  the peaked swelling behavior observed at 4 2 5 ' C .  

i n  t h e  r e v i e w  mentioned e a r l i e r .  I' it was shown that the role of cold-work i n  i n c r e a s i n g  swelling arose  f r o m  
i b , e  establishment o f  stable dislocation networks  a t  higher temperatures where networks are slow to develop f r o m  
-didtion alone. The influence of aglny w a s  thought to be in the development of polygonal cellular 
~lilocatian-netvorks, with relatively dislocation-free a r e a s  f o r  void nucleation to occur within the c e l l s .  
D r e i i m i n a r y  results of microscopy examination confirm that this interpretation is valid f o r  t h e  Fe-Cr~Ni allays 
' ~ w a d ~ a t e o  in the A A ~ 1 4  experiment. 

c,it!rre Work 

Y i c r o ~ c o p y  analysis of starting dislocation microstructures w i l l  p r o c e e d  

,., 

-~ 

Nickel ConlenS rrt% 

: I Q  ; .  Swell~ng observed in < e ~ ! i C r - N i  a l l o ~ s  irradiated i n  E B R ~ l l  a s  p a r t  o f  the & A - I d  experiment 
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THE INFLUENCE OF COLD WORK LEVFL ON SWELLING OF PURE COPPER IKRAOIATEO BY FAST NEUTRONS OK ELECTRONS - F .  A .  
Carner (Pacific Northwest Laboratory') and B . N .  Singh ( R i s d  National Laboratory). 

O B J E C T I V E  

The objective of this effort i s  to determine the factors which Infliience the radiation response of copper high 
heat f l u x  components i n  fusion reactors. 

SUMMARY 

pure copper  has been irradiated ~n a variety of starting conditions by either 1.0  MeV electrons or fait neutrons 
~n FFTF~MOTA. Electron irradiation at 250 and 3 5 0 C  produces a non-monotonic iwell,nn behavior a i  a function 
of Cold work level. ~ n c r e a r l n g  Swelling at lower cold-work levels and decreasing iweliing at higher cold-work 
l e v e l s .  In FFTF at 365 and 4 3 0 ~ C .  however, 10% cold-work reduces Swelling initially. wi!h little additlanal 
Influence at higher cold~work levels. Swelling a t  520 and 600°C i s  leis than li a t  35.9 and 1 3 . 6  dpa, 
respectively, with little effect of cold work level. 

PROGRESS AN0 STATUS 

Introduction 

Leffers. Singh, and Barlow showed that the swelling of pure copper (99.999%) during electron irradiatlon was 
sensitive to cold-work level  at 250 and 35O'C.l As shown in Figure 1, both the incubation perlod and steady- 
state swelling rate  were functions of cold work level. In general, cold-working first Increased.welling a t  
there temperatures, but the swelling reached il peak and then declined With increasing cold work.' 

It was not certain. however, that such behavior would be typical of that expected a t  the higher temperatures 
and lover displacement rates typical of neutron irradiation. Therefore. ipecimenr that were archives of those 
employed in the electron study were  irradiated in FFTF NOTA-28 at 365, 4 2 3 .  520 and 600~C. The starting 
conditions used in the FFTF study were annealed (600'C for 2 hrs), 10, 25 and 50% cold-worked. and 25% cold work 
followed by aging at 300~C for 2 hrs. The specimens were irradiated in the form of standard 3 mm microscopy 
dirks contained in sealed helium-filled sta7nlerr steel capsules. Density changes were measured using an  
i m e r s i o n  technique known to be accurate to f0.16% rwellioy. 

qesults and D i s c u r n  

Figurer 2a and 2b show the swelli.ig observed i n  neutron~irradlated piire capper a s  a fiinction Of irradiation 
temperature and cold~worh l e v e l .  At 365 and 4 3 3 ~ C  and 4 7 . 3  ana 16.9 n p a .  respectively, rnellrng 1 s  initially 
reduced by 10% cold~working, With very llttle influence of cold~work Libsewell at higher ! e v e l s .  Based on 
density measurements. there appears t.0 be a mall amount of swellinn at 570 and 600 C. b u t  the Influence of 
cold-work level is small. The small peak at 52O'C f o r  13% c o l d  work may represent some masurement error.  
Nicroscopy is necessary to confirm that sweiling and not transmutation 1 s  responiib!e t c r  the observed small 
changes  I "  density at 520 and 600'C. Aging a t  300°C f o r  2 hrs  appeared to have n o  significant effect on 
swelling of 25% cold-worked copper. 

The different behavior with respect to cold-nark level observed i n  electron and neutron irradiations may a v i s c  
from the differences in temperature and displacement rate employed i n  the two types of experiments. Another 
possible factor may be the strong role played by the two specimen surfaces nn dislocation e v o l u t i o n  i n  the very 
thin foils employed during electron Irradiation. Loss of dislncations t o  the surface w ~ l !  be large, and pre- 
existing cold-work induced dislocation networks may assist in the development and maintenance of a stable 
dislocation network during electron Irradiation. Stabilization of t he  dislocation s t r u c t u r e  against surface 
? o s r e s  would then lead tn earlier swelling at law cold-work l ~ v e l s. The absence of such surfices during neutron 
irradiation would then simplify the r o l e  o f  cold-work an swelling, allowing 7.t to exert i t i  normally suppressive 
l"f1 uence.  

Criture Work 

Microscopy examination will proceed at the ? i i d  National Laboratory. 
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lhe influence of Details of Reactor History on Microstructural Development During Neutron Irradiation - 
f .  A .  Garner, (Pacific Northwest Laboratory)', N. Sekimura, (Univ. of Tokyo), M. L. Grossbeck, [Oak Ridge 
National Laboratory). A. M. Ermi, [Westinghouse Hanford Company), J. W .  Newkirk, (U. of MD-Rolla), 
ti .  Watanabe, (Kyushu University), and M. Kiritani, (Nagoya University) 

OBJECTIVE 

The objective of this effort is to determine the influence of irradiation temperature history on the 
neutron-induced evolution o f  microstructure in metals. 

SUMMARY 

Microstructurally-oriented irradiation experiments are shown in this paper to be strongly dependent on 
details of reactor history that frequently are not brought to the experimenter's attention. In some cases, 
these details can dominate the experiment so as to produce very misleading results. 
and interpretation of micrortructurally-oriented experiments, a number of studies are reviewed to highlight 
history effects and then guidelines are presented to minimize the impact o f  reactor history in new 
exoeriments. 

To aid in the design 

PROGRESS AND STATUS 

Introduction 

Materials scientists conducting experiments in nuclear reactors rely on information provided by reactor 
operators concerning the environment in which the experiment will be conducted. 
uncertainties associated with the determination of temperature and atomic displacement level in reactor 
experiments, small details of reactor operation that ensure safe, reliable operation of the reactor can 
often have large, unanticipated Consequences on microstructural evolution. In some cases these details can 
dominate the microstructural evolution and lead to misperceptions concerning the variables thought to be 
under study. Start-up and shut-down procedures are especially important in this respect. 

The realization that previously neglected details of temperature history could exert a strong influence on 
microstructural evolution arose from the studies of Kiritani and coworkers, who predicted and then 
demonstrated that such details could dominate microstructurally-oriented experiments, especially on simple 
model materials.'" 
Materials Testing Reactor (JMTR), Kiritani showed that small increments of irradiation at lower-than-target 
temperatures during reactor start-up and shut-down often yielded microstructures that were completely 
different from those developed during totally isothermal irradiation. Two examples from Kiritani's studies 
are shown in figs. 1 and 2. 

In addition to well known 

Using an in-core irradiation rig with active temperature control in the Japanese 

fig. 1. 
E>1.0 MeV); (b) Improved control (0.96 x IO"n/m 1 .  

Ni-2atX Si. irradiated as thin foils a \  4yO.C in JMTR. (a) Conventional control (0.92 x 10"n/m' 

'Pacific Northwest Laboratory is operated for the U S .  Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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' e ~ e l .  o r  more a p p r o p r i a t e i y .  t o  :he l o c a l  n e u t r o n  fl:u W h i l e  camma h e a t i n g  v a l u e s  i r e  usually s u p p l i e d  
li t h e  r e a c t o r  s t a f f .  t h e r e  are nos t  n r o b a b l y  c a l c u l a t e d  ,va lues  f o r  an  I d e a l i z e d  cor?  l o a d i n g  and  are 
s a o i , ,  o e r t u r b e d  b v  s u r r o u n d i n q  s u b a s s e m b l i e s  or b, t h e  e x p e r i m e n t  i t s e l f .  IManv o f  ?*e ~ d m m a  r a y s  a r i s e  

. :a ter ,a ls  I "  t h e  e x p e r i m e n t .  I" W d t f r - C O o l e  

b e t t e r  t h a n  t h o s e  o f  t h e  g a m a  r a y  S p e c t r a  and  f l u x e s .  

T h r e e  types o f  e x p e r i m e n t s  can  be categorized w i t h  r e s p e c t  t o  t h e  c o n i i d c n c o  p i a c c d  '1 t h e i r  t e z p e r i t u r e  
h l s t o r y .  
t + e r m a r o u p l e s .  T h e r e f o r e ,  t h e  t e m p e r a t u r e s  are r a l c u l a t e d .  The second a l s o  i n v o l v e I  c d i s ~ v ?  h e a t i n g  b u t  
1s m o n i t o r e d .  and  t h e  t h i r d  e m p l o y s  b o t h  a c t i v e  t e m p e r a t u r e  measurement and C o n t r o l .  The l a t t e r  e i t h e r  by 
c u p p l e w n t a r y  h e a t i n g  or coolqng. 
l o c a l  neutron a n d  gamma t l u x e s  change .  W h I l E  changes in power l eve l  w111 o b v i o u s l y  cduse changes  i n  
t e m p e r a t u r e ,  n o t - s o ~ o b v i o u s  changes C a n  a r i s e  f r o m  t h e  p r o g r e s s i v e  movement o f  contra.. r o d r ,  changes  i n  
surrounding e x p e r i m e n t s  o r  f u e l  l o a d i n g ,  or f r o m  t h e  burnup o f  n e a r b y  f i i e l ,  wh ich  c h a n g e r  t h e  power 
d i s t r i b u t i o n  w i t h i n  t h e  core. 

, k t i v e l y  c o n t r o l l e d  e x p e r i m e n t s  c a n  a 1 8 0  s u f f e r  t i nwanted  changes  in t e m p e r a t u r e .  e s p e c i a l l y  t h o s e  
a x p e r i m e n t i  t h a t  utilize changes  i n  c o o l a n t  c o n d u c t i v i t y .  I n  g e n e r a l .  a c t i v e l y  h e a t e d  e x p e r i m e n t s  can  be  
d e s i g n e d  t o  h a v e  more f l e x i b i l i t y  t h a n  p a s r 7 v e l y  h e a t e d  e x p e r i m e n t s  in resisting changes i n  t e m p e r a t u r e .  

r h u s ,  f o r  mort r e a c t o r  e x p e r i m e n t s  t h e  mnst i m p o r t a n t  f a c t o r s  d e t e r m i n i n g  t.he i r r a d i a t i o n  ternperat .ure are 
t h e  l o c a l  gamma h e a t i n g  r a t e  and  i t s  t i m e - d e p e n d e n t  h i s t o r y .  For e x a m p l e ,  t h e  t e m p e r a t u r e  assignments 
r e p o r t e d  f a r  many e a r l y  P X p e r i P e n t s  c o n d u c t e d  w i t h o u t  t h e r m o c o u p l e s  in t h e  H i g h  f l u x  :;otope R e a c t o r  ( H F I R )  
were later f o u n d  t o  be verv low compared t o  t h e i r  a c t u a l  v a l u e s .  Gecauie o f  t h i s  p r n o l e m .  Garner h a s  shown 
t h a t  e a r l y  comparisons o f  H f I R  and f a s t  rga ,c to r  d a t a  are  q u i t e  i n i ~ n ~ l ~ ~ i v e  w i t h  r e i : e c t  t o  t h e  i n f l u e n c e  
o f  h e l l u r n  an  rnlcrostrUCtUri1 d c v e i o p m e n t .  W h e r c a i  t h e  o r i g i n a l  c a l c u ! a t i a n i  f a r  t - , i i  w a t e r ~ m o d e r a t e d .  
n i o h l v  t h e r m a l i z e d  n e u t r o n  S p e c t r u m  v ; e l d e d  an e s t i m a t e  o f  35  wa t ts !q ram fo r  s:ainlf :s  s t e e l .  i t  was l a t e r  

Thp f i r s t  o f  t h e s e  Invalves t h o s e  h e a t e d  p d s s i v e l y  b y  t h e  gamra  f l u x  a n a  nrr m o n i t o r e d  b y  

!n t h e  f i r s t  t w o  categor:es t h e  t e m p e r a t u r e  wi:l 

d e f e r k n e d  experimentally t h a t  14 w a t t s  p e r  gram was a more c o r r e c t  C a h i e .  
~ n d i c a t e i  t h a t  t h e  t e r p e r a t u r e i  were f r o m  70 t o  1 2 5  
. i i l l i i ~ i  h r v p  hppn i i r ~ d  i n  H F I R  

a tiore r.:crnt t h e r m a l  a n a l y s i s  
" C  higher t h a n  O r l g i n d l l y  C d l C i i l d : " .  The more a c c u r a t e  

t enaera tu rc  c a l c u l a t i o n s  since a b o u t  1981. I h e  realization t h a t  the . "  " _ _  ... .~~~ 
c a i c u l a t e d  g a r r i a  heat , i rg  r a t e  was t o o  l o w  a rose  trom m 1 C f O S t r U C t U r a I  a h i e r v a t i n n i  0, : !az iasz  t h a t  t h e  
p r e c i p i t a t e  microstructures d e v e l o p e d  i n  3 1 6  s t a i n l e s s  s t e e l  di i r ing HF!R , r r a d i n t i a n   ere c h a r a c t e r i s t i c  o f  
t h o s e  a t  h i g h e r  t e m p e r a t u r e s .  e i p e c l a 7 . l y  !hose  o f  t h e  : n ! c ! m e t a l l i c  p h a s e s  

The v e r y  h i g h  gamma h e a t i r g  r a t e s  C h a r l C t e r l S t l C  o f  I I F I R  and  o t h e r  h i g h l b  t 
reac tors  l e a d s  t o  a very  u n f o r g i v i n g  i w a d i a t . i o n  e n v i r o n m e n t .  Small c h a n g e  
i r r a d i a t i o n  y i e l d  v e r y  l a r g e  change: ~n t e m p e r a t u r e .  Changes % n  gas gap *1 : h e  inner  and o u t e r  
c a p s i i i e i  can a r i s e  f r o m  t h e  temperature dependence  o f  ' + o l d  i ~ ~ 2 l l i n g  d ~ d  i v r  . ' io.  i t  h i g h  gamma 
h e a t i n g  v a t e s ,  t h e  r e s u l t i n g  d i f f e r e n c e  i n  t e a p e r a t u r e  b e t w e e n  t h e  i n n e r  a i ,  
v e ry  l a r g e  and  t h e r e f o r e  d i f f e r e n t i a l  iwellinq c a n  a l s o  be la)-cje.  Even "re 
or d l l a t l o n '  o f  t h e  c a p s u l e  n a l l s  can  have a very  : a w e  i m p a c t  on t h e  t c - p c r a t u  
soeclmcn I t s e l f  can 3150  change t h e  t h e r m a l  r e s i s t a n c e .  P s  a consequence.  t h e  n i  d.3t.d s c a t t e r  i s  
g e n e r a l l y  l a r g e r  i n  e x p e r i n e n t i  c o n d u c t e d  i n  s u c h  r e a c t o r s  compared t o  t h o s  
I e Y e l S .  

Changes in r e a c t o r  o p e r a t i o n  beyond  t h e  b o u n d a r i e s  o f  t h e  r e p o r t e d  e x p e r i n e n t  c a n  a ; s n  exert a l a r g e  and 
s o r n e t ~ m e s  u n r e a l i z e d  I n f l u e n c e  o n  b o t h  t h e  n e u t r o n  e x p o s u r e  and i r r a d i a t . i o n  t e m p e r a t c r e .  Such changes  
~ n v n i v e  t h e  somet imes  s t rong  I n f l u e n c e  o f  n e i g h b o r i n g  e x p e r i m e n t s ,  changes  i n  c o r e  I s a d i n g  p a t t e r n s  and 
changes ~n r e f l e c t o r  materials w e r  t h e  course o f  l o n g  i r r a d i a t i o n  p r o g r a m s .  S o m e r ? w s ,  t h e  e x p e r i m e n t a l  
p rogram I t s e l f  l e a d s  :o s i g n i f i c a n t  changes  ~n d i s p l a c e m e n t  rate and g a m a  h e a t i n ? .  
e r e e d e r  Reac to r  M a t e r i a l s  Prnqram i n  i b u i l d u p  p h a s e  involved t h e  progres s ive  i r i e r ~ i o n  o f  n o n ~ f u e l e d  
E x p e r i m e n t s  I "  t h e  Central  r e g i o n  o f  R - I ! ,  d i s p l a c i n g  some o f  t h e  p o w e r  q e n e r a t i c n  
gamma h r a t i r g  t o w a r d  t h e  o u t e r  v w s .  ereby g - a d u a l l i  l o w e r i n g  t h n  t c i p c r a t z r i !  an?  
j u b c a o i n l e . '  The t o t a l  n e u t r o n  e r P o i '  LIS were measured  and r e p o r t e d  t o  t h e  e x p e ~ - - ?  

For example ,  t h e  U . S .  

t h e  f i u x  O l s p l a ~ e ~ e n t  on t e m p e r a t u r e  changes  t o o k  W C h  l o n g e r  t o  bc reallred. 
assignments r o m r t e d  i n  aany earl:# p a p e r s  had t o  be revised i n  l a t e r  p u b l i c a t i o q s .  
.ragram oeaked  and  s u b a s s e m b i l e s  were progreisiveiy removed ,  t h e  q a m r a  h r a t i n g  r a t e  r i d  n e u t r o n  f l u x  a r j a i n  
I n c r e a s e d  f o r  ?he remaining e x p e r i m e n t s .  

T h u s  t l c  t e v p e r a t u r e  
:; ? h e  i r r a d i a t i o n  

changes  i n  i r r a d i a t i o n  temperature i n  d g i v e n  , r r a d i a t i a n  e x p e r i m e n t  can ,ar ise  n o t  o n l y  from changes i n  
gamma h e a t l n g  and t h e r m a l  r e s i s t a n c e  b u t  a l s o  f r o m  c h a n g e r  in c o o l a n t  characteristics. o f t e n  r e s u l t i n g  f r o m  
t h e  e x p e r i m e n t  i t s e l f .  B o t h  g r a d u a l  and a b r u p t  decreases  in t e m p e r a t u r e  h a v e  been shown  t o  h a v e  pronounced 
e f f e c t s  on  n w t r o n ~ i n d u c e d  miCrOSt rUCtUra1  evplution o f  s t a i n l e s s  s t e e l s  and t ' l e r e b j  s t r o n g l y  enhance  t h e i r  
',old s w e l l i n g  and  irraaiation c r e e p  b e h a v i o r . '  I n  t h i s  g r o u p  o f  s t u d i e s  i t  w a s  s h o w n  t h a t  d s l o w l y  f a i l i n g  
t e m p e r a t u r e .  a f t e r  i r r a d i a t i o n  had  i n i t i a l l y  p r o c e e d e d  a t  h i g h e r  t e m p e r a t u r e s .  was a v e r y  e f f e c t i v e  way to 
p , u c l e a t e  and grow t h e  y '  ( I I i ; S i )  p h a s e .  f o r m a t i o n  o f  t h i s  s l u g g i s h l y  growing p h a s e  h a s  b e e n  i d e n t i f i e d  a s  
a precursor t o  rapid s w e 1 l i n ~  i n  316  i t d i n l e i s  s t e e l s .  
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~ ~ ~ . . 
a:c:modatr ?':e needs o f  t h e  e x p e r i m e n t e r .  

, . . ~ . . .  
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. ~ i i t i n i l e n ~ i e i .  e x a m p l e s  o f  wh i ch  are shown I P  

1 0 2 ~  MFE-4 Experiment in ORR 1 

23 nm 

AD-I Experiment 
in EBR-II 450°C 4O 
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F i q .  8 .  C a y i t  d e n s i t i e s  ab !e r ved , i n  F e ~ i i L r ~ X N i  a l l o y s  
l r r a d l a t e d  i n  {he A D - I  experiment in LBR-11 ( 9 . 5  t o  11 .3  
d p a !  and t h e  M F E ~ 4  expe r imen t  in ORK 1 1 2 . 5  t o  1 4 . 3  dpa1.21 
nean cavlty s i z e s  I T ?  nm a r e  shown next t o  each d a t a  p a i n t .  
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F i g .  9 .  Cam arisen o f  i e l d  s t r e n g t h  changes of,Fe-YCr- 
XN, a l l o y s  o g s e w e d  I P  d R R  and E B R ~ l I  a s  d f u n c t i o n  of  ii 

i r r s d l a t l o n  t empe rF tu re  and n i c x e l  c o n c e n t r a t i o n  in wt%:- 

T a b l e s - l  and I i .  The 600'C I r r a d i a t i o n .  f o r  
Instance, w a s  i n t e r r u p t e d  by 237  cu tbacks  i n  
t emoe ra tu re  durina l u s t  one w a r  n f  t h e  t h r e e  ~~ - .  
yea; e x p e r m e n t .  
d w  accumula ted t h a t  y e a r  was a t  temperature; 

Thus, 0 . lZ 'dpa o f  t h e  3 . 5  

w e l l  be low 600.C. T h i s  i s  much l a r g e r  t h a n  
t h e  l e v e l s  shown by t h e  sepa ra te  s t u d i e s  o f  
K i r i t a n i .  Sek inu ra .  Garner and t h e i r  Coworkers 
t o  proouce l a r g e  d e n s i t i e s  o f  small l oops  

I t  i s  p roposed t h a t  t h e  f requent  i n t e r m i t t e n t  
r e d u c t i o n s  i n  t empe ra tu r c  caused p e r i o d i c  and 
orofuse o r o d u c t i o n  O f  sma l l  d i s l o c a t i o n  l o c u s .  
known t o ' b e  e f f j c l e n t  n u c l e a t i o n  sites for 
h e l i u m  bubb les  i n  t .h is  h i g h  He/dpa 
expe r imen t .  Once formed. t h e s e  bubb les  are 
sessile and remain a f t e r  t h e  l o o p  d i sappea rs  
when t h P  t a r g e t  t empe ra tu re  i s  r e ~ r r t a b l i i h e a .  
By t h i s  mechanism t h e  c a v i t y  m i c r o s t r u c t u r e  i s  
r e f i n e d  t o  an  unprecedented e x t e n t ,  and t h e  

a t y p l c a l  o f  t t , a t  a t t a i n e d  ~n 1sot.hermal 
i r r a d i a t i o n .  

Imxt oagerntinnal ih-5 

R e s u l t s  o f  e x i e n s i v e  v o i d  swelling s t u d i e s  
conduc ted  on i l m p l e  F e ~ Y C r ~ X N i  t e r n a r y  a l l o y 5  
i n  FFTF/MOTA cmp lay i ng  t p  e a r l y  MOTA v e h i c l e s  
are now b e l n q  a n a l y z e d . ~ '  One unusua l  f ea tu re  

r e i u 1 t a n t  C a Y l t y  aiL'OStrUCture 1 s  COmDletely 

o f  t h e s e  r e s i l t s  i s  t h a t  more s w e l l i n g  i s  
observed a t  6 0 0 ~ C  t h a n  a t  520.C. i h i s  is in 
conflict With t h e  resu1i.s o f  i d e n t i c a l  s t u d i e s  
conducted i n  E R R - T I . : . '  I n  t h e  EBR-II 
s t u d i e s  t h e r e  w a s  always  a n o P o t o n i c  i n c r s a s e  
i n  t h e  d u r a t l o n  o f  t h e  t r a n s i e n t  r eg ime  o f  
s w e l l i n g  w i t h  i n c r e a s i n g  t empe ra tu re ,  
2 s p c c 1 a l I y  a t  h i g h e r  n .cke l  lewis (225% N I ) .  
There  were a l s o  o t h e r  s t r i k i n g  d i f f e r e n c e s  i n  
b e h a v i o r  o b s e r v e d  be twee i  i ~ e c i n e n s  i r r a d i a t e d  
i n  t h e  t'do r e a c t o r s .  

S i nce  t h e r e  w a s  ample prcCcOent e s t a b l i s h e d  
f o r  t empe ra tu re  h i s t o r y  e f f e c t s  when t h i s  
d i s p a r i t y  w a s  o b s e r v e d .  t h e  e a r l y  MOTA 
Ternoerstilre h l i t o r v  was riviewed in d e t a i l  
I t  war founn t h a t  i e v e r a l  c r o l o r q e d .  
unannounced he1 i i i m  p u r g ~ n q i  o f  E l O l A s  18 a n d  IC 
had occurred.  T h l s  e x a m p l e  d e m n i t r a t e s  haw 

' t  

i m m i d r a t e  and parambunf  o b 3 e c t i v e  of t h e  
react'r o p e r a t i o n s  s t a f f .  To enssie t h a t  no  
compet ing  g a s  t a g  s i g n a l s  o c c u r r e d  t o  
i n t e r f e r e  w i t h  easy i d e n t i f i c a t i o n  o f  t h e  
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3. avoid irradiating d u r i n g  periods of off~normal reactor testing. Ctherwise. d e s i g n  t he  experrrnent to be 
removed from the reactor fo r  these periods. 

Modify the temperature control of the experiment t o  minimize the effect o f  reduced power  operation. 

O W ~ I O D  contingency p l a n s  wrth reactor staff f o r  foreseeable cootrngencies i n v o l v i n g  power variations 
and interruptions. 

4 .  

5 ,  

6 .  Design Individual experiments such that temperature history i s  n o t  t h e  dominant v a r r a b l e ,  assessing 
other variables i n  iide~by-ride Irradiations. 

m ~ ; n n  and conclusions 

A s  the radiation damage scientific community has become more aware of the many factors that Influence the 
evolution of radiation-induced microstructure. the impact of the dctailr Of temperature hiit.ory h a s  assumed 
d larger ro le ,  eipec~ally f o r  experiments where relatively low levels o i  total e x ~ o s u r e  are used to Study 
the effects of neutron spectra or  damage rate. There i s  also  some concern that repeated transients ~n 
temperature oVeP the lifetime of a n  Irradiation expenment w i l l  y:eld d microstructure at hiqh fluence that. 
1 s  atypical of that produced d u n n g  completely isothermal operation. It should also be noted that many 
published theoretical explanations of the temperature dependence o f  nucleation of ~ICrOstrUCtUra1 
components do not i n  general include the influence of the kinds of t e m p e r a t u r e  history discussed in this 
o a p e r .  Thus. the material parameters derived in these emeriments. eipeciaily energ ies  of formation, 
YIgration and binding of point defects. may have been strongly affectea by the m a l l  i n c r e w e n t s  o f  
lrradlatlan at lower temperatures. 

'While it appears that low temperature m:crostructure produced at l o w  fliience levels wili tend to dissolve 
at higher temperatures and higher fluences, several examples h a v e  been presented i n  t h i s  p a p e r  where 
significant microstructural alteration persisted. This was shown to be especisliy iapariant when high 
rates of helium generation were involved. 

The extensive high fluence data base on dimensional instabilities and mechanical properties that were 
generated i n  the reactors discussed i n  this paper i s  not necessarily invalidated by a n o m a l i e s  related t o  
temperature history. When such data are applied in design situations sinilar t o  those i n  which the data 
were derived, the impact of unavoidable transients becomes i n  most cases  a relatively minor facet of the 
irradiation environment, but one that is typical of the actual history o f  an irradiated material. When 
data are derived in one reactor PnV1rOnment. however. but then a p p l i e d  1.0 dnoth~r environment where the 
n e u t r o n  spectra and reactor environment ( d i s p l a c e m e n t  rate  and temperature histor:,) d r "  significantly 
different. then allowance must be made t o  account for tbe irnpdit of b i s : i l . y ~ r e ~ ~ a t ~ O  phcnomera. 

W T U R E  WORK 

: i l l s  effort 7 s  complete 
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@Q.995% Nickel 

NEUTRON-INDUCED SWELLING O F  PURE NICKEL AND NICKEL BINARY ALLOYS ~ F .  A .  Garner  ( P a c i f i c  No r t hwes t  
L a b o r a t o r y ) '  

The second and last phase o f  t h e  AA-14 
expe r imen t  reached 3 1 . 1  and 31.8 dpa in EBR-  
I 1  and has now been examined u s i n g  immers ion  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p r c v i d e  i n r l g h t  on t h e  f a c t o r s  wh i ch  c o n t r o l  t h e  m i c r o s t r u c t u r a l  
e v o l u t i o n  o f  i r r a d i a t e d  m e t a l s .  

SUMMARY 

The second and l a s t  phase o f  t h e  E B R - I 1  A A - I 4  expe r imen t  con f i rms  many o f  t h e  t r e n d s  observed i n  Phase I o f  
t h e  e x p e r i m e n t .  Phase I reached I2 t o  14 dpa for  pu re  n i c k e l  and n i c k e l - b i n a r y  a l l o y s  a t  425, 500 and 
600.C. Phase 11 reached  31.1 t o  31 .8  dpa a t  t h e  same t empe ra tu res .  

Annealed n i c k e l  e x h i b i t s  a s t r o n g l y  t e m p e r a t u r e ~ d e p e n d e n t  t endency  t owa rd  S a t u r a t i o n  o f  v o i d  s w e l l i n g .  
T h i s  t endency  i s  r educed  by c o l d - w o r k i n g  and t h u s  s w e l l i n g  i s  i n c r e a s e d  i n i t i a l l y  by  c o l d - w o r k i n g ,  b u t  
:h is does n o t  p r e c l u d e  a t t a i n m e n t  o f  s a t u r a t i o n .  
t h e  12 - 31  dpa i n t e r v a l ,  b u t  s w e l l i n g  i s  suppressed somewhat by c o l d - w o r k i n g .  Ag ing  o f  t h e  co ld - wo rked  
m a t e r i a l  t ends  t o  restore t h e  w e l l i n g  t o  l e v e l s  nea r  t h a t  o f  t h e  annea led a l l o y .  
s w e l l i n g  observed in N i ~ S S i  and N i - 8 S i  a t  1 2 - 1 4  dpa i s  p r e s e r v e d  t o  - 31 dpa.  

N i ~ S A 1  i n  t h e  annea led c o n d i t i o n  Con t i nues  t o  swell i n  

The supp ress ion  i n  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

I n  several e a r l i e r  r e p o i t S .  t h e  r e s u l t s  o f  Phase I of t h e  A A- 1 4  f u s i o n  m a t e r i a l s  expe r imen t  i n  E B R - I 1  were 
p r e s e n t e d  for p u r e  n i c k e l  (99.999%), N i - K i ,  
N i - 8 S i  and N i -5A1 .  a l l  i n  a t o m i c  percent'.'. 
I n  t h e  f iw t  phase a t  1 2 ~ 1 4  dpa, pu re  n i c k e l  
tended t o  e x h i b i t  an e v e n t u a l  c o l l a p s e  i n  
d i s l o c a t i o n  d e n s i t y  t h a t  caused a s a t u r a t i o n  
i n  s w e l l i n g .  As  shown i n  F i g u r e  1. t h e  
s t r o n g  t empe ra tu re  dependence o f  s w e l l i n g  i n  
annea led m a t e r i a l  a t  t h i s  dose l e v e l  was n o t  
observed i n  co l d - wo rked  o r  co l d - wo rked  and 
aged specimens. O i i l o c a t i o n  ne two rks  i nduced  
by c o l d - w o r k i n g  r e s i s t  t h e  tendency toward  
c o l l a p s e  o f  t h e  d i s l o c a t i o n  d e n s i t y .  a 
p rocess  wh ich  i s  s t r o n g l y  dependent on 

30% Cold-Worked t empe ra tu re .  

I t  w a s  a l s o  shown t h a t  a d d i t i o n  o f  5 a tom ic  
o w c e n t  o f  e i t h e r  s i l i c o n  or aluminum caused 
~~ ~~ ~ ~ 

s u b s t a n t i a l  r e d u c t i o n $  i n  ruellino. b u t  
i n c r e a s i n g  s i l i c o n  f r o m  5 t o  8 a tom ic  p e r c e n t  
l e d  t o  a reversal i n  s w e l l i n a  b e h a v i o r .  
i n c r e a s i n g  i t  somewhat (F lguFes 2 and 3 )  
C o l l a p s e  o f  t h e  d i s l o c a t i o n  p o p u l a t i o n  w a s  
no t  observed in any o f  t h e  t h r e e  b i n a r y  
a l l o y s  a t  a n y  i r r a d i a t i o n  tempera ture '  

' P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ope ra ted  for  t h e  U . S .  Depar tment  of  Energy by R a t t e l l e  Memorial  
I n s t i t u t e  unde r  Contract DE-AC06-76RLO 1830. 
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.. "4. 2 .  The i n f l u e n c e  O f  a luminum. thennomechan ica l  S t a r t i n g  c o n d i t i o n ,  and  i r r a d ~ a t i u n  t empe ra tu re  on  t h e  
i ' # e i l . n g  o f  nlckel a t  12 - 14 dpa i n  Phase I .  

-1 1 
0 2 4 6 0 2 4 6 0 2 4 5 8  

Aluminum, at% 

r l r ;  3 .  The I n f l r i e n c e  o f  s i l i c o n  l e v e l .  t h e r m o m e c h a n l c a l  s t a r t l n g  condition. a n a  lrrddldtlon temperature 
~n t h e  iweillng o f  NPSI  alloys a t  1 2 - 1 4  dpa !n Phase I .  

- h e  speclreni were i r r a d i a t e d  1 0  t h e  form o f  3 mm d l a m e t e r  m l c r o ~ c o o v  d i s k s  o f  -??5 m t h i c k n e s s  and were 
' c  c o n t a c t  w i t h  t h e  reactor sodium c o o l a n t  a t  temperatures o f  4 2 5 .  5 b O  and 6OO.C I P  Phase I .  
I. i.?wever. i h e  500.C specimens were i r r a d i a t e d  a t  550 'C.  No changes  i n  t e m p e r a t u r e  o c c u r r e d  f o r  t h e  4 2 5  
d 1 0  i3O'C specimens. P o s t ~ l r r a d i a t i o n  c h a n g e r  i n  d e n s i t y  were deter7,ncd i i i i n g  an  a u r o m a t e d  i m m e r s i o n  
?fnsi:y t e c h n i q u e  known t o  be a c c u r a t e  to 20.16% s w e l l i n g .  

D u r i n g  P h a s e  
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Table 1. Swelling Observed in Phases I and II of the  M .14  Experiment 

TEMPEPATURE 

- ._ 

' s.\. C\V. C\VA = liiiuiion .mnea~ed.  cijlci rinrkcci. ami coit i  iiw!.i.ci ,:mi ,.xti. 
re ipWl l iC l ) .  

as shown in Figure 5. N i - 5 A 1  swells less than pure  nickel but continues to s w e l l  in the 12 to 31 dpa 
lnterval without hint o f  saturation. 
limited experiment is consistent with t h e  behavior observed ~n a more comprehensive experiment on N l ~ A l  
a l l o y s ; .  
r w e l l ~ n g  to levels c l o s e  to t hose  observed in a n n e a l e d  specimens. 

The addition o f  5% silicon to nickel i s  more effective in reducing swelling than I S  5% a luminum,  but unlike 
t h e  effect o f  aluminum. the swelling suppression by silicon appears to be maintained in the 1 2 ~ 3 1  dpa 
in te rva l  at a l l  three Irradiation temperatures. 'While the specimen matrix i s  rather sparce f o r  Ni-BSi, it 
anpea r s  that swelling i n  gene ra l  i s  larger than for  Ni-5Si. 
I :  2ppeai-i !hat swelling o t  E l i - 8 S i  i n c r e a s e s  slowly with increasing neutron exposure ~n the 12-31 dpa 

The behavior observed V I .  temperature and dpa l e v e l  i n  this rather 

Whereas cold-working suppresses the swelling o f  N i ~ 5 A 1  somewhat, aging a t  650.C restores the 

This was the behavior observed i n  phase I ,  and 

.,terval 
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r i g .  3 .  : n f l u e n c e  o f  d i s p l a c e m e n t  l e v e l .  F i g .  5 .  Swelling o f  ! 1 ~ 5 4 1  1"  p h a s e s  I and I :  
'e -perature  and cold-work con t h e  tendency toward 
. a t i i r a t i o n  ~n p u r e  n i c k e l  

F g e c t e d  A:chievcmentl_in t h e  Next ReDor t i nq  P e r r o d  

The nicrastructural o r i g i n s  o f  t h e  observed chanqer  i n  d e n s i t y  w l l !  be examined ~n a :o~nt s t u d y  w i t h  s 
Ohnrrki o f  Hokkd ido U n i v e r s i t y .  
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DEFECT PRODUCTION IN IRRADIATED METALS - H. L. Heinisch (Rcific Northwest 
Lrihhoratory") 

OBJECTTVE 

The ohjective of this work is 10 determine the spectrzll dependence of defect production and 
microstructure evolution under neutron irradiation, 

SUMMARY 

Our knowledge of the processes involved i n  crc:iting delec~? during c:L~sc:ide-prodiicing inidkitions is 
rcviewed. Molecuku dynamics siinul;ttions within the p:o;t few yc;us h:ive led to ;in undcrsl;tnding ol 
the creation and survivd of point defects in the critical first picoseconds of the c:uc;ide process. through 
the quenching of the thennal spike. The concept that  "freely migrating dclccts" :uke wily froin isol:itcd 
Frenkel paiirs produced in ii c:isc:tde is critically discussed. 

PROGRESS AND STATUS 

Intmduction 

Any models or  theories that descrihe the effects of r:di;ttion d;un:tge on :I m;tterial should have ;IS their 
h a i s  ii quantitative description of the production of the defects that cause microstructur:d changes. 
When a single r;idi:ition event occurs, :I distrihution of single point defects :md clusters ul point defects 
is produced in the local region where the displ:cement energy W:LS deposited. This distrihution evolves 
with time :md can interact in  various ways with the existing inicroslructure or with dclwts produced 
elsewhere in the material. In general, two types of defects x e  produced: rekttively inohile defect? ;md 
relatively imrnohilc defects. The inohilc defects are single puint defects and sin;tll clusters. They c;m 
interact ,among themselves, annihilating or clustering, interact with immobile clusters formed in the s:uiie 
event, or migrate throughout the materi:il until they interact with the existing microstructure or defects 
from other events. The immobile clusters can collapse to dislocation loops. hecoining p:ul of the 
dislocation structure of the material. linmohile clusters :ue sinks for mohile defects, or, depnding on 
the temperature, they cim conlrihute to the inohile defect population through thermal decomposition. 
Evidence also exists that small, glissile self-interstitid loops can fonn undcr &im;ige conditions. gliding 
in one dimension'. 

The production riite of the inohile or "freely migrating defects" is not  a dircctly me;isur;ihle quantity. I t  
must he inferred from memuernents of the ohscrvahle effects produced hy the freely migrating defects. 
:is interpreted through some model that rekites defect production to changes in ohserv:ible properties. 
Thus, one must have :I clear iden of the processes :md mechanisms involved in order to extract the 
correct qu,ultik?tive information from the analysis of the exp imen t s .  In particular, i t  is necessary to 
stat with the correct definition of "freely migrating defect$" as ;I function of the irradiatioii parameten 
(time, temperature, flux and material properties). It is helpful t o  review the defect production pruccss. 

"Pacific Northwest Lahoratory is operiitd for the U.S. Depanment of Energy hy Btittclle Memori:ll 
Institute under Contract DE-AC06-76RLO 1830. 
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Defect Production 

In the fust step, the irradiating particles iinpan their energy to the atoms of the material. The response 
of the material to irradiating p:uticles c;m he descrihed in terms uf ii prim:uy recoil atom spectrum, :LS 

long as the primnry recoils :ue sufficiently scp:u:ited in sp:ice or time from each other (:m exception, tor 
exnmple, is when heavy ions deposit energy with much higher density than  can he achieved hy reciiil 
:itoins of the materi:d--in essence. the casc:ides iirigin;ite siinulumcously from nearly ;idj;tccnt lattice 
sites and overlap). Dun;ige by neutrons :md many ions (especi:dly self-ions) can k. ;iddressed in terms 
of energetic recoil atoms. 

The dissipetion of recoil energy occurs in four detinzihle ph;Lses relevant tu the production :md 
disposition of 1:ittice defects: the col1isiiin;d phase, the thennal spike ph:Lse, the quenching ph:w ;md 
the ;mne;ding phase. 

Collisional Phase 

In the collision;il ph;ise ;I pri!n:uy recoil :itom initiates :I c:~sciide iif displ:icive ci)llisions that  cimtinucs 
until no :itom contains enough energy to creiitr funhcr di\pl:iccmcnls. The creation of i1ispl:iced :itoms 
;it this slage is conceptually siinilar 10 the Kinchin-Pe;w' mixlel for the cre;ition of displ;iccd : i toms that 
forms the h a i s  fix c:dcul;itions of "displ;icements per ;itom" (dpi). :I coininonly used exposure 
p:uxneter. The "modified Kinchin-Pais? cxprcssiiin of Norgrtt. Rohinson ;md Torrens' is the 
recognized scmd:ud Cor dpa calculations. viz. 

n(T) = 0.XT/2Ec, . 
where T is the recoil d;un:ige energy. E,, is the displ;icenient energy ;~nd the factor 0 . X  is thc 
"displ;iccinent efficiency faclor," (the displacement efficiency fiictor is ii correction to the origind hard-  
sphere scattering inodel nssumed by Kinchin :md Pe:ise that  iiccouiits for somcwIr:~t lcwcr di\pl:iceincnts 
ohuiined when using more rc:tlistic sc;ittcring pi~tcnti:ds'. I t  is descriptive 1)f the collision:d ph:w :urd 
does not include ;my infonnation on suhscquent hchavior of displeced ;itonis, such :L< rccomhin;itii)n. 
This should not he confused or coinhincd with other dclect prodiretion efficiency hctors.) A h;dlistic 
cffcct that occurs during the collision:tl phase is the repl;iceinent collisioir sequence (RCS), which can 
result in extended v:ic:incy-self-inter;titi:d ;itom sep;u;itions. Mo1ccul;ir dyn;unics (MD) simul;ttiiins l i t  
energetic collision c:~scades' show that the ctillision:rl p h u e  I;iw up to :I few times IO" s, depending o n  
the rccoil energy. 

Thenn:il Spike Phiise 

During the collision:~J phase, the therind spike ph;w is :dso hcginning. iis the cncrgy in the c;~sc;idc is 
s h a d  among many ;ctoins through lowcr energy collisions i n  ;I 1u~;dizcd region of high energy density. 
Molcculnr dynzunics simul:itions show that. ;it recoil energies ; ~ k i v c  :I Icw keV. :I m ~ l t e i i  m i c  is crcatcd 
that  exhihits liquid-like properties". Outside the molten zone :ue disp1:iced :itwns, iniistly :it the end i ) t  

RCSs. The RCSs priip;ig;ite supersonic;dly and, therefore. :ue :it the periphely of the c;iscnde region 
heforc the molten zone fully develops, which ~ k e s  nhout 1 ps'. During the thenn;tl spike phase. the 
identity of defects within the molten zone is 1:ugely I(ist, hut the dclccLs outside the molten zone (mostly 
displxcd ;~totns :it the ends of RCSs) retain their identity. The disphced :itoms hecome sell-intcrstitiiil 
m i n s  (SIA). Molecular dynzunics simu1;ttions indic;itc that cI;Lstic interactions le;d to clustering of 
SlAs outside the inolten zoneR. 



Quenching Phase 

The quenching phase hegins as the spike energy is dissipated to the rest of the materi;il. During this 
time the molten zone returns to a condensed state containing :I distrihution of v:ic:mcies within it. MD 
sirnulaions have even shown the fonn:ition of  sinall v:icancy loops during quenching'. The therin:d 
spike forms and is quenched within a few picoseconds. depending o n  the cascade energy and energy 
transport properties of the materi:il. In generd, after quenching, the vacancy-type defects tend to occupy 
the center of the defect configuration and are soinewh:it inore closely spaced than the surrounding 
interstitia-typc: defects. 

Annealing Phase 

After the quenching phase, further rem;mgemcnt and inteniction of the remaining defects C k e  place hy  
normal. thenn:llly-activated diffusion of rnohilc defects (single point defecls, sindl clustcrs, and, 
depending on the teinperature, mobile defects resulting horn dissolution of clusters). During this 
;innailing phase, some of the mobile defects esc:ipt: :mnihil:ition or clustering within the c;ist:;ide region. 
hecoming the "freely inigniting defects" that cim inigmte away froin the c:lsc:ide region atid in1er:icl with 
other eleinents of the microstructure. 

Computer simul;itions of the zmnealing ph:ise in Cu c;isc;ides (:illowing no cluster dissolution) showcd 
t1i:it at least IO%, of thc SlAs rcinaining after thc quenching ph:w escaped the c:ac:idc region"', even 
when the simulation was performed using cxrreme clustering of SlAs during the quenching phase. Thc 
SIAs escape kc:iuse they tend to lie iit the pcriphcry of the c:lscade defect distrihution. A s indcr  
fraction of vacancies escape kc;iuse their relatively closer proximity new the center 0 1  the c;~sc:ide 
defect distribution leads to greater prohihilily of clustering zunong themselves. 

C as~,idc , ., Energy Dependence 

The creation and disposition of defects during ;dl the phases of c:iscade dcvelopincnt depend o n  the 
c:sc:uie energy. matcri;il pamneters and the temperziturc. At ;my energy, the initial :uT;ingemcnt of 
defects produced (during the collisional phase) is detcrinincd I:ugely hy h:dlistic processes such :LX 

RCSs. The self-interstitiail atoms tend to he zit the periphery of the casc;ide defect distrihution ;it all 
energies, and some fr;iction of the mobile SlAs will ;Ilw:iys tend to esc:ipe. At very low energies, up to 
several hundred eV, where only a few defccts pairs ;ue produced, inost of the surviving defects will he 
free to  migrate froin the cascade site. With increasing c:ixadc energy. the surf;ice-ro-voluine riitio of 
the defect distribution decreases, 'and a decreasing fractim of SIAs will escape rather than cluster o r  
mnihilate, tending toward a constint value at the threshold energy for fonnation of suhcmxles. 

A minimum cascade energy is required for formation of :i thermal spike. They do not form in cascades 
with energies less than ahout I kev in Cu (reduced energy O.OO3)'. When R spike occurs, SIAs within 
the molten zone dis:ippear, .and during quenching, vacancies are formed, equal in nuinher 10 the 
displaced atoms remaining outside the molten zone. With increasing energy the molten zones hecoine 
larger, so they quench inore slowly. Thus, v:lc;mcy clustering is inure likely in  higher energy c;isc:ides 
because the vacancies have 8 longer time to intcncl. However, even the largest inolten zones quench 
within ii few tens of lattice vibrations, so formation of large clusters or collapse to loops is nor 
The maximum melt zone size is achieved :it energies where subcasc;ides form. 

Material Pmperties 

The physical properties of a material can affect the m o u n t  wid fype of defwt production in c:ix:idcs 
Molecular dynamics simulations comparing cascades in Cu and Ni, which have signilicantly different 
melting points", have shown that the slower quenching in Cu le:rds ti) greater clustering of vacancies 



148 

.md greater chances for collapse to loops than in Ni. Contrihutions of electron-phonon coupling, which 
do not appenr to k significant in Cu, may be importmt in other in:itenads'. 

Effects of Tempcr:iture 

Higher temper:iturcs may result in somewhat shorter RCSs during the collisional phase :md in soinewh:it 
larger molten zones during the thennd spike phxw. Since only the SlAs outside the molten nine 
survive, the net result could he ii dccrc:ise in total defect production :it higher temper;itures. Highcr 
tempermms :dso mcin  slower quenching, which incre;lscs the opportunities for clustering of v:ic:mcies. 
At temperatures where vacancy clusten ;uc thenndly unstable. (sin:dl) v;lc:incy clusters wi l l  not  readily 
form during the quenching :md ;mne:iling stages. 1nstc:id. inohilc v:c:uicics wil l  diffuse froin the center 
of the c:~~c:ide. Some wi l l  :mnihil;itc :it the surrounding intersti1i:il clusters. and some will esc:ipc the 
, c:ide. Results OS ;I simple diffusion miidel" show that :I significmt Iriiction of v:ic;incics c:m i.sc:ipe 

froin ii c;isc;ide in this way. 

Freely Miprating Defect% 

In ;I letter to the editor of the Journal of Nuclear M:iteri;lls N:iundorl suggests that the origin of frccly 
migrating defects in ion :md neutron irradi;itcd meclls i s  frec single Frenkcl pairs produced hy "low 
recoil energies tnnsferrcd hy the p r imxy  collisiiins."" As evidence for this :issertion, :I simple 
c:llculation W:LS prrfiinned in which the n u i n k r  of single Frcnkd p;iirs priiduced wiic tound t o  hc 
consistent with the very low ellicicncies 01 lrcc defect Iiroductiiin extmctcd froin diffusion 
cxperi~nents'~". Thc c;llcul;uion wiis performed using :I Kinchiii-Pc:ise di.;pl;icenicnt model including :m 
exponentid distrihution of sep;uations hetwcen priinxy collisions. It was ;twined that :I free Frenkcl 
pair was prixluccd if the energy uanstcr to the ;itoms W:LS I tliiin 2.5 times the disp1;iceincnt energy 
(to cre;ite just one Frenkel pair) and if thc dis1;ince hctween two consecutive collisions was larger 1li:ui 
the sponl'meous rccombiniition volume ( s o  thc Frenkel p:urs would neither rccoinhinc niir cluster). 
Calculations were m:de for the s:iinc systems on which dill i ision ex[ieriincnLs have hceii perfiirincd. :md 
the c;lcul;~ted fr:tctions of freely inigciting defects were coinpared with thc cxpcriment;tl v;iIues, 
showing the same trend iis thc experiments. 

The c:llcul;itions x e  cssenti;illy :ui :in:lytic:il ;ipproxirn;ition descrihing the collisinnnl phase < i t  :I c:u;c:idc. 
The actual spatial distrihution of the collisions is not represented. The thcrin;il spike. quenching and 
:inne3ing ph:Lses ;uc completely ignored. Tlrc four-ph:Lw dcscription of d d c c t  production in c:isc;idcs 
outlined ahove i s  wcll-supported hy hundreds o f  MD c:~sc:ide siniul:itions. ;is well :L% h inwy collision 
studies ;md ;innc;lling simulatiiins. I t  i s  cIe:u that Naiindiirf's c:dciil:ition is not rclcvzint 10 thc 
production of defects i n  c:isc;ides. 

The diffusion experiments to which the N:iundorl c~ilcul~iti(ins :uc coinp:ucd ;ire good experiments 
carefully performed, Unfortunately, the interpre1;ition of thcir results h:ur not k e n  done in light of our  
knowledge uf defect production in c:isc;ides. I t  would he interesting to reinterpret the results (if these 
va1u:ible experiments using ii more physically-based dcscriptioii of the defect production. 
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MOLECULAR DYNAMICS CALCULATIONS OF DEFECT ENERGETICS IN p- 
Sic* -- Hanchen Huang, Anter  El-Azab, and Nasr Ghoniem (Mechanical, Aerospace and 

Nuclear Engineering DepartmenWniversity of California. Los Angeles, CA 90024-1597, USA) 

OBJECTIVE 

The objective of the present work is to establish a data base for defect formation and 

migration energies in Sic. Experimental and theoretical studies of microstructure evolution will rely on 

this data base. 

SUMMARY 

The Molecular Dynamics (MD) method is used to calculate defect energetics in p- silicon 

carbide. Many-body interaction effecu in this covalent material are accounted for by using a hybrid of 
two-body and three-body potentials. Calculated bulk properties of p-Sic based on this potential are in 

agreement with experimental data to within 17%. A micro-crystal is constructed to represent the 

computational cell and external forces are applied to the micro-crystal so that i t  behaves as a part of an 

infinite medium. The potential energy for the unperturbed computational cell is fist  calculated. The cell 

is then set at a defecl configuralion and relaxed, and the potential energy of the relaxed cell is calculated. 

?he difference between the potential energy of the unperturbed cell and that of the defect-containing cell 

is used to calculate the formation and binding energies of point defecrs, defect clusters and helium- 

vacancy clusters in Sic. 

PPROGRESS AND STATUS 

Introduction 

Defcct energetics in covalent materials have not yet been studied by the Molecular Dynamics 

(MD) simulation technique. Several approximate calculations were performed for vacancy formation 

* Work supported by the Office of Fusion Energy, US DOE under grant DE-FG03-91ER54115 
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energies[l-6] in germanium, diamond, silicon, and silicon-carbide. These studies can be classified into 

two categories. The first one[1,2.3] employed a Morse-type potential and made several approximations 

about h e  relaxation of amms neighboring a vacancy. The shortcomings of this approach are: (1) it does 

not fully relax the defected lattice, and (2) it does not consider surface distortion associated with forming 

a vacancy. The second approach[4.5.6] considered the electronic smcture of a defected lattice and omitted 

lattice relaxation. Since a defected lattice does relax, this approach shouldn't be able to give reasonable 

results. Surprisingly, results of both approaches are in good agreement with experimental data. 

In our numerical simulations, an empirically-calibrated potential function for Si and SiC[8] 

is used. Many-body effects are taken into account by employing a phenomenological three-body 

potential. The bulk and cluster properties calculated using this potential function agree with 

experimental data to within 17%. An important process to consider is surface distortion of the crystal 

when a vacancy or a vacancy cluster is formed. When an atom is put on a surface of a crystal. some 

bonds will be formed. Meanwhile, there will also be surface distortion. This process is demonstrated in 

figures (1) and (2). 

Fig 1. Crystal configuration 

before surface distortion 

MD Simulation 

Fig 2. Crystal configuration 

after surface distortion 

The Molecular Dynamics simulation mehod is well established. Several numerical 

algorithms have been used to solve Newtonian mechanics equations. Calibrating interatomic potential 
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functions and constructing a representative computational cell are generally the two main considerations 

when the technique is applied to a class of problems. 

Newtonian Mechanics 

According to Newtonian mechanics, a particle of given initial position and velocity can be 

mcked if the potential or force acting on it is known. In solid crystal, an empirical potential form 

describing interactions of lattice atoms is required for solution of the equations of motion. Theoretically 

speaking. one can track all lattice atoms in a solid crystal. In practice, however, this is not feasible and a 

cutoff distance for atom interactions is always used. The coupled equations of motion for an atom i are 

given by: 
d i ,  - - 

vi dt 
- _  

- - 
dVi - FL(7,,T2 ,......, rn) 
-- i=1 ,2  .______, n 
dt mi 

with ?,(O) and ?,(o) given. 

- - - - 
For a conservative force, F,(?!,r2,......, r,) = -v@,(?l,?2 ,... ..., rn) .  For boundary 

are space and velocity coordinate 
d? - 
dt 

atoms, additional forces, PA, will also be included. Here, 1, and 

vectors of the i-th atom, and @,,(?lr?2,......,rn) is the potential energy of the i-th particle 
- 

Interatomic Potentials in Silicon Carbide 

Two-body potentials have been widely used for merals[9]. When one considers a covalent 

material (e.g. S ic)  short range interactions become imponant. A many-body potential appropriate for 

this purpose has  been developed by Born and Opperheimerl71, and the potential is given in the form: 

1 

n!N *" 
+... . . . + - c. .. 1 v y  F,,, . . . , r,, , . . . ) 
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To make this many-body potential usable in practice, Pearson et aK8j truncated the 

expansion up to the three-body level. For Sic, they combined Lcnnard-Jones two-body potential[Yj and 

Axilrod-Teller threebody potential[lOl in the form: 

I +  ~ C O S ~ , C ~ ~ ~ ,  cosej, 
(ri,r*rSl3 

(3) - - - V (r, , ,r , ,r*)=Z (4) 

Where the energy parameters (E, Z) and the two-body structure parameters (m, n, R,,) wcre determined to 

give the best f i t  to experimental data for bulk solid and atomic clusters (e.g bonding energies and bond 

length). For Sic. Pearson et al give[81: 

(m. n) value: (12,6) 
E value(eV): (Si-Si)=2.817, (Si-C)=3.895, (C-C)=5.437 

~0 value&: (Si-Si)=2.2951, (Si-C)=1.7400, (C-C)=I.4806 

Z value(eV/A):(Si-Si-Si)=3484.0. (Si-Si-C)=698.2, (Si-C-C)=261.8, (C-C-C)=167.3 

Interatomic Potentials in He-C and He-Si S m m s  

Interaction between closed shell atoms is dominated by Van der Waals mechanism. Using a 

perturbation method, Slater et al[lll calculated the interatomic potential between two helium atoms. 

Their calculated result of polarizability is close to that measured experimentally, and their potcntial 

function is given by: 
0.91eV 

r6 VHo-”, - 

It is also shown by Slater ct alIll1 that the potential is proportional to a:’4a32’4, where a 

denotes the polarizability, while the subscripls represent interacting particles. The polarizability data for 

silicon or carbun atoms is not available. Since the electronic structure of carbon is intermediate between 

helium and neon, while that of silicon is intermediate between neon and argon, as a first order 

approximation, the polarizability of carbon is taken as an average for that for helium and neon. 

Likewise, the polarizability of silicon is taken as an average for that for neon and argon. The 

polarizabilities for silicon and carbon can therefore be written as: 
1 

2 asi = -(a& + a*r) (6) 
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1 
a c - 2  

According to Slater et alUl1, aHc. aNs. and aAr are 0 . 3 9 ~ 1 0 - ~ ~  ~111.~. 1.65x10-" and 

2 .50~  ~ m - ~ ,  respectively. Interatomic potentials between helium and carbon and that between 

helium and silicon can then be derived from the helium-helium interatomic potential. They can be 

expressed as: 

J 

Using Lennard-Jones potential to account for the intrinsic repulsive interaction, we can write 

the total interatomic votential between helium and carbon or that ktween helium and silicon as: 

Where r,, is equilibrium interatomic distance, which is approximated as the sum of atomic radius of the 

kiteracling atoms. When bonds are formed, the atomic radii of helium, carbon, and silicon are 0.93 A, 
0.77 A, and 1.11 A, respectively[lZl. On this basis, E is calculated to be 2.07x10-* eV and 2 . 4 6 ~ 1 0 - ~  

eV for helium-silicon and helium-carbon interaction, respectively. 

Construction of a Cornoutatio nal Cell 

A computational cell is surrounded by boundary atoms, whose thickness is larger than 

effective range of interactions in the crystal. The boundary consists of a hybrid of fixed and flexible 

atoms. Due to thc cutoff of interatomic interactions, a net force on an atom in a perfect crystal is not 

zero. External forces are applied to the lattice atoms to balance these forces. A vacancy is created by 

moving an inner lattice atom to the surface of the crystal. A vacancy cluster is created by moving 

several neighboring atoms to surfaces of the crystal. These atoms are located far away from each other 

on surfaces, so that mutal interactions do not take place. An antisite defect IS formed by replacing a 

silicon (or carbon) atom by a carbon (or silicon) atom. A cavity consisting of a vacancy and a helium 

atom is formed by: (1) creating a vacancy, and (2) filling the vacancy by a helium atom. In each case, 

the defected lattice is relaxed to its equilibrium state. 
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Fig 3. View of the computational cell from (100) direction. The larger spheres represent 

silicon atoms, while the smaller ones represent carbon atoms. Boundary atoms 

and inner atoms are separated by solid lines. 

A computer code for solving these coupled equations was developed at UCLA[13]. The 

standard Leapfrog numerical method was used in solving the coupled differential equations. In the 

simulation process, a velocity component is quenched to zero whenever it is in the opposite direction to 

the corresponding acceleration component. Figure (3) shows a typical computational cell for Sic. 

A self-diffusion process is contmlled by its activation energy. If vacancy diffusion is the 

operating mechanism, the activation energy can be divided into: (1) vacancy formation energy. and (2) 
atom migration energy. 

k f s t  Formation EnereiR 

The vacancy formation energy consists of several parts. In covalent materials. several bonds 

are broken when an atom is moved away from its lattice position. The potential energy of the crystal 
increases by AFi. Relaxation of surrounding atoms decreases the potential energy of the cell by E' rrl. 
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The relaxation of lattice atoms surrounding a silicon single vacancy is shown in figure (4). Relaxation 

of nearest neighbors to a silicon vacancy and and those to a carbon vacancy are compared in figure (5) 

Fig 4. Relaxation of lattice atoms around a silicon vacancy. Length 

of the lines corresponds to magnitude of the relaxation. 

(a) @) 
Fig 5. Relaxation of the nearest neighton: (a) around a silicon vacancy, (b) around a carton 

vacancy. The larger spheres are silicon atoms and the smaller ones are carton aroms. 
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1 
2 

When an atom is placed on a surface of the crystal, half of the bond energy, -pD, is 

restored. Meanwhile, distortion of the surface near this atom increases the potential energy of the cell by 
1 -Ed. The formation energy of a single vacancy is therefore given by: 
2 

1 1 
2 2 

~ t ( i )  = AE - E-, --PD+-E, 

Similarly, the formation energy of a vacancy cluster is given by: 

(12) 
" 1  1 

E{ (n)  = AE - E , -c (,?ID - -Em)) 
j=1 2 

When a lattice atom (say Si in Sic) is replaced by an atom of the other type (say C). 

potential energy of the crystal increases by AE. Relaxation of the surrounding atoms decreases the 
potential energy of the crystal by E Formation energy of an antisite defect is given by: 

Ef =&-E, (13) 

Where p is coordination number of the crystal, D is bonding energy, pD equals AE in forming a single 
vacancy, E, is the relaxation energy of lattice atoms surrounding a single vacancy, and E, is the 

relaxation energy of lattice atoms surrounding the given defect. The formation energy of a gas tilled 

vacancy is calculated in the same way as for a single vacancy. The only difference is that a helium atom 

is placed at the vacant lattice point before the crystal is relaxed. 

Binding energies of a vacancy in a vacancy cluster of n vacancies can be calculated by: 
Et = E:(n)- E:(n - 1) (141 

Where the cluster of (n-1) vacancies has one less vacancy (Si or C depending on which vacancy type is 

being considered) than the clusler of n vacancies. 

Defect Mieration E nereieg 

Self-atom migration energy can be deduced from thermal diffusion data if the atom migrates 

through vacancies. The migration energy is the difference between the thermal activation energy and the 

vacancy formation energy. For Sic, the thermal diffusion data has been documented by Ghoshtagore et 

al[14], Hong et d[15,16] and Hon et al[17.18]. Experimental data and theoretical simulation r e a l 6  

will be combined to give the defect migration energies. The thermal diffusion data for P-SiC, given by 
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Hon et al[17,181, are listed in table 1. For comparison, thermal diffusion data for a-Sic, given by Hong 

elal[15,16l,areappendedtotable 1. 

A vacancy diffusion mechanism is strongly suggested by the experimental data[14-18]. 11 is 

found that acceptor dopants always occupy Si-sites[l9,20]. Hong et al[15,16] found that n-doping 

increases Si diffusivity and decreases C diffusivity. These results imply that Si atom diffuses through Si 

vacancies while C atom diffuses through C vacancies. Based on these experimental evidences, we can 

divide the measured activation energy of Si into two parts. The first is the formation energy of the Si 

vacancy, and the second is the migration energy of the Si atom. Similar arguments apply to C. 

TABLE 1: Diffusion Data for 
Point Defects in Sic 

Sample I 

Results and Conclusions 

The energy increase due to atom displacement, AE-Ere1 is first calculated. Then, energy 

changes due to surface restoration and surface distortion arc derived from bond energies and the energy of 

relaxation around a vacancy, respectively. With this procedure, the formation energies of severdl types of 

defects are deduced. Binding energies of vacancy clusters, antisite defects, and gas filled vacancies are also 

calculated. Migration energies of single vacancies are obtained by combining the theoretical vacancy 

formation energies and the experimental thermal activation energies. The results are shown in table 2. 

From these calculated results, several salient conclusions can be drawn: 
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TABLE 2: Calculated Results for Defect Energetics in p-Sic 

He-filled Si 

Hc-filled C 

Anlisite-C 1 6.18 I N/A 

Si-vacancy I 6.68 I 5.64 

c-vacancy I 10.11 1 5.35 

SiCdivacancy 1 i . 2 8  I GY 
Si2C-trivacmcy I 23.99 I 16.63 

22.27 

21.69 

ii2C2-tef1avacanc)/ 35.02 I 21.98 

2.30 

0.30 

NIA 

2.30 

0.30 

2.60 

4.90 

2.90 

7.20 

3.20 

5.20 

'ormation 
nergy (eV 

3.23 

4.83 

-3.75 

6.18 

3.34 

5.06 

7.89 

12.26 

12.55 

16.51 

17.33 

18.24 

Binding 
Energy (eV 

-0.11 

-0.23 

N/A 

NIA 

NIA 

-0.5 1 

+LO3 for Si 

-0.40 for C 

d .91  for S 

-0.28 for C 

t2.35 for Si 
k0.92 for C 

Migration 
5ergy (e\ 

2.52 

6.16 

(1) The surface distortion energy is found to have an important contribution to defect 

energetics calculation. 

(2) A silicon atom can be spontaneously replaced by a carbon atom from the energy point of 

view. This means that more carbon atoms may be present in non-stoichiomebic cases. 

(3) Atoms surrounding a silicon vacancy undergo substantial relaxation while atoms 

surrounding a carbon vacancy do not relax as much. This is due to the size asymmetry of silicon and 

carbon atoms 
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(4) A divacancy is thermodynamically stable against single vacancies. A divacancy is always 

composed of one silicon vacancy and one carbon vacancy because the nearest neighbors are always of 

different types. 

(5 )  Vacancy clusters of up to 4 vacancies prefer absorbing a carbon vacancy to a silicon 

vacancy in forming larger vacancy clusters. 

(6) Helium-filled vacancies are more stable as compared to unoccupied vacancies. The effect 

of helium in stabilizing vacancies is therefore importam 

FUTURE WORK 

Defect cnergetics established in this work will be included in a comprehensive microstructure 

evolution model of S ic  under neutron irradiation. 
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6.0 DEVELOPMENT OF STRUCTURAL ALLOYS 

6.1 Ferritic Stainless Steels 





165 

i f f E C I S  OF HYDROGEN AND LOADING MODE ON THE FRACIURE TOUGHNESS OF k REDUCED ACTIVATION F E R R I I I C  STAINLESS 
S i i i t  ~ H .  t i  ( W a s h i n g t o n  S t a t e  U n i v e r s i t y ) .  R .  H. Jones ( P a c i f i c  N o r t h w e s t  L a b o r a t o r y ' ! ,  , I .  2 .  H l r t h  
, ,Washington S t a t e  U n i v e r s i t y ) .  and 0. 8 .  Gellei ( P a c i f i c  t l o r t h w e s t  L a b o r a t o r y )  

OBJECTIVE 

Tbe p u r p o s e  c i  t h i s  e f f o r t  i s  t o  lnvertigatr t h e  e f f e c t s  o f  h y d r o g e n  and  i n a d i n ?  * o m  on  t h e  f r a c t u r e  
!oughneSs o f  d reduced a c t i v a t i o n  f e l r l t i c  stainless i t er1  ( f ~ a Z H 1 .  

SUMMARY 

'he f u l l  s p e c t r u m  o f  f r a c t u r e  toughness  ( J  i n t e g r a i i ! .  including p u r e  mode I ,  d i f f e r e n t  n i x e d  mode I . ' I I I  
and pure made I l l .  w i l l  be examined  f o ?  d f e r r i t i c / n a r t e n s i t i c  stainless s tee l  w ? t h  O . l C ~ 8 C r - Z W - O . Z V ~  
3.04la-Fe ( b y  wl%) .  d e s i g n a t e d  as F ~ S Z H .  The J i n t e g r a l s  o f  ~ i i r c  rode I ( J . )  and mixed .ode ! ; I l l  (J. ) 
i r e  d e t e r m i n e d  w i t h  single specimen method u s i n g  s t a n d a r d  r o r n ~ a c t  t e n s i o n  s p e c l m e n i  an0  n a d i f i e d  compacy  
tension specimens.  r e s p e c t i v e l y .  The pure  mode 1 1 1  i n t e g r a l  I S  meastired w i t h  w l t i O l e  s p e c l i e n  m e t h o d  
uilng " t r i p l e - p a n t l e g "  s p e c i m e n s .  E f f e c t s  o f  hydrogen on  t h e  J integrals o i  p u r e  -ad. I And T l x e d  m o m  
1 , ' l I l  are a l s o  g o i n g  t o  be  s t u d i e d .  9 ppm H ( abou t  500 appm) I S  p r e - c h a r g e d  into i ~ e c i m e n s  c a t h o d i c a l l y .  
i h e  d e t a i l s  o f  e x p e r i m e n t a l  p r n c e d u r e  were d e s c r i b e d  i n  t h i s  r e p o r t .  T h e  n r c l i r n i n a r i  reiui:s showed t h a t  
a d d i t i o n  o f  mode I l l  s t r e s s  ( s h e a r  s t r e s s )  !o mode I l o a d i n g  had a s i g n i f i c a n t  n e g a t i v e  e f f e c t  on  t h e  
' racture t o u g h n e s s  o f  f ~ 8 Z H .  Tho c a m o l e t e  r w s u l t i .  a n a l y s i s  and  conclusion will b? r c p a r t e d  i n  n e x t  
- e p o r t .  The r e s u l t s  would b e  i - p o r t a n t  t o  f u s i o n  r e a c t o r  d e s i q n .  

CROGRESS AND STATUS 

I n t r o d u c t i o n  

Since t h e  l a t e  1 9 7 0 s ,  f e r r i t i r / m a r t e n s i t i c  Cr-1.10 s t e e l s  have  been conridered alteVqa:e c d n d l d d t e  s t r u c t u r a l  
n a t e r i a l s  t o  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i o ?  f i r s t  w a l l  and b l a n k e t  s t r u c t u r e  d p p i i c a r > o n i .  I r r a d i a t i o n  
s t u d i e s  ( 1 . 2 1  i n  f a s t  r e a c t o r s  showed t h e s e  S t e e l s  are s w e r i o r  t o  a u s t e n i t i c  s t e e l ,  i n  5 e v e r a l  a i o e c t i .  
such a s  i w e l i i n g  r e s i s t a n c e .  h i g h e r  t h e r m 1  c o n d u c t i i i t y  and lower t h c r r r a l  c x o a n i i i i ~ .  ,and c o m o a t i b ; l i t y '  
w i t h  potential b r e e d e r  and  c o o l a n t  n l t e r l d l s .  I n v e s t i g a t i o n  indicates t h a t  f e r r 1 t I c  z t # : e l s  are c o r r a d e d  b y  
liquid l i t h i u m  and P b ~ L i  e u t e c t i c  a t  t h e  r a t e s  o f  5 t.0 10 t > m e s  slower t h a n  a u s t e n i t i c  s t a i n l e i s  s t e e l s .  
By replacement o f  mo lybdenum i n  c o n v e n t i o n a l  C v M o  s t e e l s  W i t h  v d n i i d i ~ u  a n d / o r  r 8 i nn i1c i .  r e d u c e d ~  
a c t i v a t i o n  f e r r i t i c  s t e e l s  have  been d e v e l o p e d  s i n c e  t h e  mid 1980s.  h o n g  !hen marteniii'c s t z e i s  w i t h  
' ~ 9 %  Cr have  been  f a v o r e d  over 12% C r  s t e e l s .  becaure i t  'i d i f f i c u i + .  t c  c : i n , n a t e  G c - r * ~ : e  11 a 1 2 %  Cr 
s t e e l  w i t h o u t  increasing c a r b o n  o r  manganese f o r  a u i t e n i t e  s t a b i l i z a t i o n .  D e l t a ~ i e r v ' t e  <,an iawer 
toughness .  and manganese p r o m o t e s  c h i ~ p h a i e  p r e c i p i t a t i o n  d r i r i n g  irradiation. , r h i c h  (3.1 C L U S ~  

e m b r i t t l e m e n ? .  As a p o t e n t i a l  m a t e r i a l  u s e d  a s  f i r s t  w a l l  or b l a n k e t .  i l - a c t u r - r  t u n q - n e i i  ' 5  a n  I m p o r t a n t  
s e c h a n i c a l  o r o p e r t y .  However ,  t h e r e  i s  l i t t l e  f r a c t u r e  t o u q h n e r i  d a t a .  ~ $ ~ " c i a I l y  J . i ~ c n r a l .  on  e i t h e r  
r n i r r a d i a t e d  or i r r a d i a t e d  c o n d i t i o n s .  C r i t i c a l  v a l u e s  o f  .! i n t e g r a l  c a n  be #.used a i  - n u i n ~ e r i n g  
estimate o f  f r a c t u r e  t o u g h n e s s  n e a r  t h e  i n i t i a t i o n  o f  s l o w  s t a b l e  c r a c k  g r o w t h  oi a ; , - e ~ r x i i t i n g  c l a c k  j n  
letallic m a t e r i a l s .  

T r a d i t i o n a l l y ,  mode I f r a c t u r e  has been  u s e d  t o  s t u d y  e l d s t i c ~ p l a i t i c  I r a c t u r c  r n ~ c h i n i c s .  I Iawever .  i n  
v c e n t  y e a r s ,  mixed mode f r a c t u r e  has become t h e  f o c u s  o f  many s t u d i e s  because  many ngrerved i a i l u r e s  
Include s h e a r  cornmnents  13.111. f r a c t u r e  characteristics h a v e  been f o u n d  t o  d l f f e t - .  d e o e n o l n o  on  
qicrnstructure. s t r e n g t h .  ' a n d  toughness l e v e l  o f  m a t e r i a l s .  I n  l o w  toughness h i o b i t r e n g t h  a i i o y s ,  such as 
(I.29C. 0.83Cu s t e e l  and 1.25C b a i n i t i :  s t e e l s  ( 9 ~ 1 1 ) .  mode I l l  a d d i t i o n s  t o  made I ! o a o ~ r g  h a d  l i t t l e  or  no 
a f f i i r t  on  t h e  overall v a l u e  o f  J . t h e  node I c o m m e n t  J i n t e a r a l  f o r  i i i e d  r o d r  r v r i  ; n i + i n t i n n .  2nd  . ~~ 
~ ~~~~ ~~~~ ~ ~~ ~ 

tended  t o  i n c r e a s e  J...  t h e  t o t a l ' J  i n t e g r a l  f a r  mixed mode cra;k i n i t i a t i o n .  I n  t h e  t o u n h e r  n a t e r i a l s .  
i g c h  a i  3.5I11CrMaV s f e e l .  A710A and a h i g h  p u r i t y  r o t o r  S t e e l  (HPRS) ( 3 ~ 1 1 1 .  \which f r i l p d  p r ~ % r ~ I y  b y  a 
- 1 c r o v o i d  n u c l e a t i o n  and g r o w t h  nechan;sm. mode I ! ]  a d d i t i o n s  l o w e r e d  t h e  J~~ J ~ ~ U C S  c o n s i d e r a b l y  f r o m  
t i le ir  p u r e  -iode I v a l u e s .  The J . .  ~ d l u e s  passed  t h r o u g h  a miniPum a t  a n o s i t i o n  i l?twe?n DIIW node  I and 
:ore made I l l  o n  a p l o t  o f  J ,  V I  c r a c k  i n c l i n a t i o n  a n g l e .  ; t  was a l s o  f o u n d  t h a t  ? n t t - o a u c l n n  h y d r o g e n  t o  a 
? o w h  m a t e r i a l .  such a i  IIPRS.. f u r t h e -  lowered t h e  t o t a l  J i n t e a r a l  ( s e e  F i l l w e  I 1  e v e n  thouoh hvdroocn  - .  - , ~  
rh&d I l t t l e  e f f e c t  on t h e  e l o n g a t i o n  o i  t e n s i o n  s p e c i m e n .  

' a c i f i c  N o r t h w e s t  L a b o r a t o r y  i i  operated f9 r  t h e  I I . 8 .  Cepar tment  o i  Energy b j  B a t t e l ' ?  ' i r m o r i a i  I n s t i t u t e  
mder  C o n t r a c t  D E ~ A C C 6 - 7 6 R L O  1630. 
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,.* s tee l  w i t h  O . IC~8Cr -ZW-O.ZV-O .D I l a  ( d e s i g n a t e d  as 
- ~ 8 Z H )  has been deve loped  as a reduced a c t i v a t i o n  
f e r r i t i c / m a r t e n s i t i c  s t e e l  by Japanese  S c i e n t i s t s .  
i-82H has been c o n s i d e r e d  a s  one o f  t h e  c a n d i d a t e s  
f a r  f i r s t  w a l l  m a t e r i a l  o f  a f u r i o n  reactor.  
F r e l i m l n a r y  J I n t e g r a l  d a t a  (12) o b t a i n e d  from 
r h r e e  p o i n t  bending  specimens showed t h a t  F - 8 2 H  i s  
a ve r y  tough s t e e l .  I t  I S  p o s s i b l e  t h a t  
i n t r o d u c t i o n  o f  mode I l l  component t o  p u r e  made I 
l o a d i n g  wou ld  a l s o  lower t h e  t o t a l  J i n t e g r a l  o f  F -  
a 2 H  a i  i n  t h e  case o f  H P R S .  Fur the rmore ,  it I S  
* e l l  known t h a t  t h e  n e x t  g e n e r a t i o n  o f  f u s i o n  
- e a c t o r s  w i l l  produce hydrogen d u r i n g  o p e r a t i o n .  
Hence,  investigation o f  combined e f f e c t s  o f  mixed 
m d e  l o a d i n g  and hydrogen on f r a c t u r e  toughness a i  
F - 8 2 H  i s  c r i t i c a l  f a r  t h e  s t e e l  t o  be used a s  f i r s t  
ua11  m a t e r i a l  F i g .  I .  A p l o t  o f  i r i t i c a l  t o t a l  ; l n t e q r i i  Y S  

.5 1 5  3 5  5 5  7 5  9 5  
Crack Angle 0 (Degree) 

l l a t e r i a l  and E x p e n m e n t a l  Methods 

i .  Material 

c rack  inclination angle rn showing J,... 
parsing a minimum between made I and-sode I l l  
l o a d i n g  and be!ng 'lowered f u r t h e r  by hydrogen.  P 
= 0 dea. and rn = 90 dea.  reoresent w r e  mode I 

i f  HPRS 

~~ ~ 
~ ,~~ ,~ ~ 

(J.r! i n d  mode I I I  ( J . , : : ) ,  r e s p e c t w e l y  ( f i e f .  8) 
F ~ 8 2 H  p l a t e  used i n  t h i s  Study w a s  s u p p l i e d  by 
N i p p ~ n  Kakan s t e e l  Company (NKK) i n  Japan. The 
:hemica1 c o m p o s i t i o n  o f  t h e  p l a t e  i s  i n  T a b l e  I .  
Swc imens  u s e d  i n  t h i s  s t udy  were heat-treated w i t h  t h e  procedure o f  l O o o ~ C / Z O  h o u r r l a l r  c o o l i n n .  I !oO'c , ' i  
? i n u t e r / a i r  cooling, and IOO'L/Z h o u r r / a i r  c o o l  l o g .  The m i C r o s t r u c t u r P  w a s  tempered marteniite. average 
i n t e r s e c t i o n  d i s t a n c e  o f  g r a i n s  w a s  25  pim ( A S T M  9 7 . 5 ) .  
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c u t t i n g  [ 1 4 ) .  The s i n g l e  specimen t echn ique  was used ~n t h i s  s t u d y .  Crack  l e n g t h  and c r a c k  e x t e n s i o n  were 
c a l c u l a t e d  f r om compl iances f o l l o w i n g  t h e  p rocedu re  d e s c r i b e d  i n  E813-89 and Ref. 1 3 .  

ii. T e s t s  w i t h  " T r i p l e - P a n t l e g "  Specimens 

Specimen geometry  f o r  pu re  mode I l l  J i n t e g r a l  were 
d e p i c t e d  i n  F i g u r e  3 ,  wh?ch l o o k s  l i k e  " t r i p l e -  
p a n t l e g "  ( 5 ) .  S i de  grooves o f  40% r e d u c t i o n  o f  t h e  
t o t a l  t h i c k n e s s  were made i n  o r d e r  t o  gua ran tee  c r a c k  
p r o p a g a t i o n  b e f o r e  g e n e r a l  y i e l d i n g  i n  t h e  c a n t i l e v e r  
beam arms  o f  t h e  specimen. The Ou te r  two l e g s  o f  t h e  
specimen were b o l t e d  t o  a U-shaped base t h r o u g h  t h e  
6 . 3 6  mm h o l e s .  t oad  w a s  a p p l i e d  t o  t h e  c e n t r a l  l e g  
I "  a d i r e c t i o n  normal t o  t h e  p l ane  o f  t h e  d r a w i n g .  
The I n c o r p o r a t i o n  o f  two c r a c k s  i n  t h e  specimen l e a d s  
t o  a symmetr ic  l o a d i n g  arrangement m i n i m i z i n g  t h e  
o u t ~ o f - p l a n e  bend ing  ( 6 ) .  Two 1.3 mn EOM c u t s  were 
a l s o  made a s  t h e  s u b s t i t u t e s  o f  f a t i g u e  c r a c k s .  
I n d i r e c t  c r a c k  l e n g t h  m o n i t o r i n g  t echn iques  such a s  
t h e  e l e c t r i c a l  p o t e n t i a l  drop method or u n l o a d i n g  
compliance are a f f e c t e d  by t h e  c o n t a c t  o f  t h e  
a s p e r i t i e s  on t h e  two specimen s u r f a c e s  d u r i n g  pure 
Mode I I I  d e f o r m a t i o n .  Hence, a m u l t i p l e  specimen 
t echn ique  was adapted and t h e  c r a c k  l e n g t h s  were 
measured a f t e r  b r e a k i n g  open t h e  specimens. 

I i i .  Cha rg ing  o f  Hydrogen 

Hydrogen was i n t r o d u c e d  by c a t h o d i c  c h a r g i n g  a t  a 
current  d e n s i t y  o f  80 A h  i n  P s o l u t i o n  o f  I N  H,SO. 
w i t h  200 mg/t  o f  As2O1 added t o  t h e  S o l u t i o n  a s  
hydrogen r e c o m b i n a t i o n  p o i s o n .  A l l  specimens were  
a round  t o  6 0 0 - o r i t  before c a t h o d i c  c h a r a i n a .  Samoles 

. 

were n !cke l - p l ; t ed  ImmedTately fallow in^ h i d r o g e n  
c h a r q i n q  The qoa l  hydroqen c o n t e n t  was 9 ppm The 
l e n g i h  of c h a r g i n g  t i m e  to ach ieve  9 ppm H was 
de te rm ined  e x p e r i m e n t p l l y  by c h a r g i n g  seve ra l  small 
samples o f  5 ~ 5 ~ 2 . 5  mm' for d i f f e r e n t  l e n g t h s  o f  t i m e  
and rneasw~na t o t a l  hvdrooen o u a n t i t a t i v e l v  w i t h  LECO 

Dimension: mm 

18 26 I 

Hydrogen was i n t r o d u c e d  by c a t h o d i c  c h a r g i n g  a t  a 
current  d e n s i t y  o f  80 A h  i n  P s o l u t i o n  o f  I N  H,SO, 
w i t h  200 mg/t  o f  As2O1 added t o  t h e  S o l u t i o n  a s  a 
hydrogen r e c o m b i n a t i o n  p o i s o n .  A l l  specimens were  
g round  t o  6 0 0 - g r i t  before c a t h o d i c  c h a r g i n g .  
were n i c k e l - p l a t e d  immed ia te l y  f a l l o w i n g  hydrogen 
c h a r g i n g .  The goa l  hydrogen c o n t e n t  was 9 ppm. The 
l e n g t h  o f  c h a r g i n g  t i m e  t o  ach ieve  9 ppm H was 
de te rm ined  e x p e r i m e n t p l l y  by c h a r g i n g  seve ra l  small 
samples o f  5 ~ 5 ~ 2 . 5  mm' for d i f f e r e n t  l e n g t h s  o f  t i m e  
and measu r i ng  t o t a l  hydrogen q u a n t i t a t i v e l y  w i t h  LECO 
Hydrogen D e t e r m i n a t o r  (Model RH-ISP) u s i n g  i n e r t  gas 
f u s i o n  t e c h n i q u e .  
specimens w a s  c a l c u l a t e d  by t h e  means o f  d i f f u s 7 o n  
equa t i ons  d e s c r i b e d  i n  Ref. 1 5 .  E f f e c t s  o f  hydrogen on f r a c t u r e  toughness were o n l y  
mode I and mixed 1/111 specimens w i t h  0 ,  15. 2 5 .  35,  4 5 ,  and 55  deg. 

~ DATA A N A L Y S I S  

1 .  Mode I and M ixed  Mode I / I l l  J I n t e g r a l  

The mode I J i n t e g r a l  w a s  c a l c u l a t e d  f r o m  t h e  area under  t h e  l o a d - d i s p l a c e m e n t  curve 
i q .  [ 1 ] ( 1 6 )  

Samples 

The t i m e  needed t o  charge r e a l  
f i g .  3 .  " T r i p l e - P a n t l e t "  i p e c i m e n  geomet ry  used i n  
mode I I I  t e s t i n g .  

f r a c t u r e  toughness 
and 55  deg. 

Hydrogen Det;rminato/ (Mo ie l  RH-ISP) usin; i n e r t  gas 
f u s i o n  t e c h n i q u e .  
specimens w a s  c a l c u l a t e d  by t h e  means o f  d i f f u s 7 o n  
equa t i ons  d e s c r i b e d  i n  Ref. 1 5 .  E f f e c t s  o f  hydrogen on 
mode I and mixed 1/111 specimens w i t h  0 ,  15. 2 5 .  3 5 ,  4 5 .  

~ DATA A N A L Y S I S  

1 .  Mode I and M ixed  Mode I / I l l  J I n t e g r a l  

The mode I J i n t e g r a l  w a s  c a l c u l a t e d  f r o m  t h e  area under  t h e  l o a d - d i s p l a c e  
i q .  [ 1 ] ( 1 6 )  

The t i m e  needed t o  charge r e a l  

*here: B = specimen t h i c k n e s s .  
b. = t h e  i n i t i a l  uncracked l7gament.  W - a m ,  
Id' = specimen w i d t h ,  
a, = t h e  o r i g i n a l  c r a c k  l e n g t h .  

were o n l y  

ment L U r Y e  

c a r r i e d  o u t  

by m a n s  o f  

on  eure 

The p h y s i c a l  c r a c k  l e n g t h  a. was c a l c u l a t e d  u s i n g  t h e  u n l o a d i n g  comp l i ance  t e c h n i q u e  o u t l i n e d  i n  ASTM 
s t a n d a r d  1813.89 and Re f .  13. 
r e s p e c t i v e l y  were c a l c u l a t e d  by t h e  p rocedu re  p ropo red  by H i r t h  e t  a1 ( 6 ) .  The r e s o l v e d  Mode I and Mode 
I 1 1  l oads  and d i sp l acemen ts  were f i rst  c a l c u l a t e d  i n  t h e  way a s  shown s c h e m a t i c a l l y  ~n f i g u r e  4 and t h e n  
used t o  c a l c u l a t e  J .  and J , by means o f  Eq. [ I ] .  The s u b s c r i p t s  1 and 1 i 1  are used t o  emphasize t h a t  
?hese &re n o t  s tanda rd  v a l u e s .  i iowever.  i n  t h e  c a s e  o f  rn = 0 deg. J, .  becomes t h e  g l a i n  s t r a i n  mode I 
, va lue  o f  J. . .  

The mode I and mode 111 components O f  m ixed mode J ,  d e s l g n a t e d  as J .  and J , , ,  

i a u a t i o n i  [ Z a ]  and [ Z b ]  show t h e  ca1CUla t ionS o f  J ,  a n d ; 1  , r e s p e c t i v e l y .  
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I 

6v 

6h 

Here. Bqe, , i r  the net crack f r o n t  width excluding 
the 10%' side grooves on each ride. 
Eq. [ 3 ]  gives EnEt i n  terms o f  the overall specimen 
thickness B. 

131 

. .  
i h l s  m i x e d  made blunting line c a n  not  

and J separately, because the 
, - l t ? a < i o n  ralues o f  d a  and J a ,  , might 
be different. which would not be 

'total J) V I  Aa i s  plotted f i r s t .  ~. 
uixed mode blunting line and exclusion 
1.nei i n  this plot are used t o  evaluate 
J . ~  and J. . 
,:rain i n  fhCe J - R  and J . , , ~ R  plots. which act a s  b l % i n g  and exclusion liner, respectively. 
.nt~rsection~ o f  there vertical lines with J-Aa curves d e f i n e  the respective mode I and mode I l l  component 
J I n i t i a t i o n  and e x c l u s i o n  v a l u e s .  This procedure I S  illustrated schematically i n  Figure 6. The same 
crncedure 7s  also utilized to mod i f y  RSTM E813~89 .  Due to the large amount o f  calculation. d computer 

1 
be  #used to evaluate the values o f  J , _  0 0.15 / i  

Crack Extension (mmi 

'Or a c r a c k '  Hence ,  J. F i g .  5 .  Mode I J ~ R  curve and d e t e r m i n a t i c n  o f  J . ,  and J ~ ~ " . .  

and corresponding values o f  Aac and Aa Vertical lines corresponding to the d a .  and Aasxc are 
The 
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program w a s  w r i t t e n  w i t h  QBas i c  t o  c a l c u l a t e  t h e  
comp l i ances ,  c r a c k  l e n g t h .  J i n t e g r a l s ,  b e s t  J-Aa d a t a  
clirve f i t t i n g  and c r i t i c a l  J v a l u e r .  

1 1 .  Mode I l l  J I n t e g r a l  

Due t o  two cracks i n  t h e  " t r i p l e ~ p a n t l e g "  specimen, E q .  
[ I ]  I S  d i v i d e d  by a f a c t o r  o f  2, hence J l l ,  was c a l c u l a t e d  
b'i Eq.  [61. 

'iere, E., = 0.608 due t o  t h e  20% r i d e  grower on each  
s i d e .  f i e  p rocedu re  t o  de te rm ine  c r i t i c a l  J v a l u e r  i s  
t h e  same a s  t h a t  d e s c r i b e d  i n  t h e  l a s t  s e c t i o n .  The 
s l o p e  o f  t h e  b l u n t i n g  l i n e  i s  J,,,/Aa = 2 ~ ~ 1 ,  where T~ = 

P r e l i m i n a r y  R e s u l t s  

P r e l i m i n a r y  t e s t s  w i t h  IO and 30 deg. m o d i f i e d  compact 
t e n s i o n  specimens showed t h a t  t h e  a d d i t i o n  o f  mode I 1 1  
l o a d i n g  ( s h e a r  s t r e s s )  t o  mode I l o a d i n g  had a 
o g n i f i c a n t  n e g a t i v e  e f f e c t  on f r a c t u r e  toughness of 
F - 8 7 H  s t e e l .  These p r e l l m l n a r y  results appear t o  be 
s i m i l a r  t o  t h o s e  obse rved  fo r  t h e  HPRS a s  shown i n  F i g u r e  
I .  The comp le te  r e s u l t s ,  dna lys !s  and conclusion w i l l  be 
r e p o r t e d  i n  t h e  n e x t  Semiannual R e p o r t .  

:a, + o, ,s) /4 .  
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IRRADIATION CREEP AND SWELLING O F  THE F U S I O N  HLATS O F  H i 9  dNO 9Cr - IMo  TO 208 OPA AT - 4 O O ~ C . ~  F . A .  Garner  
( P a c i f i c  No r t hwes t  Labo ra to r y ' ) ,  M.K. To loczko ( U n i v e r r r t y  o f  C a l i f o r n i a  a t  Santa  Ba rba ra )  
and C . R .  E i h o l r e r  (West inghouse Hanford  Company) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  d e t e r m i n e  t h e  f a c t o r s  wh i ch  c o n t r o l  t h e  r esponse  o f  s t r u c t u r a l  a l l o y s  t o  
r a d i a t i o n  and a p p l i e d  S t r e s s .  

SUMMARY 

The i r r a d i a t i o n  creep b e h a v i o r  o f  t h e  f u s i o n  hea t s  o f  HT9 and 9Cr- lMo a t  -400'C has been measured t o  exposures  
a s  large as 208 dpa. HT9 i s  somewhat n o n l i n e a r  i n  i t s  response to hoop s t r e s s  l e v e l  i n  t h e  range  0-200 MPa.  
b u t  9Cr- IMo e x h i b i t s  o n l y  s l i g h t l y  g r e a t e r  t h a n  linear b e h a v i o r  w i t h  s t r e s s  l e v e l .  The s t r a i n  d a t a  o f  b o t h  
a l l o y s  appear  t o  i n c l u d e  some c o n t r i b u t i o n s  from p r e c i p i t a t e ~ r e l a t e d  d e n s i t y  changes. S w e l l i n g  may have 
o c c u r r e d  i n  9 C r ~ l M o .  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

H e l i u m  p r e s s u r i z e d  c reep  t u b e r  c o n s t r u c t e d  f r o m  t h e  f u s i o n  h e a t s  o f  t h e  f e r r i t i c  martensitic a l l o y s  H i 9  and 9Cr -  
IMo ( f u s i o n  h e a t s  9607R2 and 30176) have comple ted t h e i r  i r r a d i a t i o n  In F F T F  at. a nominal t empe ra tu re  o f  -4OO~C. 
The c o m p o s i t i o n  and hea t  t r e a t m e n t  o f  t hese  a l l o y s  i s  l i s t e d  ~n T a b l e  I .  There  2.24 c m  l o n g  t ubes  were 

T a b l e  I Compos i t i on  o f  A l l o y s  i n  Weight  Pe rcen t  

p e r i o d i c a l l y  d i s c h a r g e d  from r e a c t o r  and measurements made o f  t h e i r  d i ame te r  prior t o  r e i n s e r t i o n  i n t o  r e a c t o r .  
( I )  The t ubes  were i n s e r t e d  i n  a l l  MOTA v e h i c l e s  f r om MOTA-lB t h r o u g h  MOTA~lG and t h e n  c o n t i n u e d  i n t o  MOTA-28. 
8 0 t h  a l l o y s  were i r r a d i a t e d  a t  hoop s t r e s s  l e v e l s  o f  0, 60, 100. and 140 MPa.  and HT9 w a s  a l s o  i r r a d i a t e d  a t  
200 M P a .  I r r a d i a t i o n  t empe ra tu res  v a r i e d  somewhat f r o m  one MOTA t o  t h e  n e x t .  b u t  d u r i n g  any one i r r a d i a t i o n  

i n t e r v a l .  t h e  t emoe ra tu re  w a s  x t i v e l v  c o n t r o l l e d  w i t h i n  t 5 ~ C  o f  t h e  
nomina l  t empe ra tu re .  
O f  t h e s e  t ubes .  
dpa. 

T a b l e  2 p r e s e n t s t h e  d e t a i i e d  t empe ra tu re  h i s t o r y  
There  t u b e r  reached exposure  dpa l e v e l s  a i  l a r g e  a s  208 

Tul i ( l  2 *r.d,a,ion "8IIOV 0, P ~ e s 3 " r ~ z ~  , U t e s  
The s t r a i n s  a f  t h e s e  t ubes  were l a s t  r e p o r t e d  a t  -150 dpa. ( 2 )  

R e s u l t s  and Discussion 

TEMPERXTVRE ' C  F i g u r e  1 p r e s e n t s  t h e  t o t a l  d i a m e t r a l  s t r a i n  and m i d w a l l  c r e e p  s t r a i n  
f a r  HT9. and F i g u r e  2 p r e s e n t s  t h e  s t r a i n s  f o r  9 C r ~ l M o .  The m i d w a l l  
creep s t r a i n  i s  c a l c u l a t e d  assuminq  t h a t  t h e  s t r a i n  a t  zero stress i s  

I i s o t r o p i c  and u n a f f e c t e d  by i t r e s i .  S i n c e  t h e  s t r a i n  a t  zero s t r e s s  
s a t u r a t e s  w i t h  i n c r e a s i n g  exposure .  i t  i s  p o s s i b l e  t h a t  i t  arises f r om  

.. e r e c i o i t a t i o n - r e l a t e d  chanqes I "  d e n s i t y  r a t h e r  t h a n  v o i d  w e l l i n a .  In 
125 

I t h i s  case.  t h e  s t r a i n  may n o t  be i s o t r i p i c a l l y  d i s t r i b u t e d ,  howe;er /I a /I '" 
The s t r a i n s  observed i n  9Cr- IMo e x h i b i t  more c o m p l e x i t y ,  e s p e c i a l l y  a t  
h i g h e r  f luence.  Since such c o m p l e x i t y  w a s  n o t  observed i n  HT9, i t  i s  
assumed t h a t  t h e  O r i g i n  o f  t h e  c o m p l e x i t y  I S  r e l a t e d  t o  a m a t e r i a l  
d i f f e r e n c e  f r om HT9, r a t h e r  t h a n  :me a r t i f a c t  o f  reac tor  h i s t o r y .  No te  
t h a t  t h e  strain a t  zero s t r e s s  f o r  9Cr-1Mo i s  l a r g e r  t h a n  t h a t  o f  HT9 
w i t h  l e s s  tendency t owa rd  s a t u r a t i o n .  and t h e r e f o r e  may i n c l u d e  some 
c o n t r i b u t i o n  f r om v o i d  s w e l l i n g .  

' P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ope ra ted  fOT t h e  U.S. Depar tment  o f  Energy by K a t t e l l e  Memor ia l  I n s t i t u t e  
under  C o n t r a c t  O L - A C 0 6 ~ 7 6 R L O  1830. 
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Hoop 
35 x 10-3 

h l  Stress 

F ig .  3 .  
HT9 

S t r e s s ~ n o r m a l i z e d  m i d w a l l  creep s t r a i n s  f o r  

16 x 10-3 
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Expected Achievements 1 1  t h e  N e x t  ReDortinu P e r i o d  

The pressurized tubes w i l l  be cut t o  produce  open f o r  9 C r ~ l M o .  
!81hoc 2nd t h p  d e n s i t v  o f  t h e s e  w i l l  be measured. 

F i g .  3 .  S t r e i i ~ n o r m a l i z e d  midwall creep s t r a i n s  

.___. .. .~ 
i ~ ~ c r o s c o p y  e x a m i n a t i o n  w i l l  d l 5 0  proceed 
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p p .  665~679. 
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F m C T  OF VANADIUM AND TITANIUM ON MECHANICAL PROPERTIES 01: LOW-CHROMIUM. 
REDUCED-ACTIVATION FERRITIC S E E L S  - -  K. L. Klueh and D. J.  Alexander 

OBJECTIVE 

The goal of this study is the development (if a low-chromium rcduced-activation ferritic steel 

SUMMARY 

Tensile and Charpy unpan tests were made on three normalized- id-tempered 2 1/4Cr-2WV (0.1% C) 
steels with 0.1, 0.25, and 0.5% V (all concentrations are in weight percent). Increasing vanadium from 
0.1 to 0.25%> increased the yield stress up to twenty percent. A higher ductile-hrittle transition 
temperature (DB'rT) accomp:mied (lie higher slrength of Uie 0.2.57~ V stccl when kith were tempered at 
700°C. 'lempcrillg at 750°C gave similar DB'ITs. Increi~sing vanadium from 0.25 to 0.5% caused a 
slight incre,z\e in sucngth with a Iwgc decrease in toughness. ?bus, il hd:mce between strcnglh and 
impact toughness is achieved wilh :in intermediate mnadium cnncmtr:~tio~i. Addition of 0.02% Ti to 
2 Ii4Cr-0.25V. 2 1/4Cr-2W, ;ind 2 1/4Cr-2W-0.25V (0.1% C) steels caused a yield sue. 
30%, which was atuihuted to Uic effect nf titmiurn on the MC precipitate distribution. 
waq accomp:inicd hy an incre~se ill impact toughness, which may also liave heen affected hy a decrease in 
prior austenite grain size. I'urclicrmorc. diere was little difference in i l ic DB?T nf  the 7'i-mrxlified steels 
tempered at 700 or 7SO"C. IS i t  were piissihlc to use a 'Ii-modified steel tempered at 700°C this miglil 
ofllet the suength adv:int;i&e of  stccls wit l iwt  til;uiium, whicli liavc 111 he tempered at the Iiigher 
temperature. 

PKOGRESS AND STATITS 

Inulnluction 

Much [if the effnn to develop reduced-activation ienitic steels 11;s hccn concentrated on Cr-W-V steels with 
&IO% Cr [l-31. Inw-chromium steels have :~dv;uit;iges as structur;il inm!ri;iIs [ I  1, arid preliminary work 
indicated (hat Ihcsc steels can liavc strengths a s  good or hetter than Uie higher cliromium steels [41. The 
suengtli of a 2.2SCr-2W-0.2SV-O.IC (2 114Cr-2WV) steel (all conccnu:itions 'arc i n  wt. 96) exceeded that 
inr 9Cr-2W-0.25V-O.07Ta-O.lC (OCr-2WVTa) steel, the suongest 9Cr reiluced-;stivatioi~ stccl tested. 
However. die Chrupy impact toughness of the 2 I/4Cr-2WV steel was interior to that of the 9Cr-2WVTa. 
Because t~iughncss dccrewcs during iieutrnii undiation, i t  wiuld be necessary 10 improve Uiis property for 
a low-chro~iiiuin sled Ix'iorc i t  could he considered ior fusion applications. 

I(educed-;lctiv:iIi(iii steels c;innot co11t;un molybdctiuin and niohiuni, two alloying elemems in  
coiiventional steel!. of interest lor fusion (? l / ~ C r - l M o ,  OCr-IMoVNh, and 12Cr-1MoVW). l'ungslcii is 
considered a replacemelit lor ~nnlyhleniim. a i d  titiiniuin :uid 1:utt;iluin hiive k e n  considciwJ possihle 
rcplacemcu~! Tor niohimn 111. A series nt low-chrnmium steels was cx:imined previously 14-63. 'lbcse 
included: 2 I14CrV. 2 I/4Cr-IWV, 2 t/4Cr-?W, and 2 114Cr-2WV stcclr, where the vanadiunr 
cnncenuiitio~i was constitiit at O.?%, ;tnd ;ill steels colit;iined 0.1%, C. 

Work is in prngress ttr develop reduced-activation low-('r hteels. As p:Ut 01. tli:rt work compositional 
variations were examined i n  iin effort to ohtain an optimum c~impositinn. In this report. 2 . 2 5 0  steels are 
ex:unined to detenninc the cficct of vanadium on strength aiid unp;ict tnughness. Aiiiirlicr series of steels 
were examined to determine how sm;lll ainnunts of titanium :ffect prtipeities. Impact iougline 
evaluated frrom Ihc ductile-hrittle umsiti(in tempcr;ilure (DBTT) ;ind upper sliell cricrgy (USE) 
test 
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ExpcrunenLzl Procedure 

Experimenkil alloys were ob(iiined io Uie fonn of 600-g vacuum arc-melted button lreats. As starting 
stock for the present studies, material from the original four low-chromium heats were used [41. These 
were elcctroslag-remelted heats prepared hy Comhustion Engineering, Inc. (CE), Chattanooga, Tennessee. 
In  addition to nominal compositions of Cr, W, and V, concenuations of elements nonnally found in 
steels, such as Mil, P, Si, etc., were adjustcd to levels typical of commercial practice. Details on chemical 
cornpo.sition, microstructure. and mech;mical properties OS Uie origiiral heats have been published [4-61. 

For the steels with v;uying vanadium coiitent, heats cont;iining 0.1, 0.25. end 0.5%1V were obtained by 
adding vanadium to the 2 1/4Cr-2W heat f10i1r CE. The 0.02% Ti :idditions rocre made to the 2 I/4CrV, 
2 ii4Cr-2WV (hoth with 0.25% V), and 2 1/4(:r-2W lieat$ to cihtain 2 l/4CrVTi, 2 1/4Cr-2WTi, and 
2 1/4Cr-2WVl'i, respectively. 'lhe origin:d CIS heats contaiired 0.1% C. Alloys were c a t  into ingots 
with a rcctangular cross sectioir OS 12.7 inin by 25.4 nun and 152 nun in length. The ingots were Irot 
rolled iit 700°C to ;ipproxiinatcly 6.4 min. 11:IIfoI~ Uiis plate was cold rolled to 0.76-mm-thick sheet, with 
ail intennedi:ite 700°C' anneal. Chemical compositions are given i n  Tahlc 1. 

Tensile specimen\ with :I reduced gage section OS 20.3-min long hy 1.52-1run wide by 0.76-mm thick were 
macliincd from thc 0.76-~nm sheet with gage Ic~igths p;u;IIlel to the rolling direclioo. One-Uiird size 
Charpy spcciinciis measkiring 3.3 hy 3.3 hy  25.4 inin with a 0.51-min-dccp 30" V-notch ant1 a 0.05- to 
0.0X-mn-root radius wt're m;shincd from tlic 6.4-inin plate. Specimens were tiken along the rolling 
direction with the notch running tr:ursvcr~c to tlic rolling direction (L-'Y orientation). 

Specimens were testctl in Uie nonnalizcd-inid~teinpercd ctiiiditiiin. Nonnnliring of all hut die 2 114Cr-2W 
steel involved ;iu\tcnitizilig 0.5 11 at 1050°C i n  ii licliuin atmosphere iind then rapidly cooling in flowing 
hclium. The 2 II.ICr-2W was austenitizcd 0.5 11 iit 900°C. T w o  tempcriiig ctinditions were tested: 1 h a t  
700'C: arid 1 Ir at 750°C. Neat ucaunents wcrc car-ied out oii rnacliiiicd tenrilc specimens, and the 6.4-mm 
plate w x  heat trc;ited hclorc tlie Charpy specimens were mechined trom it.  

'l'ensilc tests were inndc in v:icuuin tium room temperature tu  600°C' oil a 4-W-capacity Instron universal 
testing machine at a nomilid smin rate of4.2 x 10-41,. cii:upy tesLs were cmied out in a pendulum-lype 
unpacr mxliinc sprci;dly modified to accwninockitc suhsi7.c specimens. Iktai ls  on the lest machine and 
test procedure 1r:ive heeii published [7]. 

Kcsults ;ind Dircussion 

'This report will C O I I C C I I ~ D I ~ ~  on Uic effect o f  tbc alloymg ;Iddilions on mcc1i;inicad propeities. 
Micrwuwtures will be descrihcd only briefly and will hc presented i n  niorc detail ill a future rcprirt. 

Van;idium variations 

Increasing vmadium coiicciitratioii had two effects on the teinpercd hainitc microsu-ucture of the steels with 
0.1, 0.25. aid 0.5% V. Firsl, piior austenitc grain s ix  dccrcased with increasing vanadium concentration. 
ASTM grain size iiunibers were estimated at 3. 4, wid 5 Tor Uie steels with 0.1, 0.25, and 0.5% V, 
respectively. The second effrct involved the l h e  precipitates Urat fonncd i n  the steels . With increasing 
vanadium, Ihe numher density of fine precipitates inncased arid Uie size decreased. llre greatest ch'uge 
occun-ed between 0.1 and 0.25% V, with less change hetween 0.25 and 0.5%) V. 'llrese Sine precipitates 
were mainly VqC'y. hut the steels also contained coarser M3C and M7C3 precipitates [SI. 

Tensile data plotted as a function of test wnperature iue shown in 132s. 1 and 2. The relative behavior is 
similar Sor specunciih tempesed at either 700 or 75O"C, alUroug11 there is a decrease in strenglh with 
increaqing tempering tempemure. Yield stress [Fig. I(a)j and ultimate tensile suength [Fig. l(h)j incrcase 
with incrcnsiiig vruiedium concentrallon. The greatest strength difference occuicd hetween 0.1 aid 0.25% 
V. with much less change hetwccn 0.25 and 0.5% V. ' h i s  observation is probably associated with fhe 
ohsewation that a larger change in precipiute nunrher density occurred hetwecri the 0.1 and 0.25% V steels 
tliari the changc hetwecir 0.25 and 0.5% V. Thc 0.25 and 0.5% V steels are considerably suonger than thc 
0.1%) V steel, again a reflection of the rnicrostmcture. 
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Told elongation [Fig. 2(a)I and unifoiin elongation p i g .  2(h)] behavior is essentially inverse to the yield 
Stress behavior, in thait l he  strongest steel h;is the lowest elongati(in and vice versa. There is much less 
diiference between Uic hehavinr after tempering at 7(X) and 750°C Iliati there wils for the yield sucss and 
ultimate tensile strength. The ductility data show more scatter than Lhe strenglh da~ta. No explanation is 
available for the Ixgc drop i n  tiifzd elongation fnr tlie 0.1% V steel tempered at 750OC and tested at 600°C 
[Pig. ?(a)]. 'The relative beliaivinr of lhc unilonn elongation [Fig. 2(h)] with test temperature was similar 
to lhe total elotigation. 

Ch;upy unpacr heh;ivior is aifccted hy v,uadiuni composition (Fig. 3). For a given tempering 
temperature. Uie D B T T  incrcz~xed with inmeaxing vanadium [Fig 3(a)l. Relatively low values were 
obtained for lhc 0.1% V steel for both tempering conditions, as w a  true Tor the 0.2.5%, V stecl tempered at 
750°C. The steel wiUi OS'% V had a negative D B l T  only after the 750°C temper, and then the value w a  
less than half Uiat of Ihc othcr two steels tempred at fhis tempcrature. 
As opposed to thc large effect of \anadium on DB'IT, nnly ii minimel cliect was ohserved for Uic IJSE, 
wilh cssentiadly no ditlerence for the three stccls d!er the 750°C temper [l;ig l (h ) ] .  Afler the 700°C 
anneal, a sinall decrcue occurred hctwceri UIC steel with 0.1 ;uid 0.2S% V, with little differencc ktween 
tlic 0.25% and 0.5%) v steels. 

The observations on Uie I > B l T  rellcct tlie strcnglli dilierciices of Uie Uirce steels. Ohservations o n  USE 
arc probably a coilsequence of Uie ductile fracture process, \vhicli must he similx for Ihc three steels. 
Fracture on the upper shelf ycocr;illy dclcnnincd by the ~iuclcation of vnids iit prccipimte or inclusion 
particles, and a similar l lS l  inplics Uiat similar microstructural features nucleate the hc ture  in the three 
slecls. 

lhcse results indicate that h r  an optitnization of Uie strcrigfh and impact tougl~ness of a 2.25% Cr steel 
will) 2%, W. v:uiadium shnuld he limited to about 0.25%. Incre:L\ing the v;ii\;idium coirccntration from 
0.25 to 0.5%; i-esults i l l  only :I miniln;d incre;Lxe in htrcliglli :it tlic c w t  of suhstaiiti:illy raising the DBTI.  

Titanium additi(ins 

The 0.02% Ti additions were imde i n  2 114Cr-0.25V (2 I/4rrV), 2 I/JCr-2W, :rnd 2 I/JCr-ZW-O.2SV 
( 2  114Cr-2WV) S I C C I S ,  whicl~ were previ(iu.4y testcd ;uid cx;unincd [J-6]. ' l l i c  micrnstructures of the test 
specin~ens were tcmpcred bainitc. Add tit;rtrium c;iuscd ii d c c r c ; ~ ~  iii Ihc prior austenite grcri size 
of Uie two stccls willi van;idiu~n, ;ind :I c i n  the iiuinhcr denhity ofprecipit:itcs relative tn  ;dl three 
steels wirhout titaniuni. II size numhcrs cli;uigcd from apprnxiin;ikAy 4 to 7 for thc 
2 114 CrV and 2 li4 Cr for 2 I/JCr-ZWV : l id  2 II.ICr-2WVTi: :i grain size number of 
IO was estitnarcd for bod1 2 II4Cr-ZW iuitl 2 1/4Cr-?W'Ii. 

Steels with van;idium aid no tilaniunr colitaii~ied ;I h e  distiibutioii 01 v;i~i:idiu~n-i-ich MC (VqC3) i n  
additinn to M1C and M7C.3: the 2 IIJCr-2W also cotmitied some M23C.6 [SI. Although TEM analysis 
has no1 beeti completed oti (lie stccls with titmiutii. they we expected to cont:un some M(' rich in 
titmium. in additinti to vanaidiutn-rich MC, along with ilie ciUier c;irhidch ohserved i n  tlie S I C C I S  without 
ti I;uiiu in. 

It is suggested that tint all of Uie titaniu~n-I-ich hlC dissol\vxl during [lie auslciiitization ueiitment. 'This 
would limit the gmiii grnwUi ;uid result ill a sm;rllcr prinr austenite giiiiii size. The red 
number density of prccipikites ni the sleels conr;iiiiing titanium could he c:~uwd by un 
rich carbides acting :IS iiuclei for the vaiadiuin-rich MC th;it formed during tempcring 
nlunber n i  these pre-existing nuclei reduced the nuinher o i  precipitates tha icil-med. 

Addition of 0.02%. Ti 10 theCr-W-V steels affcc1cd Uie tensile hc1i;ivior (Figs. 4-7). It caused a inxked 
decrease in the yield strc. id u1tiin;ite tciisilc sueliglh of all  clirce slcels. a shown in Figs. 4 and 6 for 
the steels tempered at 700 aid 750°C. rcspec(ive1y. The in:igt~itude of Uic yield htrength decrease [Figs. 
4(a) and 6(a)] dcpended (111 the suenglh ~i uie steel without the tit;uiium. 'l%e 2 1/4Cr-2WV steel W L ~  the 
strongest steel, and it sliciwed the latrgcst dec rew.  Sm;illcr cli;~nges i i c cu~~ed  t i r  !tic othcr two steels. 
These ohwrv~iti(ins rellect Uie ohwv ; i l i ons  0 1 1  Uie rcduciiiiti 111 the prccipiuite tiumber delisit! c;iuhed hy 
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the titanium. Ultimate tensile strcngUi behavior [Figs. 4(b) and 6(h)] was similar to the yield stress 
behavior. 

A sliglit incrc:lse in Irit;11 and uriifoim eloiig:doii (Figs. 5 a id  7) accompanied the suengdi decreue caused 
by die tiuiniuin addition, altliough there was coiisidcrnhle sc:itIcr in the data Ductility increased with 
dccre&\ing strengdi, nnd tlie steels ternpered iit 750°C h:id a higher ductility tli:iii those tempered at 700°C. 

Ti~?nium had a large cffect on the DBIT ol the steels Uvat contauiicd v:iiiadiuin--Uie 2 II4CrV and 2 1/4Cr- 
2WV stecls [Fig. 8(a)]. I t  had relatively little elfcct 011 Ure 2 114Cr-2W steel, which had the lowest D B T T  
prior to the titanium addition. 'lhese observations must be attrihutcd to the change in grain size, in 
additioii to die reduction in strength caused hy the titaniun :iddition. The addition of titaiium to 2 1 / 4 0  
2W did not cause a large change in prior austenite grain s ix ,  and thus did not cause a iioticeahle change in 
DBTT. There was no effect on the prior austenilc grain siz,c of Uie 2 1/4Cr-ZW hecause i t  wax austenitized 
at 900°C wiUiout titanium and :it 1050°C wlieii titnniuin wiiq present. A higher austeiiitizing temperature 
was used for Uic 2 I/4CrV, 2 1/4C'r-ZWV, ;ind the steels with titmiinin i n  order tu e~isurc the dissolution 
of thc V-rich and 'h-iich cxhides. 

Note that whereas there is no effect ~~lteinpci-iiig tcinper:iturc on the 2 IIJC'rV, there is a sigiiilicmit 
diflcrcnce fbr the 2 1/4Cr-2WV. 'IIic cli;uigc liir th is  liitlcr sicel pmh:ihly rellects the rcductioo of Uie 
dispersion strengthening effect hcc;iusc oI Uic kirger prccipit;ite p:irticles lorincd hy tempering at 750°C'. 
( T i c  higher nuinhcr density iifs:ini:Jler prccipil:ilc pxticlcs i n  the 2 II-ICr-2WV mikes this steel much 
stronger d im the 2 I/4CrV, wliicti coiit:iiris ii louer  deo>ity o f  I:irger p:o-ticlcs.) When titanium is added to 
this steel, Uie diilerciice i r i  DBTI '  lw die 700 :irid 750°C' tcmperirig ~eiiipe~-:i~i~rc.s. is reduced sigiiificanrly. 

'There was rclatively little dillereucc iii the IiSF: oI Uic stuc1.s with and without titanium. regardless ol Lhe 
tempering temperature [Fig. K(h)]. In  fact, Uierc wax little diffcrence hctwecn die different steels. Only die 
2 1/4Cr-2WV st~wl showcd some \wiation, hut it wIu rclalivcly ininor coinp:u-cd to Uie dillereiices noted 
for the DBTT. Again, this m u h t  retlcct ii siini1;irity i i i  the ductile fracture heliavior of these steels, as 
suggested ahove ior tlie stcels with dillerent v;iniidiu~n c~~riipositions. 

'Tlicse results indicate Ui;it lil:uriuin miglil he used to improve impact touglincss. Such impr~~vemeiil is 
dcsirahlc, since Uic D B T I  is iiicrcii~ctl hy imdiation. Ilowcvcr, Uiis i~npr(ivcineiil coincs at Uie expciise of 
strength. ?lie elfect oii strength ]nay he ;illcvi;itcd soincwh:it hy austenilizing at ii higher tempcrdture Uian 
the 1050°C used i n  this experiment. This would cause iiiore titiiiiuiri carhide to dissolve, allhougli i t  
would also increz~xe the prior austenite grain size. Tlicreforc, Uic best ;iustcnitiratioii teinperature would 
have to he detennined, kcause if Uic teinpeimire was too high, Uie large piior austenite grain s i x  would 
negate the positive ericci of titxniuin. 

SUMMARY AND CONCLUSION 

As p a t  of Uie elfon to develop low-clironiiun. rcduccd-;ictivation Ictl-itic steels for fusion reactors, a series 
of 2 1/4Cr steels wax tested to deteiinine Uie eClec1 oc va~xidiurn arid titanium OII ensile and Charpy impact 
propelties. The stcels were tcsted :dter iionn;lliziiig and rcinpering :it 700 and 750°C. The rust part ol die 
study examined Uie ellict oradding 0.1, 0.25. iiird U.5% V to a 2 I/JCr-?CV .rteel. Inci-easing the vanadiuin 
from 0.1 lo 0.25% caused a I agc  srreiigth iiicre:ixc. l.ittle lurtlier i i i c r e : ~ ~  (iccun-ing when vanadium was 
increased l m n  0.25 to  0.5%. ?Ire DB'IT iri tlie C'h:u-py impact tests incrc:ised with vanadium, with the 
largest increase lor steels tenipered at 700°C; the DB'lT o f  die 0.5%) V stccl was ahove room temperature. 
After tempering at 750°C. dierc was less diflereiicc hetweeii the steels with 0.1 ;u~d 0.25% V with a greater 
difference between Lhe 0.25 and 05% V steels. B:md on these ohseivations, it was concludcd that for 
optimum strengUi arid impact toughtiess, a 2 1/4Cr-2WV slzel sliould cniiwin ahout 0.25% V. A 0.02% 
Ti addition to 2 1/4CrV, 2 1/4Cr-2W, and 2 114Cr-2WV steels caused a strength denease, hut it improved 
Uie Charpy iinpacr hchavior. An improved DBTI' would he desinhle, since the DB?T increases during 
iimdiation. It may he possihle to maintain the improved D B T T  and unprovc che strength hy increasing 
the austenitizing reinpemturc. 
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Fig. 4. (a) Yield stress and (b) ultimate tensile strength as a function of test 
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Fig. 7. (a) Total and (b) uniform elongation as a function of test temperature 
of the 2 1/4CrV, 2 1/4Cr-2W, and 2 114Cr-2WV steels with and 
without an addition of 0.02% Ti after normalizing and then tempering 
1 h at 750°C. 
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and without an addition of 0.02% Ti after normalizing and then 
tempering 1 h at 700°C and 1 h at 750°C. 
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STRESS-MODIFIED WELDING PROCESS FOR HELIUM-BEARING TYF'E 316 
STAINLESS STEELS ~ C. A. Wang and B. A. Chin (Auburn University), and M. L. Grossbeck 
(Oak Ridge National Laboratory) 

OBJECTIVE 

The objective of this work is to evaluate the new technique for the welding of helium- 
bearing materials. 

SUMMARY 

Experiments have shown that Type 316 stainless steel is susceptible to heat-affected-zone 
(HAZ) cracking upon cooling when welded using the gas tungsten arc (GTA) process under 
lateral constraint. The cracking has been hypothesized to be caused by stress-assisted helium 
bubble growth and rupture at grain boundaries. This study utilized an experiniental welding sctup 
which enabled different compressive stresses to be applied to the plates during welding. 
Autogenous GTA welds wcre produced in Type 316 stainless steel doped with 256 appm helium. 
The application of a compressive stress, 55 MPa, during welding suppressed the previously 
observed catastrophic cracking. Detailed examinations conducted after welding showed a 
dramatic change in helium bubble morphology. Grain boundary bubble growth along directions 
parallel to the weld was suppressed. The results suggest that stress-modified welding techniques 
may be used to suppress or eliminate helium-induced cracking during joining of irradiated 
materials. 

PROGRESS AND STATUS 

Introduction 

Large amounts of helium will be generated within many materials from transmutation 
reactions as a consequence of neutron bombardment of structural components in a [usion 
reactor[l-3]. Due to its inert nature and extremely low solubility in metals, helium will diffuse 
and agglomerate to form bubbles after being trapped at point defect aggregates, dislocations, and 
grain boundaries. Such bubbles have been shown to degrade materials properties 13-121. 
Investigations have also shown that helium bubbles grow rapidly along grain boundaries that are 
subjected to a tensile stress at  high temperature [9-151. Both high stress and high temperature 
are typically encountered following conventional gas tungsten arc (GTA) welding upon cooling. 
Shrinkage-induced tensile stresses are produced due to the volume contraction of the weld upon 
solidification and subsequent thermal contraction during cooling. Intergranular heat-affectcd- 
zone (HAZ) cracking following GTA welding with lateral constraint was observed by Lin et al. in 
Type 316 stainless steel with helium concentrations greater than 2.5 appm [9-121. HAZ cracking 
was found to occur at  the grain boundaries parallel to the welding direction, approximately 2 to 3 
grain diameters (grain size was about 70 pm) from the fusion boundary. Centerline interdendritic 
fractures in the fusion zone have also been observed in GTA welds of Type 316 stainless stecls 
containing more than 100 appm helium. These severe failures are attributed to the growth of 
helium bubbles at both HAZ grain boundaries and weld dendrite boundaries. 

The objective of the present study was to investigate techniques which might be used to 
eliminate heat-afIected-zone cracking in helium-containing steels subjected to GTA welding. 
These techniques need to be identified to enable repair and maintenance of the first wall of a 
fusion reactor. This work investigated the weldability of helium-bearing austenitic Type 316 
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stainless steel under controllcd stress conditions during welding. Modification of the stress field 
was accomplishcd by the  application of a compressive stress perpendicular to the  weld direction 
during welding. 

Expcrimental Procedure 

The  material investigated in this study was 0.76 m m  thick austenitic Type 316 stainless 
stccl sheet. Following a solution anneal a t  1050°C for one  hour, the average grain s i x  was 
about 70 Fm. Helium was implanted into the steel using tritium doping and decay'. The  steel 
was exposed to tritium gas at 125 MPa a t  300°C for 30 days. The  dissolved tritium was thcn 
allowed to decay to helium at  -40°C for six months. The excess tritium was thcn pumped off 
under a vacuum (lo3 Pa) at 400°C to prevent further helium gcneration. This doping proccss 
introduced 256 appm hclium into the stccl. The pump-off treatment rcsulted in the  formation of  
stablc helium bubbles about 4.5 x 10'olm' in density and approximately 1.7 nm in diamctcr in thc 
matrix while a density of 8.8 x 10'4/m* and 2.0 nm diameter bubbles werc obscrved on the  grain 
boundaries. 

Autogenous singlc pass GTA wclds were produccd under laterally constrained conditions. 
Thc edges of the platcs parallel to the wcld direction wcrc securely fastened to the  wclding stage 
to simulate the  restraints encountcred in practical weld repair and maintenance or structural 
componcnts. Welding was pcrformed a t  I O  V-dc. 24 A at  a torch travel speed of 3.6 mmis under 
a protective argon atmosphcre. The rcsulting heat input w3s 66.7 J/mrn, which produced a full 
penctration weld approximately 3 mm wide. 

A theoretical model has hccn proposed by Lin c t  al. to describc thc helium hubhlc 
growth during GTA wclding of hclium containing materials [9-121. Thc model indicatcs that the 
growth of grain boundary helium bubbles should hc  significantly altcrcd by a changc i n  the strcss 
state during cooling of thc u~cld. To invcstigate this hypothcsis, a weld plate fixture system was 
constructed to apply a controlled compressive stress (55 MPa, i.c., 25% of the yield stress) 
perpendicular to the wcld path (Figurc 1 ) .  

The  comprcssivc stress is produccd by applying a constant comprcssivc strain 
perpendicular to the  wcld direction from the edges of wcld platcs. Both optical microscopy and 
scanning clcctron microscopy (SEM) wcrc uscd to examine thc integrity of the wcld and  the 
surrounding heat-affcctcd zone. Transmission electron microscope (TEM) specimens wcrc 
prcpared from the fusion zoneReat-affected-zonc intcrface for both standard (control welds) and 
stress-modified welds for further cxarnination. 

Rcsults and  Discussion 

According to the  proposcd model, most of the grain b o u n d q ~  hclium bubble growth 
which occurs during welding is slrcss-assistcd [9-12]. The  growth of grain boundary buhbles in 
the HAZ can be  dividcd into three regimes. In regime I. the heat-up regime bcforc thc material 
reaches its melting tcmperaturc, compressive strcsscs arc  introduced normal ti) the wclding 
direction due to thcrmal expansion of the platcs. Although grdin boundary hclium bubbles can 
grow by thermal v a c a n q  absorption in this regimc, the comprcssivc stress tcnds to rctard the 
bubble growth. Conscqucntly, i t  was assumcd that there is no bubble growth in this heat-up 

'The tritium doping was pcrlormcd at Sandia National Lahoratrity, Livcrmore. CA. 
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FIG. 1--Schematic of applied compressive stress during welding. 

period. In regime 11, where the torch passes through, the material reaches the mclting 
temperature and a stress-free state is obtained in the melted region. Thcrefore, the stress is 
assumed to be zero in areas adjacent to the meltcd region. The bubbles grow mainly by vacancy 
absorption during this stage due to the high vacancy concentration and diffusivity at that 
temperature. The grain boundary bubble growth in this regime is dcrived b a e d  on thc thcoly of 
helium bubble growth in the matrix by vacancy absorption prcsented by Greenwood and Spcight 
[16]. The final bubble radius, R, was expressed by Lin et al [9,10,12] as 

R' - R: = 38,hnD,,CvAti2 (1) 

where 

R = bubble radius, m, 
Ri 

8h n = atomic volume, m', 
D8b 

C" 
At 

Finally, in regime 111, the stress state becomes tensile at grain boundaries parallel to the 
welding direction due to weld solidification and cooling. Stress-assisted bubble growth dominates, 
and most of the grain boundary bubble growth during welding occurs in this regime. The bubble 

= bubble radius at regime I, m, 
= grain boundary thickness, m, 

= grain boundary vacancy diffusivity, m'ls, 
= equilibrium vacancy concentration, nr3, and 
= elapsed time in regime 11, s. 
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growth at grain boundaries in this regime can be  expressed by the following equation, which is 
based on Hull and Rimmer’s modcls [17,181: 

AR = 2xd~~~D,,( t)~(t)~t/{R(t)~kT(t) iog(aiR(t)-0.75)} (2)  

where 

k = Boltzmann’s constant, JK, 
a = average hubhle spacing, m, 
A R  = amount of  bubble growth, m, 
T(t) = tempcrature at time t ,  K, 
~ ( t )  = thermal stress a t  time I, Pa, 
R(t)  = bubble radius a t  time t, m, and 
Dgb(t) = grain boundary vacancy diffusivity at time I, m%. 

It should be  emphasized that this model is not meant to predict thc rcsulting strcss state of thc 
weld but rather to give physical insight into what may be  occurring during the wcld proccss. 

Results of grain boundary bubhlc growth calculations for the final stagc a rc  shown in 
Figure 2. In this study, grain boundary thickness is assumcd to he  8 8, The  avcragc bubble 
spacing (in grain boundaries was assumed to bc 1 pm from examination of t h c  HAZ Iracturc 
surfaces which were decoratcd with uniformly distributed dirnplcs about 1 pm in diameter. The 
inilial bubhlc radius at rcgime 111, i.c., final radius at regimc 11, was 0.049 pm after calculations 
according to equation (1). 

In thc standard wcld, curve A, H A Z  cracking occurs approximately 2 seconds aftcr the 
onsct of Regime 111, whcrc huhhles rcach 1 pm. This is consistent with the results of video- 
taping during wclding, which showcd cracks that initiate 1 to 2.2 seconds after passage of the weld 
pool. When a compressivc stress is applied during welding, huhhle growth is retardcd, and bubble 
sizc may never rcach the critical sizc which leads to cracking (curves B, C and D). Bubblc growth 
was also rctarded when the  bubble surfacc tcnsion is greater than thermal tcnsilc stresses (where 
8(t) hccame negativc in equation (2 ) ,  i.c., in comprcssivc state), as indicated a t  thc hcginning 
rcgion of Figure 2. 

Figure 3 shows the results of macroscopic examination of weld intcgrity. Continuous 
through-thickness hcat-affcctcd 7.one cracking was obscrved in standard welds of Typc 316 
stainless stecl containing 256 appm helium. Further examination also rcvcalcd that the crack \vas 
complctcly intergranular. Thc  crack ran parallcl to the wclding direction and was within 2 t o  3 
grain diameters of the fusion zoneihcat-affectcd-zone intcrfacc. Hclium buhhlcs had migrarcd 
and grown rapidly a t  grain houndarics under thc comhincd actions of high tcmperature and 
internal tensile strcss, which occurred during the wclding process. Grain boundary strcngth 
decrcases as the  grain boundary helium bubbles grow and the arca fraction of  huhblcs increases. 
Rupture occurs as thc  cohcsivc strength of the grain boundaries, reduced by the growing bubbles. 
can no longer bear the shrinkage-induced internal tensilc strcss during cooling. 

Results from stress-modified GTA welds reveal no visible cracks in the heat-affcctcd 
zonc, as shown in Figure 3b. A compressive stress of 55 MPa, about 2% of the  room 
tcmperaturc yield stress of Type 316 stainless steel, was applicd in these expcrimcnls, as mcasurcd 
by strain gauzes attached to the wcld plates. This result is consistcnt with the conclusion from 
Lin’s study that high tcmperaturc alone is not sufficient to cause significant grain boundary 
helium bubble growth and HAZ Cracking. The combination of both high temperature and high 
tensilc shrinkagc stress are rcquired for intergranular HAZ cracking [9-121. 
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- 
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Time (sec) 
FIG. 2--The predicted grain boundary bubble size in Regime IIL In a standard weld without 
external applied stress, curve A, bubbles reach critical size, dotted l ie,  at about 2 seconds after 
the onset of Regime 111, while bubble growth is retarded by the application of a compressive 
stress (indicated as a percentage of the yield strength) during welding, curves B, C and D. 

Further examinations on "EM disks, prepared from the fusion zoneheat-affected-zone 
boundary, were conducted using scanning electron microscopy following jet thinning. The results 
are shown in Figures 4 for both standard and stress-modified welds. Welding directions are 
indicated by the large arrows. In the standard GTA weld, as shown in Figure 4a, severe 
perforation and cracking are observed with crack tending to align parallel to the welding 
direction. On the other hand, parallel cracking associated with grain boundary helium bubble 
growth has been effectively suppressed by the application of a compressive stress in the stress- 
modified GTA welding process, as shown in Figure 4b. In addition, the bubble growth has been 
altered such that larger bubbles grow ,predominantly along grain boundaries perpendicular to the 
weld direction, whereas previously they ou~ir red principally on grain boundaries parallel to the 
weld. It should be pointed out that jet polishing during TEM specimen preparation attacks the 
grain boundaries and enlarges grain boundary holes. Therefore, the grain boundary bubble sizes 
indicated in Figures 4 are exaggerated as compared to the as-welded material. Figure 4c and 4d 
are magnified views of the circled areas in Figure 4a and 4b respectively. Results of TEM 
examinations are not available at this time, and will be presented in the future. 
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 ELATIONSH SHIP BETWEEN SWELLING AND lRRP.DlATl0N CREEP I N  COLD WORKED PCA STAINLESS STEEL T O  178 DPA AT -4OG'C 
Y .  9. iolacrko (University O f  C a l i f o r n i a  a t  S a n t a  B a r b a r a )  and F .  A. Garner (Pacific N o r t h w e s t  L a b o r a t o r y ' ) .  

OSJLCTIVE 

Tke o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  detercine t h e  f a c t o r s  w h i c h  c o n t r o l  t h e  r c s p o n i e  o f  i t r u c t u r a i  a l l o y s  :n 
r a d i a t i o n  and a p p l i e d  s t r e s s .  

cl i i . inau~ 

:! : I S  dpa  a n 0  - 4 O O ; C .  t he  i r r a d i a t i o n  creeo  b e h a v i o r  o f  20% c o l d ~ w o r r e d  PCA ha: b e c o r e  dominated  by t h e  c i e e ~  
a p p e a r a n c e  phencmenon. The t o t a l  d i a m e t r a l  d e f o r m a t i o n  r i t e  has r e a c h e d  t h e  i i ~ i t i r g  i a l u e  o f  0 .33 ' / . , ' l oa  
the t h r e e  h i g h e s t  s t r e s s  l e v e l s .  The i t r e i i ~ e n n a n c e v e n t  o f  s w e l l i n s  t e n d s  t o  ~ d r ~ ~ t l d q e  t h e  o n s e t  o f  c r e r ~  

i a p p e a r a n c e .  'iawever 

Z2,OGRESS AND STATUS 

' i t r o d u c t i o n  

~ . e l ~ u r n  p r e s s u r i z e d  tubes c o n s t r u c t e d  f rom t h e  fusion h e a t  KZ8G o f  t h e  a u s t e n i t i c  ?rise C a n d i d a t e  A l l o y  (PCG) 
- 1  :he 20% c o l d  w o r k e d  c o n d i t i o n  h a v e  c o m p l e t e d  t h e i r  i r r a d i a t i o n  i n  FFTF/MDTA a t  a n o m i n a l  t e m o e r d t u r e  o f  
-:OO~C. These 2 . 2 4  crn l o n g  t u b e s  were p e r i o d i c a l l y  d i s c h a r g e d  f r o m  reactor and ieasurements i i m e  o f  : h e i r  
dlaneter  p r i o r  t o  r e i n s e r t i o n  i n t o  r e a c t o r .  T h e r e  t u b e s  were i n s e r t e d  i n  a l i  MOTA v e h i c l e s  f r o m  MOTA-lA 
r h r a u g h  M O T A ~ I C  and t h e n  c o n t i n u e d  I n t o  MOTA-28. The tubes Were p r e s s u r i z e d  t o  hoop s t r e s s  l e v e l s  o f  1. 3'3. 
5 0 .  100,  140 and 200 M?a. i r r a d i a t i o n  t.enpcraturei v a r i e d  s o w w h a t  f r o m  one  INOTG t o  ? h e  next. b u t  dr i r i ng  any 
one  1 1 - r a d i a t i o n  i n t e r v a l ,  t h e  t F m p e r d t U i r  w a s  a c t i v e l y  contral'ed w ! t t , i n  1 5  o f  t h e  ~ o l l i n a i  tempera,.ure. T a b l e  
I p r e s e n t s  t h e  d e t a i l e d  t e l i p e r a t v r e  history o f  t h e s e  t u b e s .  which reached d p a  l e ~ e i s  i s  i a r g e  a s  -178 d p a .  
The s t r a i n s  o f  t h e s e  t u b e s  were l a s t  r e p o r t e d  f o r  M O T G ~ l F  a t  -119  d c a . ~  

T a b l e  1 I r r a d i a t i o n  H i s t o r y  o f  Pressurized Tubes 

T e m p e r a t l r r r ,  ' I  

4 0 5  

I 1 ,  
10 335 

! ! ;  l E  j a 4  

I f  I 386 
'i ii 

I, !L I 390 ii l j  
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S t r e s s  Leve l  
BPa 

I' 

i f  w e  assume. however.  t h a t  s t r e s s  does Po: a f f e c t  s ' d e l l i n g .  we can c a l c ~ l d t e  t h e  creep c o e f f i c i e n t  a s r o c l a l e d  
w i t h  t h e  E. A OS creep model,  where 8. i s  t h e  creep compl iance and D I S  t h e  c r e e p - s w e l l i n g  coupli.ng c o e f f i c i e n t .  
-elating the c r e e p  r a t e  c/o t o  t h e  s i e l 1 I n g  r a t e  5. T a b l e  2 shows t h a t . f o r  each t ube .  B.-ZxlO~' MPa-' d p a ~ :  and 
3 - 0 . 6 ~ 1 0 ~ '  M P a ~ - .  agreement w i t h  t h e  r e s u l t s  of e a r l i e ?  s tud ies :  '~ The a t t a i n m e n t  o f  t h e  -0.33%/dpa 
d l a rne t rd l  d e f o r m a t i o n  r a t e  signals. however.  t h a t  s t r e s s  enhancement o f  s w e l l i n g  has I ndeed  occu r red ,  and t h e  
: w e 3  d l i a p p e a r a n c e  phenomenon i s  d o m i n a t i n g  t h e  exper iment . '  ' 

D 6. 
M P a ~ .  E l P a ~  'dpa 

T a b l e  2 .  Creep c o e f f i c i e n t s  d e r i v e d  ove r  t h e  i n t e r v a l  o f  
0 t o  178 d p a .  assuming t h a t  s t r e s s  does not a f f e c t  s w e l l i n g .  

I, ~ I I I 
30 

60 

I00 

140 

200 

be made. p r o v i d i n g  t h a t  t h e  d n a i ~ s i s  proceeds a t  a dpa l e v e l  where t h e  creep d i sappea rance  phenomenon ha; n o t  
y e t  hecome t o t a l l y  darn inaqt .  Assuming t h a t  
!he c r e e ~  s t r a i n  must he l i n e a r l y  p r o p o r t i o n a l  t o  s t r e s s .  an e s t i m a t e  o f  t h e  s t r e s s - a f f e c t e d  s w e l l i n o  can he 

T h i s  appears t o  he  t h e  case a t  the end o f  M O T A - I C  a t  -153 dpa. 

0 . 5 8 ~ 1 0 ~ '  1 . 7 ~ 1 0 ~ '  

0 . 5 3 ~ 1 0 ~ '  2 . O X I O ~ 6  

0 . 5 7 ~ 1 0 ~ '  2 . 2 x l 0 - b  

0 . 5 4 ~ 1 0 ~ '  2 . 3 ~ 1 0 ~ '  

0 . 5 7 ~ 1 0 ~ '  2 .3~10 . '  - 

~ ~~ ~~ 

c a l c u l a t e d ,  a s  shown in Flqure 3: ' Th i s  e s t l m a t e  impller t h a t  t h e  s w e l l i n q  at 200 MPa and 178 dDa m a v  he t w i c e  
a s  large a s  t h a t  a t  zero s t r e s s  

Such large s w e l l i n g  l e v e l s  w i l l  a l s o  c a u s e  a decrease in t h e  g a s  prei i i ire  and t h e r e b y  t h e  stress l e v e l  in t h e  
t ube  w a l l ,  b u t  t h e  c o r r e c t i o n  t o  t h e  m i d w a l l  c reep  s t r a i n s  are n o t  very l a r g e .  a s  shown ~n tlgure 4 .  The  c reep  
c o e f f i c i e n t s  d e r i v e d  from b o t h  t h e  s t r e s s - i n s e n s i t i v e  and s t r e s s - a f f e c t e d  i w e l l ~ n g  assumpt ions  are shown i n  
Figure 5 .  It i s  c l e a r  t h a t  t h e  I n f l u e n c e  of s t r e s s  on  s w e l l i n g  camouf lages t h e  onse t  o f  t h e  c reep  
d i sappea rance  phenomenon. These c a l c u l a t i o n s  a r e  based on  t h e  e n t i r e  d a t a  s e i .  however.  Thus, t h e  va lues  
shown i n  F i g u r e  5 a r e  average c o e f f l c l e n t r .  taken o v e r  t h e  e n t i r e  i l e r i o d  *here  t h e  i t w c p  d i sappea rance  
?henamenon evo lves  f r om  a m in ima l  t o  a nea r -dom inan t  i n f l u e n c e .  

:f we c a l c u l a t e  D.h,  t h e  c r e e p - s w e l l i n g  c o e f f i c i e n t  f o r  each o f  t h e  l a s t  t h r e e  i r r a u i d t i o n  seoments, u s i n g  t h e  
average  c r e e p  and S w e l l i n g  rater f o r  each  segment. t h e  decrease ~n t h c  0 c o e t f i c i e n t  hecomes nore pronounced 
a s  t h e  swelling rate increases and t h e  creep d i sappea rance  phenomenon a l s o  ~ncreases. The p r o g r e r r l v e  
: n f l u e n c e  o f  t h i s  process I S  c l e a r l y  shown in f i g u r e  6 .  

: I , , .  I T o t a l  
d P  

diametral s t r a i n s  o h i e r i e d  ~n P C A  tubes a t  -400 C and 0 t o  I 7 8  
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F l q .  6 a )  Comparison of creep~rwelling coupling coefficlent derived from the  full irradiation sequence 
"lth t h e  i nc remen ta l  coefficients derived for each  of t h e  last three irradiation segments i n  MOTAS I F .  IG, a n d  
ZB; b )  Each curve corresponds t o  a different fluence lncreaent. N o t e  that d a t a  a re  plotted a g a i n s t  the average 
stress-free  e el ling rate tor  t h e  individual irradiation segment, and the final itrcsr~frec iweliing rate for 
t n e  fuil i r r a d i a t i o n  sequence. 

- i i t i i r e  Work 

- i l l s  effort wrll c o n t i n u e .  with p r i m a r y  emphasis an d r t e r - i n i n q  the triie itrcii~affected swelling behavior. 
- b ~ s  w111 be done by r e c t ; a n i n g  the t u b e r  and mearurinq the acttidl dens:ty changes .  :be c r e e ~  d n d i y s l s  w 1 1 1  

! t ,en oe uodated. 

The actiial stresi~affected a r e r a g e  swelling r a t e s  w i l i  he significantly larger 

; f F E R E N C E S  

I .  E .  E .  G i l b e r t  and B. A ,  Chin. i n  Effect5 of R a d i s t ~ o n  on I ~ l d t C r l d l i .  r e n t h  ClnfPrence. ASTMA STP 7 2 5 .  
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: F d .  Gamer ard M .  a .  T o l o ~ z k o .  I C :  F u s i o n  R e a c t o r  p l a t e r i d ; ;  Semiannual ? r o ~ r a i i  i e p w t  [ r O E / E R ~ 0 3 : 3 ' 1 2  
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. .  i 1 Garner. 11. B .  Tolocrko and R .  J .  Pulgh. ) b i d .  ? p .  1 4 8 ~ 1 6 2 .  
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.. 3 .  L .  20rter. G. D .  Huaman. and F .  ?% Garner. J .  IIECI ! later .  I?%l8!  11951)  5 3 1 ~ 5 8 4 .  
? r .  H .  do0 and F ,  A .  Garner. ; I h c 1  M a t e r .  :51-194 1!312) 1 3 5 5 ~ 3 3 1 2  
7 :. 'I. 'woo. f .  4 .  Garner. and R .  a .  ~ o l t .  i n :  iff~cti o f  Radiation o n  M a t e r i a l s .  1 6 t h  International 
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n e n s l t y  Changes Observed ~n Pure Molybdenum and Mo~41Re A f t e r  irradiation t n  FFTF'MOTA - F .  A .  Garner and 
I. R .  Greenwood, ( P a c i f i c  No r t hwes t  L a b o r a t o r y ) a  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  d a t a  o n  t h e  per formance d u r i n g  i r r a d i a t i o n  o f  c a n d i d a t e  m a t e r i a l s  
f a r  f u s i o n  r e a c t o r  a p p l i c a t i o n .  

WMMARY 

?#,re molybdenum and M o ~ 4 I w t 4 .  Re,  i n  b o t h  t h e  20% co ld - wo rked  and aged and t h e  annea led and aged c o n d i t i o n s ,  
,are ~ r r a d ~ a t e d  i n  FFTF/MOTA t o  expnsurei a s  h i g h  a s  i l l  dpa.  Pure molybdenum appears t o  approach a s a t u r a t i o n  
s w e l l i n g  l e v e l  t h a t  i s  independent  o f  t h e  s t a v t i n g  s t a t e .  Co ld - wo rked  and aged molybdenum i n i t i a l l y  swel l s  
a t  a higher  v a t e  t h a n  t h a t  o f  s o l u t i o n ~ a n n e a l e d  and aged molybdenum and ove rshoo t s  t h e  s a t u r a t i o n  l e v e l  a t  
lower i r r a d i a t i o n  t empe ra tu res .  T h i s  requires t h a t  p a r t  o f  t h e  accumula ted s w e l l i n g  be removed t o  approach 
s a t u r a t ~ o n ,  p r o b a b l y  by  v o i d  s h r i n k a g e .  The a l l o y  Mo-41Re e x h i b i t s  a mare complex b e h a v i o r  w l t h  t h e  annea led 
and aged c o n d i t i o n  i n i t i a l l y  s w e l l i n g  f a s t e r ,  b u t  e v e n t u a l l y  t h e  d e n s i t y  change o f  b o t h  c o n d i t i o n s  beg ins  t o  
t u r n  downward and t ends  toward  d e n r i f i c a t . i o n .  The r o l e  o f  s o l i d  t r a n s m u t a t i o n  t o  Tc.  R e .  and O r  i s  t h o u g h t  
t o  be  very i m p o r t a n t  i n  t h e  i r r a d i a t i o n  b e h a v i o r  o f  t hese  t w o  n e t a l i .  C a l c u l a t i o n s  G f  t . r an imu tan t  g e n e r a t i o n  
are pravxded f o r  FFTF.  H F l R  and STARFIRI spec tra .  

PROGRFSS AND STATUS 

! n t r o d u c t i o n  

Molybdenum a?d molybdenum~rhen i i im a l l o y s  d i e  being c o n s i d e r e d  a i  p o s s i b l e  cand ida tes  f o r  f u s i o n  r e a c t o r  
a p p l i c a t i o n :  - Pure molybdenum and M w 4 I w t %  Re were 11- rad la ted i n  MOTA-16, IC. 13, and 1E a t  f i v e  t a r g e t  
t empe ra tu res  between 420  and 72Z'C. w i t h  peak exposures  on t h e  o r d e r  o f  60 dpa ( S t e e l )  a t  most  t empe ra tu res  
and -100 dpa a t  4 2 0 ~ C . '  The spec i l lens  were In t h e  f o rm  o f  3 rnm d i a m e t e r  m i c roscopy  d l s k s .  B o t h  m a t e r i a l s  were 
~ r r a d i a t e d  i n  two s t a r t i n g  c o n d i t i o n s :  s o l u t i o n  annea led f o r  1 h r  a t  760°C f o l l o w e d  by ag ing  a t  320.C f o r  2 
hrs,  and 20% c o l d  worked f o l l o w e d  by t h e  same ag ing  t r e a t m e n t .  I r r a d i a t i o n  proceeded i n  weeper packe t s  so t h a t  
t h e  specimens were ~n c o n t a c t  w i t h  t h e  sodium c o o l a n t  o f  t h e  r e ac to r .  

A l though  t h e  i r r a d i a t i o n  i n  MOTA proceeded l a r g e l y  under  a c t i v e  t empe ra tu r?  c o n t r o l  i i 5 . C )  i n  M O T A ' S  16. IC, 
and I E .  t h e r e  w a s  a s h o r t  (-50 m inu tes )  t empe ra tu re  excur5ion i n  M O T A - I D  d u r i n g  F i T F  c y c l e  7. r e f e r r e d  t o  3 s  
an o v e r t e m p e r a t u r e  e v e n t .  T h i s  even t  c o m r o m i s e d  t h e  i n t e g r i t y  o i  m n y  o f  t h e  presizrized t u b e  expe r imen ts  
:n MOTA ID. The re fo re ,  a dec7s ion  W ~ S  made t o  run the  MOTA i n  t h e  he l i um-pu rqed  i o d c  f o r  t ' le  r ema inde r  o f  FFTF 
c y c l e s  7 and 8 w h i l e  a ser ies  o f  r e a c t i v i t y  feedback t e s t s  were conduc ted .  ?he m a j o r i t y  o f  t h e  MOTA c a n i s t e r s  
t h e r e a f t e r  ope ra ted  a t  v a n a b l e  b u t  l o w e r - t h a w t a r g e t  t emDera tU ie i  u n t i l  t h e  pnd o f  F F T F  c y c i c  8. I s o t h e r m a l  
~ r r i d i n t i o n  w a s  r e e s t a b l i s h e d  in MOTA I E .  b u t  a n l v  t h e  420 'C  i ~ e c i m e n i  were i n c l i i d e d  i n  t h a t  i r r a d i a t i o n  ~. ~~ ~~ 

segment. A summary o f  t h e  t a r g e t  c o n d i t i o n s  fnt' t h e r e  specimens i s  shown i n  l a b l e  I 

w 
D e n s i t y  measurements were performed u s i n g  a n  l r n m e r ~ l o n  t e c h n i q u e  whore a c c u r a c y  h a s  b e e n  e i t a b l i r h e d  t o  be 
rO.1577 s w e l l i n g .  The d i sp l acemen t  l e v e l s  o i io ted  are t h o s e  f o r  s t a i n l e s s  s t e e l .  D e t a i l e d  c a l c u l a t i o n s  f o r  
moiybdenum have n o t  y e t  been run ,  b u t  shou ld  be on t h e  order o f  -80% o f  t h o s e  o i  s t e e l .  t10 gu idance  1 s  
a v a i l a b l e  t o  c a l c u l a t e  dpa l e v e l s  f o r  IMo~dlRe. 

The d e n s i t y  change d a t a  are presented i n  Iab le  2 and  represent t h e  a v e r a g e  v d l l l e s  f o r  t 'eo l d c n t l c a l  spec7menr. 
F ~ g u r e  1 shows t h a t  t h e  co ld - wo rked  and aged C o n d i t i o n  o f  piire miybdenum s w e l l e d  - 1 7 ~  or m o r e  a t  42O.C d u r i n g  
t h o  f i r s t .  i r r i d i d t i o n  SPoment and t h e n  c e c l i n e d  t h e r e a f t e r .  The d n ~ e a l e d  and d o e d  c o n d i t i o n  aooeared t o  

~i ~~ ~~ ~ ~ .. . 
d e n s i f y ,  a l t h o u g h  t h e  reasons for such d e n s i f i c a t i o n  are ha rd  t o  i d e n t i f y .  I n  t h e  a n n e a i e d  a n d  &d s t a t e  a t  
42O.C. Mo-41Re appears t o  i w e l l  I n i t i a l l y  and  t h e n  d e c l i n e  i n  s w e l l i n g .  The c o l d ~ w o r k e d  and aqed c o n d i t i o n  
appears  t o  be s w e l l i n g  between 53 and 100 dpd.  

Flgure 2 shows t h a t  t h e  co ld - wo rked  and aged c o n d i t i o n  o f  pure  molybdenum a lways iwelis a t  a f a s t e r  r a t e  
l n l t i a l l y  t h a n  t h e  annea led and aged c o n d i t i o n .  b u t  t h e  s w e l l i n g  o f  t h e  two c o n d i t i o n s  appears  t o  be c o n v e r g i n g  
hy t h e  end o f  MOTA-ID. T h i s  convergence requires t h a t  t h e  c o l d ~ w o r k e d  and aged specimen must  d e c l i n e  i n  
s w e l l i n g  a t  t h e  4 7 1  and 596.C t a r g e t  t e m p e r a t u r e s .  Note  a l s o  i n  F i g u r e  2 t h a t  t h r e e  o f  t h e  f o u r  specimen 
groups are conve rg i ng  t o  t h e  same l e v e l  ( - 2 % ) .  

F i g u r e  3 s h o w s  t h a t  a t  t h r e e  o f  f o u r  i r r a d i a t i o n  t empe ra tu res .  t h e  annea led and aged c o n d i t i o n  o f  M o - 4 l R e  
s w e l l e d  more t h a n  t h e  co ld - wo rked  and aged c o n d i t i o n .  i n  agreement w i t h  t h e  b e h a v i o r  observed a t  4 2 0 ~ C  i n  

' P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ope ra ted  f a r  t h e  U . S .  Depar tment  o f  Energy by 6 a t t e l l e  Memor ia l  I n s t i t u t e  
dnder C o n t r a c t  D E ~ A C 0 6 ~ 7 6 R L O  1830. 
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Anneaied and Aqed 

I 1emperature.c h i e  d w  - a d o  
420 47.2 ~ 0 . 4 5  
420 105.1 0.36 

~.. - -. 

' i gu re  I .  
!3 be fallowed by a decline ~n swelling. I n  SeYerdi  c a s e s  reaching a net d e n s l f i c a t l o n .  

The most s u r p r i s i n g  a s p e c t  o f  t h e  d a t a  i n  F i g u r e  3, however, i s  t h a t  t h e  l n ~ t l a l  swelling a D p e d l  

-~ 
C o l d - W o i k e d  and Aged 1 

420 50.3 0.28 , 1 c m p W a t " r e - C  Dose dpa ! ~ a d p  
420 15.0 0.96 ~ 

420. 110.8 
1.19 411 

411 
-. 411 

1.18 563 
3 I0 , 569 

5 6 9  

6 4 5  .~ 
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6 4 5  

730 ~ 130 
730 _ _ _ _ . ~ ~ ~ ~ ~  

1 . 1 0  1 1 . 4  
3.41 
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11.5 1.93 
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1.57 1 1 . 5  ~ 
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1 d t t ' ; e  ^drdmetcr angi.5 arionpany,ng 
p r r c i c i t a ! i n n .  C h ~ c  i z  S r E C l p l t a i e *  dlP 
known :o deve lop  i n  m i ~ i r r a d i a t e d  Mo P.c 

ys .  even t h o u g h  ?he  e a u i i i b r i i i m  p h a s e  
d i a g r a ~  w o u l d  n o t  p r c d r i t  t he  farmstion o f  t h i s  
; > h a i e . ~ -  .' m i  o e n s i i ~ r a h o n  o f  a r n e a l e d  and 
aged  cure molybdenum at. 420  i s  i ! ro  d i i i l c u l t  
t o  e x o l a i n .  S i n c e  t f c n n i c ~ u o  f o r m a t i o n  by 
t r a n s m u l a Z i o n  w a s  I n v o k e d  p r e Y 1 o u s l y  t o  e x p l a i n  
v o i d  chriikaqe ~n molybdenum, calculations 
wire p e r i o r m e d  t o  assess  t h e  l eve l  o f  solid 
t ransmutants  p r o d u c e d  i n  t h e s e  two a l l o y s .  
S I K E  t h e  a i l o y s  a ~ c  a l s o  b e i n g  i r r a d i a t e d  in 
t h e r m a l  reac tors  i n  oiher  laboratories. 
~ a l ~ ~ l a t i o n s  were pcriormed b o t h  f o r  FFTF and 
H F l R  t o  a s s e s s  :he r a n g e  o f  pOssl9le  
t r ansmuta t ion  in t h o s e  m a t C * , a l s .  The STARFIRL 
,pectr i im w a s  ( i r e d  t o  d s s e i s  t h e  transmutation 
p r o d u c e d  i n  d t y p i c a l  ' u s i on  rpectrum. 

C a i i ~ l l n t l o n  " f  1 r a n r m u t a : l o n  S r o d l l C t i  

The c a l c u 1 a t . i o n i  r ~ q u i r e : 1  severdl s t e p s  
I n c l u d i n g  t.he d p t e r m i n a t i o n  o t  t he  p r i n c i p a l  
nucifar r e a c t i o n s  and  i u b ~ e q u e n t  decays .  
e x t r a c t i o n  o i  n u i l e a r  c r o s ?  sections iron 
i N I 1 k t a - V  o r  V ! ,  a d d i t . i o n  o f  there new c ross  
s e c t i o n s  t o  e x i s t i n q  PNL jibrnrier. s p e c t r a l  

~ 

a v e r a g i r g  o f  e a c h  c r o s s  L e c t i o n  u s i n g  t h e  
STRY'SL c .onpu te r  c o d r .  a n d  numerical 
p a l r i r l a t i n n c  i r r  t ; f f ? r e n t  irradiation t i m e s .  
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471 "C 569 "C 

Cold-Worksd 
md Aged 

Anma1.d 
and A@ 

645 "C 730 "C 

The p r i n c ~ p a l  t r a n s m u t a t i o n  
r e a c t i o n s  for no a r e  t h e  1n .Y)  
C a p t u r e  v 'eac t ions  on Mo-98 t o  Mo- 
19 ( 2 . 7  d )  t o  9 9 ~ T c  ( 2 0 0 , 0 0 0  y )  
a n d  on n o - 1 0 0  t o  No-I01 ( 1 5  m )  t o  
7 w i O i .  CdDture reactions an t h e  
o t h e r  ISOtoCes l e a d  t o  Qther 
s t a b l e  Po ' s o t o w i .  'deaker 
" ~ a c t i o n s  considered i n r i u d e  i n , p i  
.?d ' * . .o j .  Pany n i  ?he  i 1 . 0 )  
. ' Fac t ion :  :wduce i n o r t ~ l ~ ; e i  
i m d u c t s  'which d e c a y  b a c k  13 o t n t r  
!?O I:OtoDes. i c Y e Y e r .  : .e n U C l e a r  
r e a c t i o n s  ' 4 9 ~ 9 4  ( n , p )  : i h -54  
120.000 y j  ana Mo~R2 ( n , p j  h h ~ 9 2  
( I O  d )  'wh ich  decays  !o Z r ~ 9 2  m u s t  
be Considered. The 111.uI 
r e a c t i o n s  t o  l r  were Included f c r  
a l l  o f  t h e  Mo i s o t o p e s  e x c e p t  t h a t  
300-92 produces  Lr~eY 1 3 . 3  d )  which 
f i e c a y s  t o  1 -8 9 .  and M o ~ 9 8  and Mo- 
:00 have  p r o d u c t s  whicn decay  b a c k  
:o o t h e r  Mo iiotooes. glence. n ~ n e  
r l d C t l " n S  were gsed I "  t h e  
t r a n s m u t a t l o "  cdlC"latl0"S. some 
o f  t t , e i e  t r a n s m u t a t i o n  p roduc ts  
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**  Exoa iu r c s  f o r  F i l F  dr? to!al f l i i e n c e i .  b u t  f l uecce  for  l !F:2 i s  bascd  3n  i>O.l ' l i V  

j l n ? ! l a l  r a ! e  f o r  transmuting Ve t o  os  i n  iir19 1 s  2.1: pe r  day. 
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i r r a o l a t i o n  Creep  o f  R u s s i a n  F e d e r a t i o n  P r e s s u r i z e d  l ubes  i n  M O T & - 2 8  ~ i. A .  E a r n e v .  ' ! J ~ c I ? I c  U o r t h w e s t  
I L a b o r a t o r y ) ' ,  C .  R .  Fiholrer. ( W e s t i n g h o u s e  H a n f o r d  Company),  E .  V .  Deniina and I. I .  i v a n o v .  (Ba i kou  
institute) 

O S J F C T I V E  

-he o o ~ e c t ~ v e  o i  t h i s  e f f o r t  I S  t o  p r o v i d e  irradiation - f e w  d a : d  on a r e d u c e d  d c t i v c i ~ o n  i u s t e n l t l c  a l l o y  
u ~ p l i e d  by t h e  Baikav ! n s t i t u t e .  

SUMMARY 

i r r a d i a t i o n  h a s  been c o m p l e t e d  ~n M O T A ~ Z B  f o r  c r e e p  t u b e s  c o n s t r u c t e d  C l ~ m  d tcanoida:.? reduced a i t l v a t l o n  
d i i i t e n i t i c  a l l o y  S u p p l i e d  b y  t h e  B a i k o v  I n s t i t u t e  i n  M O S C O W .  i h e  t o t a l  s t r ' d i n i  a,-e r:~-ongly dependent on 
i r r a d i a t . i o n  t p n p e r a t u r e  i n  t he  r a n g e  4 2 5 ~ 6 0 0 ' C .  b u t  d l C  n o t  c o m p l e t e l y  linear W ! t h  i t l - e s i  l e v e l  

PROGRESS AND SlATUS 

_ _  Introd ! rc t ;on  

! n  d D ~ ~ Y T O U S  r e p a r t .  the f i r s t  d e t a i l s  o f  a j o i n t  U S I R F  (Russ i an  federation) irradiation s t u d y  were 
areiented. T + i i  e f f o r t  i n v o l v e d  t h e  i r r a d i a t i o n  a ?  t w o  g r o u p s  u i  ?educed  a c t i r a t l a n  a u s t e n i t i c  a l l o y s  ~n 
[ F i i  i i s i n g  t h e  M O T A - Z B  i r r a d i a t i o n  vehicle. One o f  t h e r e  m a t e r i a l  g r o u p s  w a s  s u p p l i e d  by t h e  B a r k o v  
i n s t i t u t e  d s  t u b i n g  ? n  the  annealed C o n d l t i b n  f a r  fabrication i n t o  p res su r i zed  c r c e p  :ribes. i d b l e  i 
provider t h e  c o m p o s i t i o n  o f  t h e s e  : u b e i .  Tile t l i b i n g  d i rn rn8:on i  d r e  U . 5 7  mm (0 .180  . r )  OD a n d  0.2 mm l O . 0 0 8  
i n )  wall t . h i c k n c i i .  t n d  caps Po? t h e s e  t i i b e s  were a i  s t a n d a r d  I.HC d e s i g n  and were tihricated f r o m  t h e  U . S .  
119 v a r i a n t  o f  AIS1 316 itainlesi s t e e l .  !he composition o f  w h i c h  1 s  p r o v i d e d  in Table 2 .  

Table I .  
C h e m i c a l  Composition O f  A u s t e n i t i c  Steel lOKhlZGZOV. H e a t  394.  T u b i n g  

r l  l a s e r  engraver w a s  v i e d  to put I U  runiberi a n  :et 0' n i l i i i  I V f  ?',.10 

C h a r a c t e r i s t i c  l e t t e r s  f o l l o w e d  t i  d t w o  number seoucn S i a T t l " c  W I t ' 1  03 .  7 - 3  lil 

t h e  R u s s i a n  F e d e r a t i o n  p r e s s u r , z c f i  t'.Jb?s d i e  F G .  I c e n t i f i r a r i a n  1 c 3 e ;  iuielj w t ~ e  r 

The  end c a p s  were e l e c t r c n  Seam welded  t o  t h e  gage i P S .  S n t o r c  , w l d i r q  :?e 1. 
q u a l i f i c a t i o n  w e l d s  were  made t o  d e t e r m i n e  i f  t h e  w e l d i n g  parameters 'were c o r r e c t  
qualification procedur-e consisted o f  raking s i x  welds w h i c h  n a d  t n e  <ti.'>? j o i n t  a n d  - d  i t h a t  w o u l d  be 
w e l d e d  on t h e  t e s t  i p e c i m n z .  The o u a l i f i c a t i o n  welds w e r ~  l e a k  :heck%" and  f b e n  
examined f o r  p e n e t r a t i o n .  The rcouircd p e n e t r a t i o n  i s  85% o f  t h e  w a l l  t + , c k n e s i .  :,:l p r o d u c t i o n  w e l d s  
were m a d e  t o  t h i s  p r o c e d u r e .  

'Pacific N o r t h w e s t  Laboratory I S  o p e r a t e d  f o r  t h c  U . S .  D e p a r t m e n t  o f  Energy by B d t t f l l e  Memorial 
i n i t , t u t e  under  c o n t r a c t  C L ~ A C O ~ ~ ~ ~ R L O  1830. 



212 



213 

T a b l e  4 .  
summary o f  rdbricatlon D a t a  

lloop 

JHPa) 

Nn 

I1 A 

S l r e s r  

0 
0 
30 
30 
60 
60 

100 
I 0 0  
140 
I40  

0 
0 

30 
30 
60 

100 
100 
140 
I40  

0 
0 

160 

NA 

I tA 

30 
30 
60 
60 

IO0 
IO0 
140 
140 

tin 
icn 

- 
e r l  
emp 
'c) 
ijn 

tin 

420 
420 
420 
4 2 0  
420 
420 
420 
420  
420 
4 2 0  
320 
520 
320 
520 
5 2 0  
520 
520 
520 
5 2 0  
520 
600 
600 
II A 

I lA 

600  
600 
600 
600 
600 
600 
600 
600 
IIA 
fin 

~ __ 

r i l l  
r e r r u r e  
@ s i n )  

N A  

tlA 

9 . 7 '  
9 .7 '  

181 
182 
369 
3 6 9  
620 
620 
873 
813 

0 .6 '  
0 . 6 *  

I 50  
I58 
323 
3 2 3  
544 
514 
766 
161 

7.0' 
7 .8 '  

I1 A 

I lA 

1 4 3  
1 4 3  
294 
294 
496 
497 
699 
699 
Nn 
NA 

Average 
P r e - f  i I  I 
01 ame t e r  

( i n . )  

N n  

PIA 

,18004 
.I8019 
. I8060 
,18014 
. I 7 9 9 1  
. IO017 
,11961 
. I 8 0 2 2  
. IO034  
. I8038 
,18022 
, 18007 
. IO030  
. IO003  
. l o o 2 0  
. I 7 9 9 0  
. I 8011  
. I 1 9 8 7  
. IO011 
. I8004 
. I 7 9 9 6  
,18034 
IIA 

l I A  

. I 1 9 9 1  

. I 1  986 

. la002 

. I R O Z O  
,18023  

18030 
. I7969  
. I8040 
,18005 
. IO023 

Average 
'"st- f i 11 
l i  ame Let' 
(In.) 

N n  

tlA 

,10003 
,18027 
. I806 I 
. l 0 0 2 l  
. I7994  
. IO025  
, 11965  
. 18034 
. I8038 
,18050  
,18023 
. I O 0 1 4  
. I003 1 
. I8010 
,10019 
. l00Ol 
. i8015 
. I 7 9 9 8  
. I8020 
. I8012 
,11997 
. I8043 
IlA 

IlA 

. I1996 
,11996 
, 18004 
. 18033 
,18025  
,18045 
. I7974 
. 18059 
IlA 
NA 

,pecimen 
- U s a g e  

:heck E D  
i e ld  l o 1  
:heck 10 
ield l o t  
l e a c t o r  
'hermal 
l e a c t n r  
I lherma I 
lt2.3ClOr 
ll iermal 
t e a r t o r  
lhermal 
l e a r t o r  
lllerrnal 
l e a c t o r  
I he r rna l  
leactur 
1 lherioa I 
l e n c t o r  
l he r rna l  
Renclor 
ihermnl 
R e a r l o r  
ilierma I 
Reactor  
lherniai 
Cl iPrk  I B  
wid l o t  
Check I O  
weld l " t  
Reactor 
lhermal 
Reactor 
ll ,er,nal 
React nr 
1 herma I 
Reactor  
lhermal 
A r c h i v e  
Ai-cl i  i v e  -~ 

+ T h e r e  a r e  p r i a  v a l u e r  I n w  o r  n e g a t i v e  iiressiires c a n  oii ly be a( . i ie ived r i s i n g  
p i i a  g a g e .  

T a b l e  5 
Location o f  Pressurized Tubes i n  M O T A - Z R  

II Pressurized Tube ! l O T k ~ ?  B 
T ? s t  l m o e r a t u r e  ( C) C a n i s t e r  110. D i i k e t .  
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Tab!c 7 .  
MOTA~28 I n ~ R e a c t c r  Creep D a t a  

100 6o I 

60  1 
Z F - 3  j i a 

4 . 5 8 7 4 9  
4 .57348 
4 . 5 5 3 1  I 
4.58165 
4 .57784 
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! F i Garner .  , I .  ! .  l i a m i i t o n .  i. P. ' i h o l i c r .  a h a r a .  0 .  

s c h i l l e r .  and L .  I. I ' I ~ ~ o o v .  :Q F 
P O .  1 C 9 ~ 1 1 ? .  





217 

O r i g i n a l  423.C 
D e n s i t y  ( g  cf ' )  35.1  dpa** 

I SPRA- A 7 .94758 0 .96  

7.94955 0.30 ISPRA-a 

ISPRA-C 7 .98265 1 . 4 9  

7.97152 0.28 ISPRA-D 

7.85483 0.52 ISPRA -E 

520.C 500'C 
3 6 . 3  dpa'* I 32.3 dpa** 

~ 0 . 1 5  1.23/0.28 ~ 

0 . 9 9  ! 0.07 

3.97 1 .96  

0 .58 - 0 . 7 2  

4 .08 0.58 

r U T U R E  WORK 

The specimens f r o m  MOTA-2A have been sn ipped t o  t lokka ido U n i v e r s l t y  f o r  mic roscopy  p x a n i n a t i o n .  
d i s c h a r g e  o f  t h i s  expe r imen t  from MOTA-28 has been comple ted and d e n s i t y  measurements w i l l  be measured. 

A second 

7.85452 AMCR 
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TIIERMAL STABILITY OF MANGIWESE.-S'IABII.I%ED STAINLESS S'1TEI.S -- R. I.. Klueh 
and E. A. Kenik 

OBJ!XI1VE 

Induced ndioactivily in the first-wall and blanket-suucture maiclials (if fusion reactors will make these 
componenls highly radioaclive 'arlCr heir service lifelime, leading ti) diflicult radioactive wdste- 
management problems. One way to minimize the disposal problem i s  to use structural materials in 
which radioactive isotopes induced by ir"Jiatinn decay quickly ti1 levels Uiat :illow simplified disposal 
techniques. We have assessed the fea5ihility of dcveliiping such ;iuslenitic stainless steels. 
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Based on Uie origiilal work [X I ,  a nominal Fe-20Mi1-12Cr-0.25C stcel wits chosen as a base 
composition. This compositioii was Uien alloyed for strength alid irradiation resiskmce hy adding 
various comhinations of Ti, W, V, P. and B. Seven Fe-Cr-Mn-C srccls with vru-ious comhinations of 
Ti, W, V, B, and P were examined and shown 10 have su'ength and ductility as gcmd or hettcr U1;ui type 
316 stainless steel [!)I. 

After Ihc progrwn bcgan, the Iiig11-mw1ganese steels were concluded to pose potential safety problems in 
a fusion reactor first wall, ;uid thcy no longer liave a high priori~y in Uie U. S. fusiori program. 
Although the development program 11;s hccii disconlinued, hlowledge ohtained ill the program could he 
of interest for the fu \ ion  prognun in the future and for o~her applii'a~ions. For the record, therefore, we 
intend to publish Uie inln~ination obtained. Io  this paper, nlicrosu-uctural observations and tensile 
propeny dctenninations were made 011 the scvcn solute-midilied alloys affcr thcnn:dly aging for So00 h 
at 600°C. 

ExperimcnuJ Prcccdure 

Seven experuneotal alloys, including the bise composition. were ohtained in the fonn of 600-& vacuum 
arc-melted hullon heats. Tahle 1 lists alloy compositioos :ind desigimtiiins. By making elemental 
addilioiis 11) Uie hasc cninp(isi~ii~i~ (design:ltcd MnCrC), ;illoys werc ohtaincd with tilmiuin (MnCiCTi), 
run&slcn (MitCrCWj, it comhin;~tion of tit;~niuni :111d tuligctcn (MnCr(TiW), and cnrnhinations of these 
elemcnts with V,  B ,  and I' (MiiCiCliBl', MnCC'I'iVBl', ;1nd MiiCiCI'iWVBI'). Nomiilal levcls of Ti, 
W, V,  B, ;itid I 'n i0 . l ,  I, 0.1. 0 .005 ,  and 0.03 weight pcrcc~it, ri'speclivcly. were souglrl. Actual 
compositimrs are giicir i l l  l';ihlc 1 

Allays were cdst illto ingots with 21 rcct;uigul;ir cros\ \cctioii 01 12.1  IIIIII hy  25.4 111111 ;uid 152 inin i n  
Icnglh. The ingots wcrc hot rtilled ;it 1050°C to :I tliicknchs (11 ;tppn~xim~itcly 6.4 inin. After 
homogenizing for 5 h at 12OO"C, the stccl w:ih cold rolled i l l  fivc &t;iges to 0.76-1riin-d1ick sheet. 
Between each stage, Uie steel \pa.. ;iniie;ded 1 11 at 1150°C. 'The sheet WLL\ iinishcd in thc 20% cold- 
worked crindition 

Tensile specimens wilh gagc lengllis par;dlel to Ihe rolliirg dii-ectioi~ ;uld a rcduced gage scctioii 20.3-mm 
long hy 1.52-inm wide hy 0.76-inm thick were U~ermilly aged. 'l'huy were a&cd for 500, 1000, 2500, 
aid 5000 11 :it 600°C in the 20%' cold-worked condition and a k r  a snlutiuii iuineal of 1 h at 1050°C. 
Tests were at 600°C i n  vacuum on a 120-!+-aipncity Iiiso-on universd testing machine at ii crosshead 
speed nf 8.5 mm/s (a nomirt:il strain m e  d 4 . 2  x 

Microsu-ucturcs were exa~nined hy optical a i i i l  tr;lnsinission electron microscopy. An;ilytical eleclron 
microscopy w:~s perliinncd on lnils and on ciulxiii exuiiciion replic;is iii  Philips I'M 4001'iEG m d  
CM30 micnlscopes eqoippcd with I3)AX 91O(I)/70 (11- '1000 crtcrgy dispcrsi\'e a-my ;ei;ilyzers, 
respectively. Some ii~fonnation o n  die composition of precipiLitcs ohwved  alter aging 5000 h at 
600°C was previously puhlislicd [ IO]  

RESULTS AND DISCUSSION 

Microstlucturcs 

The microsu'ucturcs nf llie un;iged steels werc prcviously presented I1J]. Addition oi thc alloying elemcnLF 
10 I l ie MnCiC base cornfii.\itiori affected the gmin size and llic i i i i ioun~ of precipitate prexnt. All of the 
steels with titaiiiurn had an estimatcd AS'I'M gr:Un size nuirihcr X. comp;ucd 10 3 tnr MiICrC and 4 for 
MnCrCW. I h c  annealed 3 16 SS had ASTM grain size 4 I'J]. 

After the 1050°C anncal, 110 precipitate W:L\ detected in Mn(:rC and MiiCiCW--the .steels williout 
ti!a~iium [',I. Steels with titanium contaiiied MC precipitmcs alter annealing at 1050°C [',I. The 
MnCrCTiVBP and MnCK'TiWVBP also cont:tined M ?C . Most of the MC occurred in the matrix, 
although somc grain houndary MC way detccted in Uicbn&Cl'iBP, MnCiCTiVBP, and 
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MnCrCTiWVDI'. Grain houndary precipiwles in the latter two steels were mainly M C 
worked ste~' Is dso contained nrcciniLilcs th;il remained froin intermcdiatc anneals at I l%e'durine 

The cold- 

deformation [9], 

Thermal aging resulted in more precipitate formation. Optical microscopy (Fig 1) indicated that 
precipitation in the solution-annealed steels occurred primarily on grain boundaries Fig. l(a)l. For the 
cold-worked steels, considerable precipitation appeared to occur in the matrix on slip hands, although 
grain boundary precipitation was also observed [Fig. I(b)l. 

Specimens aged 5000 h were examined by elecuon microscopy. Solution-annealed steels were 
characterized by extensive grain boundary precipitation, as seen in Fig. 2 for the replica from MnC1CW. 
Little matrix precipitation occurred in steels without titanium. Although the grain boundary precipitate 
for this steel was M 3C6, steels with titanium also contained coarse Tic, which may not have 
completely dissolvejdunng the anneal at 1050°C. Figure 3 shows grain boundary and matrix 
precipitation in MnCrCTi; mauix precipitation was primarily MC. When vanadium was added 
(MnCrCTiVBP), there was a slight increase in MC precipitate (Fig. 4), compared to alloys without 
vanadium. The most intergranular precipitation was ohserved for MnCaiWVBP. which. as discussed 
below, was the strongest steel and showed the greatest resistance to thermal aging 

Matrix precipitation was often observed to lie in parallel straight lines (Fig. 4). This was also observed 
after the 1050°C anneal before aging and was auributed to grain boundary migration during annealing 
[I)]. Examination of micrographs of the aged steel indicates that lines of precipitate within a given grain 
often cross and are at angles to the grain boundaries, suggesting that precipitation may be occurring on 
preferential crystallogmphic planes. 

Some M $6 was found in the matrix after aging, and it often appeared to contain large amounts of 
titanium?.up to 10%) [lo]. However, on closer examination it was found that this M c 6  had formed 
on Ti-rich MC particles, resulting in a Ti-rich core with an outer shell that containe8ttle titanium 
Fig. 5(a)]. It was concluded that pre-existing Tic  particles (those not completely dissolved during the 
solution anneal) served as heterogeneous nucleation sites for the M23C [lo]. Another example of this 
phenomenon is seen in Fig. 5(b). Here, a coating of M Cg has form2 on the Tic  and then smaller 

rep IC& it IS not clear whether the precipitates are attached to the M2 C that coats the Tic. 
Examination of foil specimens of the annealed material indicated that%$ particles often are surrounded 
hy dislocations, and the M23C6 particles could have nucleated on them, in addition to coating the Tic  
panicles. 

Cold-worked specimens showed extensive precipitation in hoth the grain boundaries and matrix, as 
shown for the MnCfliVBP in Fig. 6. Much of the matrix precipitate appeared to be aligned along 
crystallographic planes, as seen in the optical microstructures (Fig 1). Just as for the annealed steels, 
precipitates consisted of M2$6 and MC, the latter appearing in the steels that contained titanium. No 
Laves phase was found in either the annealed or cold-worked steels after thermal aging. 

Tensile behavior 

Figures 6 through 9 show the tensile behavior of the unaged and aged solution-annealed Figs. 6 and 7) 
and cold-worked (Figs. 8 and 9) steels. Yield stress and total elongation data are shown for the seven 
different steels as a function of aging time, along with data for type 316 stainless steel (316 SS). which 
was tested in the same condition as the high-manganese steels. 

The yield s m s  of all the solution-annealed steels was higher after aging 5000 h than in the unaged 
condition Fig. 6(a)]. All of the steels were stronger than type 316 SS. The manganese steels fell into 
two categories: those with and those without titanium. Those with titanium were considerably stronger 
than those without, which included the base composition and the composition with just tungsten added. 
These latter two steels were only slightly stronger than 316 SS. The five steels with titanium were 
considerably stronger. 

Although tungsten hy itself had little effect on the yield stress of the solution-annealed base 
composition, tungsten in combination with the other alloying elements was effective in strengthening 
the steels. The MnCKTiWVBP steel, which contains tungsten in combination with all the other 

M2?C(j p'ticles nucleated on, or near to, or grew out o 23 this precipitate. From an examination of the 
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Fig. 1 .  Optical microsuucture of the MnCCTi alloy in the (a) annealed and (h) cold-worked conditions 
after thermally aging 5000 h at 600°C. 
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Fig. 2. Exrraction reulica of the annealed MnCrCW alloy after thermally aging 5000 h at 600'C. 

Fig. 3. Extraction replica of the annealed MnCrCTi alloy after thermally aging 5000 h at 600°C. 
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Fig. 6. Extraction replica of the cold-worked MnCrCTiVBP alloy after thermally aging 5000 h at 600°C 
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s~lected elements, is the strnngest alloy in Uie unaged condition and after aging 5000 h at 600°C. After 
Uic 5000 11 age, this steel is subsuintially str(iirger Uian Uie other four tit,uiiutn-contailit]g steels, which 
have sinrilw suengUis. 

Ultimate tensilc strength bch;ivior of the solution aniiealed steels was relatively similar to Uiat for t l ie 
yield stress [Fig. 6(h)I ,  ;ilthougli it did not show Uic kind of  suength increase observed for yield stress. 
In  most  cases, tlrcrc w x  little change io suciigth hetwecn the ;u~li~:~Jed steel and thc one aged SO00 11. 
'The differences hetwcen Uie m;iiig:inesc steels and Uic 316 SS were a l s o  not as large as Uicy were for Uie 
yicld stress. 

The ductility of the solution-miilealed steels, :LS nie;iwred by uniform [Fig. 7(a)l and totll [Fig. 7(b)l 
elongation, indicated Ur;it tlic sti-oongesr m;ing;inese steels liad Uie lowest ductility in b o U i  the unagcd aid 
aged conditions. Kclativc rrciids in uniform and total elongation were similar. 'Ihe MiiCrC'TiWVBP, 
which was Uic strongest liigli-mangancsc steel, kid the lowest ductility, while Uie MnCrC and 
MnCrCW, the weakest of these steels, h;id the liighcst ductility. The ductilities of the other five high- 
manganese SIKKIS fell hetwcen Uiose extremes, siiniku t u  Uic observalions nn the yield stress. I~lowcvcr, 
the ductilities of all the m;uig;uicsr-st:ihilized steels exceeded Ui:it fnr 316 S S ,  even though the 316 SS 
was uic weakest steel. 

'lhcnnnl aging nf  Uic cold-wnrked steels to 5000 11 c:iu\ed ii dccrc:~sc i n  Ure yield SUKSS [Fig. X(;i)1 and 
ultiinntc tciisilc stre\\ Il:ig, H h ) ]  of d l  \tccls. Steels witliout titanium wcrc ag:iin UIC weakest, and in 
Uiis conditioir u'ei-e we;iker Ui:iir 116 SS. 7'1ir otlrcr live Irigli-in:ingnncsc steels were stronger U x i n  Uic 
116 SS. Althougli Urc MIiCrCI'iW steel w a s  the stroiigest cdd-worked stccl i n  tlrc unagcd conditinn, 
the MnCX:l'iWVBI' wiis swoi i~est  after Ure 5000 Ii age, j u h t  a s  it was in tlic s(ilution-annc;iled 
conditioii. 'Ihc rciisoir lor Ui ih  W:LS t1i:it Uic MnCl-('TiWVBP showed little swcngtli decreae after SOW 11 
ill HI0"C. 

Toul [Fig. 0(:1)1 and unifonn L1:ig. Wb)] ckxigit ini is of  Uic cold-worked steels rcflectcd (lie strength 
hclinvior, wilh the strongest steels having die lowest ductility and vice vcrsa. The MnCrCTiWVBP 
steel had the Iiiwst ductility of Uic m:ii1g:iiiesc-st:ihilizcd steels alter Uie 5000 11 age. liowever, Uie 
ductility was coinp;u;iblc to tlint of 316 S S ,  even though the 316 SS h;id a suhstantially lower strength. 

The resuI1s indic:lte 111:it tlie h i ~ h - i n ; i n ~ ~ ~ ~ l ~ s ~  s leds  arc quitc resistant lo therm:l~ aging il l  600°C. This is 
especially true fnr UIK MiiCrC'l'iWVBI' i n  txilli UIK :tnnealed :ind cold-worked conditioii. 

SlJIvIMARY AND CONCILUSIONS 

Themal aging studies were conducted 011 :I series of expcrhnenud, higli-mang,ulese austenitic stainless 
SIKKIS. An Fe.20Mn-12Cr-0.25C base coinposition was used, lo which vzious comhiriations of 
til;inium, tungsten, vanadium, boron, and phnspliorus were added for improved strength. Aging was at 
600°C to SO00 h on Uie steels iii the s(ilutioii-annealcd and 20% cold-worked conditions. Results were 
compnred with type 316 SS. 

l'he yield stress (if all UIK higli-mang;uiese \ leek in  Uie solutinn-;mnealed condition incxascd with 
Uicrmal aging, and the sueiigth (if the steels heloit' and after aging exceeded U i a t  for 116 SS. Despite Ule 
greater strength. die t o t d  e1oiig;ition t i t  I]ie manganese steels also exceeded that fnr 116 SS. Cold- 
worked steels slrowcd ii decrciise with aging time at 600°C. All hut two ol~tlic cxpcrimenuil cold-worked 
steels had yield stresses that e x c ~ d e d  U i a t  for 316 SS. The ductility of all of the cold-worked high- 
manganese steels was as good or better thaii that Ibr 316 SS. 

In both the solution-annealed and cold-worked conditions, an Fe-20Mn-120-0.2SC-1 W-0.03P-O.005B 
steel was most stable. I t  showed the most increase in strengUi in Uie solution-annealed condition and the 
smallest loss of suenglh in the cold-worked condition. The maintenance of strength was accompanied 
by excellent ductility. 
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COMPARISON OF MICROSTRUCTURAL EVOLUTION IN REACTOR-IRRADIATED AUSTENITIC 
STAINLESS STEELS WITH AND WITHOUT SPECTRALLY TAILORING -- S. Jitsukawa, T. Sawai, ti. 
Shiba. S. Hamada and A. Hishinurna (Japan Atomic Energy Research Institute) 

OBJECTIVE 

The objective of this work is to evaluate the microstructural data so far obtained through the US- 
Japan collaborative program using HFlR and OUR and examine rhe effect of spactrally tailoring conducted 
in ORU experiment by comparing the micrnstructural evolution in the same set of austenitic stainless 
steels irradiated in KFIR and ORR. 

SUMMARY 

The effects of Heidpa ratio on swelling behavior were examined on three austenitic stainless steels. 
Materials were solution-annealed JPCA and two low carbon containing alloys (C and K) modified with 
titanium and niobium. These steels were neutron-irradiated in ORR and HFlR with and without spectrally 
tailoring. respectively Achieved damage level was 7.4 dpa in ORR irradiation with average Heidpa of about 
21 appmidpa. In case of HFlR irradiation, they were 33 dpa and 76 appmidpa, respectively. Alloy to alloy 
variation and temperature dependence of swelling behavior are far more distinctively detected in ORR 
irradiation than in HFlR irradiation. in spite of the lower damage level of ORR irradiation. In the case of 
ORR-irradiation. JPCA exhihited small swelling values of <0.01 and 0.03 % at 603 and 673 ti. 
respectively, while a low carbon alloy K showed relatively larger swelling; 0.2 % at 603 ti and 0.6 % at 
673 K .  Swelling of JPCA and K irradiated in HFlR were almost same values of 0.2 % at temperatures of 
573 and 673 K. Number densities of cavities in HFIR-irradiated alloys were larger than those observed in 
ORR by one lo two orders. On the other hand, number densities and skes of dislocation loops produced by 
ORR irradiation were two to five times as large as those by HFlR irradiation. These facts suggest that in 
ORR condition with closer Heidpa to that of fusion. mutual annihilation rate of point defects was reduced 
and then bias driven cavity growth might he enhanced compared with HFIR condition. 

PROGRESS AND STATUS 

1. Introduction 

Materials for the first wall of blanket structures of a fusion reactor will be exposed to high-energy 
fusion neutrons with 14 MeV peak. Main damages induced in materials irradiated by the fusion neutrons, 
consist of displacement damage and generation of transmutans. To evaluate the irradiation effects of fusion 
neutrons on material behavior. fission reactors have been often used, because we have no high energy 
neutron sources for irradiation experiments. However, there are big differences between fusion and fission 
neutron damages in terms of primary knock-on energies and gaseous and solid transmutants by 
transmutation reactions that strongly depend on neutron energy. Among such differences, the ratio of He in 
appm and displacement damage production rates (Heidpa ratio) has been demonstrated to affect strongly the 
microstructural evolution in austenitic alloys and then i t  has been considered as the most important factor 
for evaluating the differencesll]. 

For evaluation of the He/dpa effects on fusion materials, a spectrally tailored irradiation in the Oak 
Ridge Research Reactor (ORR) by the U.S.-Japan Collaborative Experiment on Fusion Materials was 
planned and has been conducted to accomplish typical Heidpa ratio of fusion neutron environment for 
austenitic alloys[21. This study is a continuation of the previous ORR works[3,4] and to understand the the 
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effects of Heldpa ratio on microstructural development including the compositional effects, three kinds of 
austenitic steels u'ere irradiated by speclrally tailored ORR capsules and discussed compared with the results 
by irradiated in the Iligh Flux Isotope Reactor (HFIR) producing larger amount of He. 

2. Experimental urocedure 

Specimens used were Japanese Prime Candidate Alloy (JPCA), a titanium and niobium modified low- 
carbon alloy (K alloy) and a titanium -modified low-carbon alloy (C alloy) in solution annealed condition. 
Nominal chemical compositions of alloys are shown in table 1. Transmission electron microscope (TEM) 
specimens of those were irradiated in the ORR-MFE-7J capsule at temperatures of 603 and 673 K with 
fluxes of approximately 2 ~ 1 0 ' ~  nim's for both thermal and fast (E > 0.1 MeV) neutrons to 3 damage level 
of 7.4 dpa with a He concentration of about 155 appm (for JPCAjISI and JPCA and K were irradiated in 
HFIR target capsules with fluxes of 1.Jx10'yriini2s of fast and 2.XxlOl' nirn2s of thermal to a damage 
level of 33 dpa with He concentration of about 2500 appmlhl. After the irradiation. specimen5 ucre 
perforated in a Tenupol twin jet electro-polishing unit for transmission electrnn niicruscopy. A JEM- 
2000FX TEM operated at 200 keV was used for microstruclural ohservation at tlie areas %i th  thicknes5 of 
ranging from 100 to 200 nm. Foil thickness was evaluated by improved contamination spot separation 
(CSS) method (7.8) for ORR data. S m i e  of tlie HFJR data Already published 16.9). where CSS error lead to  
overestimation of thickness and. therefore. underestimation of  volume concentration of microstructural 
features. were up-dated. Detailed experimental procedure are \howl elsewherel6.8 1. 

Table I Chemical compositions of used materials 

C Si Mn P S Ni Cr Mo Nb Ti R N 

JPCA 0.06 0.50 1.77 0.027 (1.005 15.6 14.2 2.3 - (1.24 ,0031 .003Y 

C 0.02 0.51 1.56 0.017 0.007 15.6 15.4 2.4 0.08 0.25 - ,0018 

K 0.02 0.48 1.46 0.015 0.005 17.6 18.0 2.6 - 0.29 - ,004 

3. Results 

Microstructure of JPCA, K and C alloys irradiated in a spectrall) tailored MFE-7J capsule of the 
ORR. and those of JPCA and K alloy irradiated in the JP-l and 3 capsules of the fJFIR are shown in Fig. 
1. Cavities formed by HFIR irradiation were finer than tliose produced during ORR irradiation. 

Figurer 2 (a) to (c) show cavity microstructural coinponetits ir i  alloy< irradiated in ORR al 603 and 
673 K and irradiated in HFIR at 573 and 673 K.  Average cavil) diameters (d,) \vere about 6 nm for K and C 

alloys ORR-irradiated at 603 m d  673 K. The values were greater than that of JPCA irradiated in the ORR, 
and also of JPCA and K alloy iradiated in HFIR. Average cavity diameter of 3.5 nm formed during HFIK 
irradiation were almost constant for both JPCA and K alloy at temperatures of 573 and 673 K .  I t  should be 
noted that the aberage cavity diameter is usually affected by tiny but many bubbles and that the difference of 
bias-driven voids growth would be much inore than the difference of average cavity size. The ratio o f d ,  at 

lower and higher irradiation temperatures was highest in ORR-irradiated JPCA than other materials or 
irradiation conditions. 
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Fig. 1 Microstructure of ORR-irradiated I R A ( &  b), K(c, d) C(e,f) alloys and HFIR-irradiated 
JPCA(g,h), K(ij) alloys. Irradiation temperature are 603K for a, c, e, 673K forb, d, f, h, j and 573K 
for g i .  
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Cavilics Dislocalion Laops $ - 

Figures 2 (d) and (e )  show average 
diameters (DI)  and number densities ( N l )  

of dislocation loops. Both D I  and NI of 

2 

.~~ 
ORR irradiated JPCA, K and C alloys 
tended to be larger than those of HFIR 
irradiated JPCA. Line dislocarions were 
merely observed in these specimens. 
Micros t ructura l  pa ramete r s  fo r  
precipitates were not quantitatively 
analyzed yet, however MC precipitations 
were observed for all the specimens 
examined. MC precipitates formed 
during irradiation in K and C alloys were 
rather coarser than those i n  JPCA after 
irradiation in the ORR. 

Fig.2 Microstructural data of 
cavities (a,b and c) and dislocation 
loops (d and e)  in ORR- and HFlR 
irradiated JPCA, K and C alloys. 

m l  

Key\ 
ORR HI-IR Alloy5 
+ + K  
b c . JPCA 

4. Discussion 

4.1. Effect of”rldpu on rnicroslrlrcturul evolution 

Number densities of cavities found in ORR irradiated alloys were smaller than those by HFlR 
irradiation one to two order. On the other hand, number density of loops in ORR irradiated JPCA was five 
to ten times larger than that formed during irradiation in the HFIR. Displacement damage level of 7.4 dpa 
by the ORR was about one fourth of that produced by the HFIR. Both Nc and N1 are reported to Saturate 

with dose up to about 10 dpa at temperatures 673 K or below during EBR-IIIIO] and HITRII I] irradiations 
producing lower and higher He levels comparing with levels by ORR spectrally tailored irradiation at a 
damage level of 1.4 dpa in the alloys. Therefore, i t  seems unlikely that the differences in number densities 
resulted from smaller damage level by the ORR. 

Irradiation by HFIR producing higher levels of He formed cavities with much larger number density. 
Larger cavity number density iq thought to increase mutual recombination of radiation produced vacancies 
and interstitials at cavity surfaces, and reduce point defect fluxes to dislocations[l2]. This leads to reduce 
excess vacancy concentration which resulted from dislocation bias for interstitials, and retards bias-driven 
cavity growth. Sink strength of cavities and dislocation loops for vacancies are calculated using equations, 

SI = 2rrpd/ln((2pd)-1/2/4h), and 

S ,  = 2xd,Nc(l+(Sc+SI)1~2dc/2), 
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where these equations, SI and S ,  are sink strengths of loops and cavities: pd and b are dislocation density 

(=rrDl NI)  and Burgers vector of dislocation. Because more than half population of dislocation loops were 

faulted loops, b was chosen to he Burgers vector of Frank loop. Bias factor of dislocation loops for 
interstitials only slightly affects sink strengths (less than about 10 %), therefore only S, and S I  for 

vacancies were calculated. Calculation was carried out using microstructural data given in Fig. 2. 
Estimated partitioning of radiation induced point defects between dislocation loops and cavities at 673 K are 
shown in Fig. 3. Sink strength of precipitates and grain boundaries were also calculated. however the 
values were negligibly small: smaller by one to tu'o order than Si and S,. Figure 1 shows that dislocation 

is the main sink in ORR irradiation for both JPCA and K alloys. while cavity component become larger 
than dislocation component in HFIR irradiation for both alloys. Cavity component would he still larger in 
case of HFIR irradiation if tiny bubbles under TEM resolution are considered. Difference of dislocation cink 
strength between JPCA and K in ORR irradiation can be attributed to the difference of their swelling 
resistance, or suppression of loop growth by MC precipitate was more successful in JPCA than K ( l 3 I .  On 
the ther hand, suppression of loop growth by t iny  h u t  many bubbles is equally dominant in HFIR 
irradiation for both alloys and t h u s  slight difference of dislocation sink strength between hoth alloys is 
resulted. These suggest that bias-driven cavity growth uas suppressed by stronger cavity sink strength 
during irradiation in the HFIR, while dislocation loops acted as a major sink producing excess vacancies 
caused by bias for interstitials. This alsc agrees the result that d,s in OKR irradiated ;~lloys were larger than 

those in HFIR inadiated alloys 

I 673K 

1 c a w y  

cAvm UIAMTEK tnnl, 

JPCA K 

Fig. 3 Comparison of cavity and dislocation Fig. 4 Cavity size distribution in K 
sink strength in HFIR- or ORR-irradiated JPCA alloy irradiated i n  ORR at 603K and 
and K alloy. 673K. 
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Bimodal cavity size distribution shown in Fig. 4(a) indicates that bias-driven cavity growth (BDG) 
occurred in K alloy during ORR irradiation at 673 K. Cavity size distribution even a low temperature of 
603 K (Fig. 4(b)) is rather wide, and this may indicate BDG mechanism operated during irradiation[l4,15]. 
On the other hand, cavities in HFlR irradiated K alloy to 33 dpa were reported to he equilibrium bubbles; 
bimodal size distributions were observed in K alloy and JPCA only at 773 and 873 K.  These facts may 
indicate that spectrally tailored irradiation in the ORR extended temperature regime of BDG to lower 
temperatures comparing with irradiation in the HFIR. 

4 . 2 .  Alloy dependence of swelling by irradiation in the ORK 

I t  has been indicated in many researches that MC precipitation during irradiation is effective to 
suppress swelling i n  titanium (Ti) and niobium (Nb) containing austenitic steels[16.17,181. Swelling 
values of two low carbon alloys (K and C alloys) by irradiation in the ORR were much larger than that 
found in JPCA. JPCA containing larger amount of carbon should have higher tendency of MC forming 
during irradiation; finer but smaller total volume of MC were observed in JPCA comparing with MC in K 
and C alloys after irradiation at 673 K.  I t  has been reported that MC i n  IlFIR and He-ion irradiated 
austenitic alloys suppressed cavity migration to retard cavity coalescence and reduced swelling1 19.201. If the 
MC effects for swelling supression were mainly preventing the cavity coalescence , this mechanism would 
he more eff'ective in HFlR irradiation where higher number density of caivies were formed. The fact that 
alloy dependence of swelling was large for ORR inadiation than for HFIR irrddialion suggests MC 
precipitations and alloying elements (Ti, Nb and C) might reduce dislocation bias and point defect migration 
to enhance mutual annihilation. 

5.  Conclusions 

1. Swelling in ORR irradiated two low C alloys were much larger than those found in JPCA and HFlR 

2. ORR irradiation exhibited larger alloy dependence of swelling comparing with HFIR irradiation. 
3. Number density of cavities in ORR irradiated alloys were smaller than those i n  HFIR irradiated same 

alloys by one to two order. 
4. Calculations of sink strengths revealed that fraction of radiation induced point defects absorbed by 

dislocations (mostly, dislocation loops) was larger during ORR spectrally tailored irradiation comparing 
with HFIR irradiation. 

5.  MC precipitations and alloying elements might reduce dislocation biab and point defect migration to 
suppress swelling during ORR spectrally tailored irradiation by enhancing mutual annihilation of 
radiation induced point defecty. 

irradiated JPCA and low C alloy. 
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MICROSTRUCTURES OF A WELDED JOINT USING AN IRRADIATED WRAPPER TUBE- 
S. Hamada, K. Watanabe, A. Hishinuma, I. Takabashi and T. Kikuchi (Japan Atomic Energy Research 
Institute) 

OBJECTIVE 

The objective of this work is to clarify the effect of the helium bubbles evolution on the fracture mechanism 
in welded joints using an irradiated wrapper tube. 

SUMMARY 

The behavior of helium in welded joint fabricated using tungsten inert gas (TIG) welding process for a type 
316 stainless steel wrapper yp irrjdia? in a fast reactor was investigated. The wrapper tube was 
irradiated to (1.5 - 4.2) x 10 d m  (hehum level of 3 to 9 appm) at 395 - 41OOC. All welded joints 
fractured in Ihe heat-affected zone (HAZ). The microstructures of each portion of the base metal. the HAZ 
and the fusion zone in a welded joint were examined tkou&a y @ s i o n  electron microscope. Small 
helium bubbles were observed in number density of 2 x 1 m- in the matrix and rarely found on the 
grain boundaries of the base metal. In the HAZ, small and large helium bubbles mixed and lined up along 
the grain boundaries. In particular, some of them elongated along the grain boundary. In the m a t h  of the 
fusion zone, delta-fer& phases and unresolved carbides were scattered. Large cavities were attached to 
these precipitates and also occurred along grain boundaries. These results suggest that the failure in the 
HAZ of welded joints is attributed to the preferential growth and coalescence of helium bubbles in the grain 
boundaries of the HAZ caused by weld heat input and stress during welding. 

PROGRESS AND STATUS 

The reactor components, such as the reactor vessel and interiors of fission reactors and the fust wall and 
blanket structures in fusion reactors, are exposed to the severe environment of displacement damage and 
helium produced by nuclear vansmutation reactions with energetic neutrons. The long term exposure of 
materials under such environments will gradually deteriorate their mechanical properties and corrosion 
resistance, which play a decisive role in the life time of components of nuclear reactors. The repair and 
replacement of some pans of degraded reactor components will therefore eventually be required. Such 
repair will require the use of conventional welding techniques. Neutron irradiated steels contain entrapped 
helium, which forms bubbles at elevat d temperatures. Helium bubbles grow and coalesce rapidly along 
grain boundaries under tensile s t r e ~ s e s ~ - ~ ,  which weaken the grain boundaries. This situation is typically 
found in welding processes which produce both internal stress and elevated temperature. 

In order to simulate this situation. tungsten inert gas (TIC) Ttlding has been performed for type 316 
stainless see1 contained helium using mitiurn doping and decay - . The heliumdoped matem&cmtaining 
levels greater than 2.5 appm induced intergranular cracking in the HAZs during welding . Helium 
introduced through this method tends to precipitate preferentially to form helium bubbles on grain 
boundaries before welding. In this study. it was tried to evaluate helium effects w the fusion welding using 
neutron irradiated stainless steel instead of helium-doped materials. 

The material employed in this study was 10% cold worked type 316 stainless steel. which was used as a 
wrapper tube with 1.9 mm in thickness in the MK-I cox of the JOY0 fast breeder reactor of Power Reactor 
and Nuclear Fuel development corporation in Japan. the chemical composition of this alloy is shown in 
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RG.iUks 
No cracks were found in the fusion mne and the HAZ of as-welded joints. Tensile tests for base metals and 
welded joints of both un- and irradiated materials were carried out at room temPerature, 400,500, and 
60OT. Figure 2 shows the location of fractures. All irradiated welded joints fractured in the fusion zone, 
while ones fractured in the HAZ of each tensile test temperature. The failure position was adjacent to the 
fusion line. Figure 3 shows an optical micrograph at high magnification of the fractures ponion on the 
HAZ of a sample tensile-tested at 500°C. Many intergranular cracks occurred in the HAZ. They were 
often found to be located on the grain boundaries parallel to an applied stress. There were no cracks in the 
fusion zone. 

Figure 4 shows base metal in a welded joint. Small helium bubbles were uniformly 
a matrix. The size distribution of helium bubbles was a relatively 

narrow range of 3 to I5 nm diameter. The average diameter of them was about 8 nm. A few small helium 
bubbles also were sometimes found on the grain boundaries unh more, dislocatiou loops in the range of 
10 - 100 nm in diameter were observed in density of 3.3 x 1 & m-9. Helium bubble evolution between the 
base metal and the HAZ indicated a big differewe. Figure 5 shows microstructures found in the HAZ. 
Helium bubbles in the HAZ were greater than those in the base metal as a whole. Helium bubbles of 10 to 
70 nm diameter slightly un-unifomly distributed in the matrix. that is, most of them auached on dislocatiou 
lines and/or at the adjacency of dislocation lines, which has grown from dislocation loops as seen in the 
matrix of the base metal (Fig. 5a). In the grain boundaries, small (several tens nm) and large (100 - 4OOnm) 
helium bubbles mixed and lined up along the grain boundaries (Fig. 5b). Some of them elongated along a 
grain boundary and a typical example is shown in Fig. 5c. The maximum size of elongated helium bubbles 
observed in this experiment was about 600 nm. High heat input through only a single pass in welding may 
not produce such big elongated helium bubbles on a grain boundary. The effect of stress including 
compression and tensile in addition to the thermal effect may enhance the formation of elongated helium 
bubbles. Dislocation network, developed from dislocation loops subjected to heat input in welding. No 
dislocation loops were found in the matrix of the HAZ at a distance of 1 mm from the fusion line (Fig. 5d). 

Delta-ferrite phases of several microus, unresolved carbides (200-300 nm diameter) were scattered in a 
matrix of the fusion zone. The huge cavities attached to delta-ferrite phases and unresolved carbides 
Fig. 6a) are penetration holes formed at the position of each initial helium bubble during electro-polishing. 
The sizes of initial helium bubbles presented in the fusion zone would be smaller than those of holes 
observed after electro-polishing. A fairly high density of dislocation network induced during cooling 
process after fusion was observed in the matrix. Hugh holes as described above were also found on the 
grain boundaries as shown in Fig. 6b. 

The optical micrographs shown in Fig. 3 reveal intergranular failure of the HAZ only in welded joints of an 
irradiated wrapper tube. In order to understand the mechanism of fracture. in the HAZ, it is important to 
know the behavior of helium bubblr d their effect on the srreugth of grain 
boundaries. 

Two main factors are considered to inriueuce we uenavior 01 neiium bubbles: one is temperature through 
weld heat input, the other is thermal stress induced during welding. The temperature of the position of a 
TF.M disc cut from the HAZ for TEM observation was evaluated by calculation. Fi ure 7 shows the 
temperature profie as a functio of a distance from the fusion line in the HAZ of type 816 stainless steel 
measured and calculated by Lin 'j . His data was available to the present study because of similar welding 
conditions and materials. The data suggest the temperature of the position of the observed HAZ to be about 
1100°C. Such elevated temperature promotes the growth and coalescence of helium bubbles in the grain 
boundaries. The temperature. therefore, of the failure position in the HAZ (a distance of 0.1 to 0.5 mm 
from a fusion line) was estimated to be in the range of temperature of 1200 to 1300'C. This temperahlre 
range will provide more rapid growth and coalescence of helium bubbles in the grain boundaries. Above 
such temperatures, migration of helium atoms to free surfaces will suppress the growth and coalescence of 
helium bubbles in the boundaries, although this is necessary to clarify in the future. 
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LINS DATA 1 7 1  
ADAMS EQUATION 

Fig. 7. Icmpcrature-position priifilc in Ihr heat-affected Lone ils a i u i i a i o n  of a dittanw Inim the fusiiin 
line o i  type 316 sklinkss stcd A filled circle means the pisi11~111 oi the IIN observed in hi.; study I'wo 
thaded arcm show thc fractured ph111,)n and thc corrcqwndiiig Wmpmlure. 

Secondly, helium bubbles h v been observed to grow and coalesce rapidly along grain boundaries 
subjected to a tensile Under the fully constrained conditions of butt-TIG welding, restrained 
stresses of compression and tension cake place during welding and tliey remain in a welded joint after 
welding. In particular, considerably largc tensile stress remains in a central region including HAZ and 
fusion zone under the constrained condition of welding alter cooling. The un-constrained condition 
decreases the tensile stress in a central region and sprcads the lower tensile stress to a no direction to a 

tensile stress on growth and coalescence of helium huhhlcs in the grain boundaries does not dcpend on the 
positions in the HAZ in this study. 

Simultaneous effects of both elevated temperatures and stress may enhance the growth and coalescence of 
helium bubbles in the grain boundaries. In particular, the temperature effect would be larger than the stress 
effect on the behavior of helium huhhles in the grain boundaries. As a result, intergranular fracture occurs 
in the region of the €IAZ adjacent to the fusion line, in which the largest effect on growth and coalescence 
of helium bubbles in the grain boundaries would develop. 

welding bead direction. Tcnsile stress is evaluated to be somewhat uniform in entire €IAZ T8! 'Ihe effect of 

SUMMARY AND CONCLUSlON 

The behavior of helium bubbles in welded joints fabricated using a TIG welding process for a type 316 
slainless sleel wrapper tube actu I employed in the fast reactor JOY0 was investigated. The wrapper tube 

in the heat-affected zone adjacent to the fusion line. The cause is attributed Lo the growth and coalescence 
of helium bubbles due to elevated temperature and tensile stress induced by the welding heat input in this 
region. 

was irradiated to (1.5 - 4.2) x 10 92 d m 2  at 395-41OoC. Most of the welded joints fractured intergranularly 

FUTURE WORK 

The examination of weldability for a wrapper tube irradiated to higher damage levels will be performed in 
the future. 
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DOSE DEPENDENCE OF THE MICKOSTRUCTIJRN. EVOLUTION IN NEUTRON-IRRADIATED 
AUSTENITIC STAINLESS STEEL -- S.J. Zinkle, P.J. Maziasz and R E .  Stoller (Oak Ridge National 
Laborruory) 

OBJFXnlVE 

The objective of this work is to examine the duration of Uie microstructural transient regime in 
neutron irradialcd austenitic slainless stcels 

SUMMARY 

Microstructural data on the evolution of the dislowtion loop, cavity, and precipitate populations in 
neutron-irradiated austenitic stainless steels are reviewed in order to estimate the displacement damage levels 
nceded to achieve the "steady state" condition. The microstructunl data can k conveniently divided into two 
temperature regimes. In the low Icmpcramc regime (below a b u t  300°C) the microstructure of austenitic 
stainless steels is dominated by "black spot" defect clusters and faulted interstitial dislocation loops. The 
dose necded to approach saturation of the loop and defect cluster densities is generally on the order of 
1 displaccment per atom (dpa) in this regime. In the high temperature regime (-300 to 700"C), cavities, 
precipitates, loops and network dislocations are all produced during irradiation; doses in excess of I O  dpa are 
generally required to approach a "steady slilte" microstructural condition. Due to complex interactions 
between the various microstructural components ha t  fonn during irradiation, a secondary transient regime is 
typically observed in commercial stainless steels during irradiation at elevated temperatures. This slowly 
evolving secondary transient may extend to damage levels in excess of 50 dpa in typical 300-series stainless 
steels, and to >lo0 dpa in radiation-resistant developmental steels. The detailed evolution of any given 
microstructural component in the high-temperature regime is sensitive to slight variations in numerous 
experimental variables, including heat-to-heat composition changes and neutron spccuum. 

1 .  Introduction 

Austenitic stainless steels have been the subject of numerous investigations on radiation effects. 
Most of these studies have been driven by technological applications, ranging from light water and fast 
breeder fission reactors to fusion reactor fist-wall structures. It is well established that the microstructural 
response of austenitic shinless steels to neutron irradiation is sensitive to heat-to-heat compositional 
variations (e.g., N-lot vs Do heats of type 316 slainless steel in the US breeder reactor program) [l-31. 
This inherent sensitivity to slight compositional changes has made it difficult to systematically sort out 
"generic" effects associated with irradiation spectrum, damage rate, or Hc/dpa variations, since many studies 
were performed using different hears of otherwise similar material. 

There are three major categories of transient behavior that can be identified in irradiated metals: 
Point defect (vacancy and interstitial) supersaturation; microscopic nucleation of defect aggregates such as 
dislocation loops, voids and precipilates; and macroscopic changes such EL$ void swelling and mechanical 
property transients. Previous reviews of neutron irradiation efrects in austenitic stainless steel have 
concentrated on the cavity swelling and precipitate evolution associated with high-dose (>I0 dpa) neutron 
irradiation [2-91. The transient hchavior of point defects is addressed in a companion paper in these 
proceedings 1101, and reviews on the transient swelling [5,11] and mechanical property [12] behavior of 
neutron-irradiated stainless steel are also available. The focus of the present paper is to critically review the 
microstructural response of stainless steel to neutron irradiation at low to moderate doses, where the 
microstructure evolves rapidly. The bulk of the analysis will be restricted to relatively simple Fe-Cr-Ni 
ternary austenitic alloys or 300 series stainless steels in order to establish the intrinsic behavior of "pure" 
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austenitic stainless steels to neutron irradiation. Unfortunalcly. the lack of low-fluence data on a 
standardized heat of steel makes it difficult to rigorously define the extent of the transient regime for 
microstructural evolution. This paper incorporates dam from a range of steel compositions, and therefore is 
only snictly relevant for examining qualitative rather than quantitative trends. Three microstructural 
categories will be examined: (1) dislocation Imps and network dislocations, (2) cavities, and 
(3) precipitates. 

The specific goals of this review nre to establish Uie tcmpemture dependence of the "steady slate" 
microsuuctural componenh, to determine Uie neutron darnage level required to attain these "steady-slaw" 
densitics, and to examine the influence of controlled solute additions on the duration of transient regimes 
prior to "steady-slate". It should he recognized Ihat the individual microstructur;d components listed above 
interact with each olher as they evolve. Thus, although a given microstructural component (e.g., 
dislocation I m p  density) may approach an apparent "saturation" density at low fluence, its value may be 
subsequently affected by changes in another coinpone111 of the microstructure [ 111. Hence, it will be seen 
that the term "steady slate" is in general only im approximation for the overall microstructural response of 
austenitic steels irradiated to high llueuces. 

Table 1 lists the alloy composition:rl rangcs for several diffcrcnt :iustcnitic stainless steels that 
have been the subject of nuineraus published mdi:ition effects studies. 'lliese steels can he categorized as 
either conventional low-carbon steels (AISI 304 and 3 16) o r  'li- or Nb-slabilizcd sleels (DIN 1.4970, 
FV548, D91, and ITA). Macroscopic swelling due to void formation and growth can have profound 
implications on the allowable operating lifetime of austenitic stecl componcn~~ irradiated at temperatures 
#)O"C. The dose-dependent behavior of macroscopic swelling includes an initial low-swelling traisient 
regime followed by a linear high swelling rate regime. Therefore, the philosophy of most materials 
programs engaged in developing swelling-resislmt structuraJ alloys has been to inanipulate me(allurgical 
variables such as thennomechanical condition and alloy composition to extend the low-swelling transient 
regime to the highcst doses possible [3]. Alloy modifications with specific solute additions. like tilanium, 
have generally been quite successful i n  improving void swelling resistance for lkt hreeder reactor 
applications [13-18]. 'llre best swelling-resistant steels invoke addi1ion:ll inicrostructur;ll refinements that 
produce finely dispersed precipilatcs and dislcxalioir.5 which oiin remain stable up to high damage levels. 
These radiation-rcsis~uit inicrtisuuctures are not per~nxiei~t or  true "stcady-state" microstructures. however, 
and they eventually become unstahle at sollie higher dose. 
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aNb-stabilized steel, also contains <1.05 Nb x1d 0.001-0.003 B 
qi-stabilized steel, also contains 0.005 B 
cU.s. Fusion m3tCnd Program's Prime Candidate Alloy, also contains 0.01 P 
dAlloy developed for U.S. Breeder Reactor Program, also conlains 0.05 V, 0.004-0.006 B, 0.025-0.04 P 
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2. Classification of Temperature Regimes 

As shown in Fig. 1, the microstructud data obtained on neutron-irradiated austenitic stainless 
steels at temperatures above 50°C can be conveniently classified into three broad temperature regimes. This 
temperature classification parallels the conventions established from numerous isochronal annealing studies 
performed on pure metals [19,201. The "low-temperature" regime extends from the onset of vacancy motion 
(annealing Stage 111) up to temperatures where vacancy clusters created in the displacement cascade become 
thermally unstable (annealing Shge V). For neutron irradiated austenitic stainless steel, this low 
temperature regime covers the temperature range from a b u t  50°C to about3OO"C [21]. It should be 
recognized fhat since the mobility and Ihcrmal stability of defect$ depends on the length of observation (i.e. 
irradiation time), the actual temperatures associated with obscrvable monovacancy migration and vacancy 
cluster evaporation for a given damage dose will he somcwbat dependent on the irradiation time and hence 
damage rate. The temperature range between vacancy migration (Stage Ill) and vacancy clusler evaporation 
(Stage V) for ion-irradiation conditions, which are typically performed at high damage rates, would therefore 
lie at correspondingly higher temperatures relative to neutron imdiation conditions. 

0 200 400 600 800 

TEMPERATURE ("C 1 

Fig. 1. Temperature dependence of Uie experimentally observed "situration" densities of the various 
microstructural components in neutron-irradiated austenitic stainless steel (see Sections 3-5 for derails). The 
microstructural data can be grouped into "low temperature", "high temperature" and "very high temperature" 
regimes. 

The typical microstructural features observed in the "low-temperature" regime are small defect 
clusters ("black spots"), faulted dislocation loops, and network dislocations [6,221. The observable densities 
of "black spots", faulted loops and network dislocations are nearly independent of irradiation temperature in 
the low-temperature regime (Fig. 1); as described later, the "black spot" density begins to decrease at 
temperatures a b v e  a b u t  250°C and there are indications [22] that the network dislocation density may 
simultaneously increase slightly. Radiation-produced cavities and precipitates are generally not observed in 
the low-temperature regime. The degree of radiation-induced solute segregation (RIS) is minimal due to the 
limited point defect mobility and the high sink strengths associated with the high density of small defect 
clusters that are formed at low doses. The microstructure is relatively insensitive Lo variations in the 
damage rate or Hddpa ratio in this temperature regime, and reaches a "satuntion" level at relatively low 
doses. 
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The "high-temperature" regime extends from the onset of thermally-induced vacancy emission from 
vacancy clusters (annealing Stage V) up to temperatures at which interstitial clusters become thermally 
unstable. For typical neutron irradiation conditions, this regime covers the temperature range from about 
300°C to a b u t  700°C. The microstructural evolution during irradiation in the high temperature regime is 
complex, and consiss of cavities (helium bubbles andor  voids), dislocation loops and network dislocations, 
and various types of precipitates [6,91. The "saturation" densities of helium bubbles, voids, dislocation 
loops, and network dislocations all decrease with increasing temperature in this regime (Fig. 1). There is 
some evidence [22] that the network dislocation density may reach a local maxirnum at a temperature near 
35OoC, but additional high-dose studies are needed to confirm this possibility. High doscs (> 10 dpa) are 
often required to reach a "steady-slate" defect microstructure in ale high temperature regime. due to extensive 
interactions between the individual inicrosmctural componcnu. The density of small "black-spot" defect 
clusters is negligible in this Iempeniturc regime. Radiation-induced solute segregation effects can be very 
significant in the "high-temperature" regime. The specific details of the microstructural evolution are 
scnsitive to numerous p m n e t e r s  including damage rate, alloy composition, and Ifeldpa ratio. 

In the "very high-temperature" regime. which corresponds to temperatures above about 700°C. all 
radiation-induced defect clusters exccpl gas-pressurized hubhles are thermally uiirtable. IIence, the 
microstructure in this tempcrature regime is essentially identical to that found in unimdiated stcels aged at 
the same tempenlure. There are no signitiamt concenvations of dislocation loops or radiation-produced 
voids, and Ihc precipitate and network dislocation bchavior is cquiv;dcnt to that ohscrved Ihcmally. Ilclium 
bubble fonnation can still occur in this Ielnpwiturc rcgiine, but iLs behavior is determined prunaily by the 
thermal equilibrium vacancy conccntntion and I IC concentration. 

3. Dislocation 1.00~s and Network Dislocations 

3.1 Dislocation Loops 

Figure 2 presents thc tcmpcrature dependence of the faulted dislocation loop density that is formed 
during high-dose neutron irradiation of Type 316 austenitic solinless steel [22-311. Essentially all of the 
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Fig. 2.  Effect of irradiation temperature on the faulted dislocation loop density in neutron-inadiated 
austenitic stainless steel [22-31]. 
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faulted loops formed during neutmvl irradiation in austenitic steels tbat are larger than 10 nm in dmeter 
have been identifed as interstitial in nature, lying on (1 11) planes with Burgers vectors of the type 
h = a,,/3<111> [23,32-341. A fairly sharp transition in the loop density occurs between the "low 
temperature" and the "high temperature" regime. The loop density decmses rapidly with increasing 
temperature. above 350 "C, and for damage levels >5 to 10 dpa there is no significant difference between 
solution annealed (SA) and 20% cold-worked (CW) material. lbere can be a substantial difference between 
the dislocation evolution in SA and CW steels at low doses (<lo dpa) in the "high temperature" regime, but 
there is little systematic data to quantify this behavior. 

The dislocation loop and "black spot" defect cluster densities are very high at low temperatures 
(c300°C), which causes a high sink strength for point defects. Fu~?bmore, !be low point defect mobilities 
at these temperatures can extend the transient period for the evolution of the loops and network dislocations 
before reaching a "steady state" micmsmture. The available data suggest that the observable faulted loop 
density in the low-temperature regime is lower for cold-worked alloys than for solution annealed material for 
damage levels up to about 10 dpa Fig. 2). Since the development of observable faulted loops in cold- 
worked alloys f a t  requires a significant reduction of the initially high network dislocation density to take 
place, it is possible that the cold-worked material does not reach its "steady-state'' loop density even after 10 
dpa at these temperatures. A systematic study of the same heat of solution annealed and cold-worked steel 
irradiated over a wide range of doses in this low-tempemture regime is needed to evaluate this possibility. 

Figure 3 shows a typical micmstructure pmduoed in austenitic stainless steel by neutron irradiation 
in the Low-temperature regime [351. The dominant microstructural feature is a high density of small "black 
spot" defect clusters. The average size of the small defect clusters is about 2 nm [22,28,34-361. Numerous 
studies perfamed on F e e - N i  alloys and pure facecentered cubic (FCC) metals indicate that much of the 
"black spot" cluster density is created directly in the displacement cascade during the cascade quench 
[33,36,37]. The total density of the small defect clusters in austenitic steel is comparable to the densities 
observed in pure FCC metals of similar mass, such as Ni or Cu. However, it is interesting to note that the 
fraction of defect clusters that are resolvable as stacking fault tebahedra in stainless steel is 4% [34-36], 
which is much less tban the corresponding fraction of 25 to 50% observed in Ni 01 Cu following in'admtion 
at comparable conditions [38]. This suggests that the solutes in stainless steel somehow modify the cascade 
quench behavior and inhibit SIT formation in the displacement cascade. 

I - -  

Fig. 3. Microstructure of 304L stainless steel after fission neutron irradiation at 120 OC to -4.5 dpa 1351. 
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Due to a lack of neutron irradiation studies on stainless steel in the low temperatm regime, the 
dose dependence of the small defect clusters, network dislocations and faulted dislocation loops is not well 
established. The available data [22,28,34,36] suggest that the "saturation" density of black spot damage 
may be greater than lOZ4/m3. and that this density is attained after doses of about 0.1 dpa. Mechanical 
property m e a s m e n u  made. on Type 304 and 316 stainless steel following fission neutron irradiition at 
temperatures less than l00T also suggest that defect cluster saturation occurs at damage levels 41.1 dpa 
[391. The dose dependence for the accumulation of defect clusters during neutron irradiion at low 
temperatures is apparently sublinear from 0.002 to 0.03 dpa [361, which is an indication of interaction 
between displacement cascades and surrounding defect clusters even at these low doses. The density of 
resolvable faulted loops inneases with inneasing temperature between 50 and 300°C [221. Although 
conventional theoretical models predict that the as cold-worked network dislocation smcture should be 
relatively stable at low temperatures [Ill, some experimental results suggest that significant dislocation 
recovery can occur at low doses for irradiation temperatures below 300°C [221. Additional dam in this 
temperature regime on both solution annealed and cold worked material are needed in order to better define 
the "inherent" material response. 

In the high-temperature regime (300 to 700"C), faulted (Frank) interstitial loops are formed at low 
dose and approach a maximum density afm a damage level of a few dpa. Figure 4 shows a typical example 
of the dose dependence of the faulted loop density for solution annealed stainless steel irradiated at 
temperatures near400"C [22,23,30,314044]. The loop density reaches an apparent saturation level after 
about 3 dpa, and this density is then maintained up to much higher doses. The loop densities in simple 
austenitic steels are similar for both mixed-spectrum and fast reactor fission-neutron irradiations. The exact 
saturation values anained during irradiation depend on experimenral conditions such as alloy composition 
and dose rate [401. The sensitivity of the loop density to experimental conditions increases with inrreasing 
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At higher irradiation temperatures @l5O0C), the loop dcnsity has been observed to reach a 
maximum value after low doses, and then begins to decrease with increasing fluence [6,30,31.451. Frank 
loops which have grown beyond a diameter of SO to 100 nm tend to uiifault lo form the lowerenergy perfecl 
loop configuration with b = a 1 2 4  IO> Burgers vectors. The unfaulting reaclion is usually triggered by 
physical impingement of adjoining Frank loops as a result of loop growth [31,331. While Frank l(mps are 
sessile, the perfect loops formed by the unfaulting process are glissile and can glide to interact and form 
network dislocations. The maximum in the faulted loop detlsity at moderate doses during elevated 
temperature neumin irradiation may he atuibuted to a sink competition effecl due to interaction between 
different radiation-produced microsuuctud components. Radiation-produced precipitation, along with the 
dislocation network created by the growth and unfaulting of dislocation loops generated earlier in h e  
irradiation, produces new point defect sinks in the lattice that compete with the loops for the available 
interstitials. Hence, once the initial population of loops grows to a size where significant overlapping and 
associated unfaulting occurs, a new ppulation of loops cannot be nucleated in sufficient density to replace 
them. Additional mechanisms may also contribule. For example, radiation induced solute segregation 
(RIS) could modify the chemical coinposititrii of the matrix in a manner that inhihiled the formalion of new 
loops (see Section 5). 

3.2 Tolal Dislocation Density 

The total dislocation density (loop plus network) observed in solution-annealed (SA) type 316 
stainless steels afler irradiation to high damage levels is plotted in Fig. 5 as a function of irradiation 
temperature [22,45]. At temperatures below about 4M)"C. the total dislocation density is dominated by 
faulted loops [22,23,27,451. As the irradiation temperaturc increases above about 350°C, the total 
dislocation density dccreases rapidly with incrmsing tcmperalure and the rehtivc contribution from faulted 
loops becomes progressively smaller. The total dislocalion dcnsity is dominated by the nctwork 
dislocation component at irradiation leinperaturcs above about 500°C [22,23,27.45,461. The tcmperature- 
dependent tmnsition from a loop-dominalcd dislocation microstructure Lo a network-dominated dislocation 
microstructure depends synergistically upon several pxameters, including alloy composition , irradiation 
spectrum and dose. Due lo the decrease in the faulled loop density with increasing dose at elevated 
temperatures, the transition temperature hetween a loop-dominant arid a network-dominant microstructure 
shifts to lower temperatures as the dose increases. 

.- - .  .- *- 
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Fig. 5 .  Temperature dcpcndence of the total dislocation density in solution annealed 316 stainless steel 
irradiated in the HFIR mixed spectrum aid EBK-I1 fasl fission reactors [22,451. The Figure also includes 
recent unpublished data by Mziasz on specimens irradiated to 34 dpa at 300 to 600°C in HFIR. 



figure 6 shows the dose dependence of Uie total dislocation deiisity observed in stainless steel 
irradiated at about4C0°C [22,23,40-42]. The Lamage level needed for the total dislocation density to 
approach a "steady-state" value is IO dpa or more, which is significanlly higher than the dose needed to 
achieve the "steady state" loop density at that tcinperaturc (Fig. 4). This difference in doses to achieve the 
two different "steady-stile" conditions is due to die h c t  that Uie total dislocation densitydepends on the 
product of the loop density and the loop size along wilh the network dislocation density. The network 
dislocation density in turn depends on luop growth and unfaulting to achieve its "steady-state" value. 
Therefore, significant growth of dislocation loops must occur after loop nucleation saturates in order for the 
tool dislocation density to achieve its "steady-slate" value. 

ORNL-DWG 92M-13862 - 

Fig. 6. Effect of neumin irradiation on the 11it:d dislocation density in solutioii anne;lled austenitic stainless 
steel irradiated near 400 "C [22.23,40-421. 

Figure 7 summarizes the evnlution iifthe total dislocation density in SA 316 stainless steel 
irradiated a t  lhree different tcrnpentures williin the "high-teinperature" regime [23,31,40-42,45]. An initial 
transient associated with the rapid buildup of disloc;ition deirsity is completed wilhin about I O  dpa at all 
temperatures. A xcnndary mic~osmctural uruisient suhsequeiilly occurs i n  specirncns irradiated at Uic 
higher tempenlure end of this rcgime. The totlll dislocation density can either increase or decrcace slightly 
in this secondary uansient regime, depending on temperature and slecl heat cheinistly. This is a reflection 
of the dynamic halance hctween the process of loop nuclealiorr, growth, and unfaulting to create network 
dislocations, and llic process of r:idiation-;u;sistcd rccovery In remove network dislocations. The particular 
total dislocation density achieved dcpei!ds on Uie details of the other inicroslnrctur;d conrponents created 
during irradiation (in panicular precipitates and cavities), and hence is very sensitive to alloy composition 
and neutron spectrum [451. 

Irradiation of cold-worked sfiunless steel causes Uie network dislwation density to initially decrease 
rapidly below its preiradiation value. Figure 8 shows an example of the evolution of the loop and network 
components of the total dislocation density obklined from a recent specually-lailored irradiation experimenl 
on 2O%CW PCA stainless steel conducted at fusion-relevant damage rates and Wdpa  levels [22]. The 
network dislocation density decreawl by one order of magnitude dler irradiation to 7.4 dpa at 330 and 
4M)"C. then increased with further irradiation due to the lormation ofaddilional network dislocations from 
loops that had grown and unlaulted. ?he conespnnding changes i n  the ton1 dislocation density were less 
dramatic than the changes in network component done. The lack of data at doses less lh:m 7 dpa under 
similar, fusion-relevant irradialion conditions raises an impoilant question, nanicly - how rapidly does such 
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Fig. 7. Evolution of the total dislocation density in neutron irradiated solution annealed austenitic stainless 
steel [23,31,4042,45]. The filled symbols denote loop-dominant dislocation microstructures, whereas the 
half-filled symbols refer to microstructures containing comparable dislocation line densities from loops and 
network dislocations 
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Fig. 8. Effect of ORR fission neutron irradiation at 330 and 400°C on the evolution of the a) network 
dislocation and faulted loop density and b) total dislocation density in cold worked PCA austenitic steel [22]. 
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network dislocation recovery occur during the initial swgcs of the irradiation'? It is possible that the 
combination of a rapid recovery of the cold-worked dislocation density during irradiation and the delayed 
nucleation of faulted loops in cold-worked Inaterial could create a low-dosc regime where both the 
dislocation network and the loop densities are low? Such dislocation behavior could produce a transient 
ndition-induced softening in cold-worked steel prior to die rx!iation-induced hardening mditionally seen at 
higher doses. The pssihility of unanticipated miisient softening in cold-worked steel would be of obvious 
importance for fusion structural engineering designs. Further studies are needed at damage levels between 
0.1 and 10 dpa to clearly estahlish the microstructural evolution in cold-worked austenitic stainless steels. 

Irradiation of cold-worked type 316 stainless steel in the IIFlK mixed-spectrum reactor at elevated 
temperatures [451 resulted in a slower recovery of the network dislocation density than was ohserved in the 
spectrally-tailored OKR irndiations of cold-worked PCA stainless steel at tempcntures ~400°C 1221 (only a 
factor of three decrease after 8 dpa at 425450°C). Unfoliunately, there are tw many experimenuil 
differences between these two studies (&unage rate, irradiation temperature, FCA vs. 316SS. He/dpa ratio) lo  
draw any firm conclusions regarding die controlling mechanism for the kinetics of the recovery of the CW 
network dislocation structure. The physical mechanisms responsible for the evolution of the dislocation 
microstructure in both simple and complex alloys must he better undcrstood before engineering designs for 
fusion reactors can he finalized. 

Figure 9 compares Ule evolution of the toul dislocation density of SA and 25% CW stainless 
steels inadiated near 400°C [22,23,40-421. Tlie t a d  dislocation densities of both SA and 25% CW 
materials approach a common value of 1 to 2 x 1015/m2 after a danagc levrl of about 5 dpa. Similar 
conclusioris regarding the commoni saturation v;iluc of the toliil dislocation density have also been obtained 
from TEM observations of SA and 2070CW 316 irradiated in a fast reactor [31]. A coininon dislocation 
saturation density in SA and 20%CW sleek has also been inferred from analyses of tensile clata [47,481 
obtained at temperatures above 3 W C ,  alUiougli the dose required to reach wturation of mechanical 
properties was often greater thwi 20 dpa 1481. On Uie other h:iiid, recent tensile results on SA and CW 
stainless steel irradiawd a[ 250°C (i,e,, near the upper limit of Uie "low-tetnpcrature" regime) showed that 
the SA and CW materials saturated at different sucnglli levels [4'J]. Once again, more experuncnld studies 
are needed to complete our underskuiding of die microsuuctur:ll evolution at low temperatures. 

Figure 10 suinmarizes Uic temperature dependence of the various individual microsuucturi 
components that rnake up Uie cold dislocation concentration in PCA steel irradiated 10 7.4 dpa at a fusion- 
relevant drunage rite and IIddpa ratio [22]. The irradiated network didocalion density is approximately one- 
renth of the prcirradiawd 25% cold-worked value even for xi irradiation temperature as low ils 60°C. The 
total dislocation density in the "low Icniperature" regime is dominated by the dislocation line-length 
ctintrihution from "black spot" defect clusters, whose size :md denhity are nearly independent of irradiation 
temperature up to 20°C. The resolvable Frank loop concentration iitcreascs with incrersing indilltion 
temperature in the "low-temperature" regime. 'lhis ciiuscs the Frmk loops to dominate Ihe total dislocation 
density at irradiation temperatures ntxr 300°C. which corresponds 10 die transition from Uie "low- 
temperature" to &< "liigh-t~,nperature" regune. 'I'he rapid decrease of the 1:r:ink loop density at tempcntures 
above 300°C eventually leads to a transilion from a loop-doininaiit to a network-dominant dislocation 
structure at tempcntures atxive 400°C for a &inage level of I3 dpa [22]. The large illnount of dislocation 
network rccovery at low temperatures, and Uie tempcnture dependence of the network dislocalion density 
may both hc related tom extended point defect transicnt which wis  invoked to explain the high levels of 
creep at 60°C in pressurized-tube specimens of 25% CW PCA stccl iimdiated in this experiment [SO]. 

4. Cavity Evolution 

Pronounced cavity (lie bubble and void) formation generally occms in steels irradiated in the "high- 
temperature" regime (300 to 700°C). Figure 11 summarizes the temperature-dependent cavity densities 
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Fig. 9. Comparison of the total dislocation density in solution annealed 316 and cold worked PCA 
austenitic steel after fission neutron irradiation near 400°C [22,23,40-421. 
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Fig. 10. Effect of inadiation temperature on Ihe various components of (he total dislocation density in 
neutron-inadiatcd cold worked PCA austcnilic steel [221. 
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observed in neutron-irradiated stainless steel [22,23.30,35,45,51,52]. A bimodal distribution of cavities, 
consisting of voids and small helium bubbles, is often observed at temperatures hetween 400 and 650°C. 
The precisc temperature range where helium bubbles and voids coexist is strongly dependent on the 
experimental conditions such as Heidpa ratio, damage rate and alloy composition. The bubble and void 
density hoth decrease rapidly will1 increasing temperature for irradiations ahove 400°C. Void formation has 
been observed in neutron-irradiated austenitic steel at temperatures as low as 325°C 1531 and as high a. 
730°C [6,23,51]. The rcgune where significmt void swelling occurs ranges from about 370 to 700°C. At 
low lemperaturcs (<300"C), lhe high sink density associated will1 Uiennally slahle defect clusters Figs  1 
aid 2) increases the recombination of point defects at sinks, which suppresses the vacancy supersaturation 
and thereby inhibib cavity nucleation and growth. At high temperntures, thermal vacancy emission from 
cavity embryos limits the nucleation of voids, and low sink densities cause an increase in the malrix 
recombination of p i n t  defects. 

The "saturation" void density aid post-tmisient swelling rate of austenitic stcels in Ihe tempratwe 
range of 400 to 650°C is relatively iiisei~sitivc to uadialion specuurn and cold work level [2.51,54-56]. 
'lhc primary effect of cold-work is to cause ail exteiisioii of the low-swelling transient regime by delaying 
void nucleation. Cold-work generdly supprcsses the cavity density tihserved during the low-swelling 
transient in steels irradiated in  Cast reactors (low 1 Ie/dpa ratio), wherws it yencrally causes an increase in the 
cavity densily in dloys imidi:ited iii mixed qxctruin rciicIor, (high 1Icidp:l ratio). The higher dislocation 
density in cold-worked material ciui eiiliauicc heliuin bubble Sorininion by providiiig hctcrogeneous 
nucleation sites as well as fast p:iUis lor helium dilfusiciii. As discussed ]:iter, solutes such as titanium, 
silicnn or phosphorus can stabili7.e Uie didixxtion !,wctiirc :ig;Uiist nidiation-iiiduced recovery, and will 
Uierchy affect bubble and void nucleation. 

lIelium bubble fonnation has routincly beeti observcd after mixed-specwm (high Heidpa ratio) 
neulrnn irradiation at temperatures frnm 300°C to grc:ilcr t h u i  850°C 16,22,23.30]. There ha5 k e n  at least 
one reported observation of small He hubbles after irradiation at a temperature as low as 120°C [%I. Since 
vacancies in austenitic steels are mobile a1 temperatures ahove alxiut 50°C [21), f ie  forination of observable 
He bubbles is possible in the "low tcmper:iturc" regime (50 to 300°C). Ilowcver, Uie high sink densities 
associated with the Uiermnlly swhlc "hksk-spot" delect clusters creatud in the displaceinent cascade suppress 
the vacancy supersaturation ;md thcreby inhibit hubhle nuclcatiori and growth. I n  additinn, mnst of the 
vacancies Uiat survive the displaceinent c:~sc;ide quench will be conraiiicd in sessile vacancy clusters which 
are thermally smhk up to about 300°C. Ilencc, only :I sinall fraction of the surviving vacancies are capable 
of frce migration to form Ile bubhles in Uiis teinpcrature regime. 

The He bubble density is typicdly :in wler ofinagnitudc Iiiglier th:ui the void density at a given 
irradiation tempcrature (Fig. 11). 'The precise bubble deiisity for any giveii case dcpcnds suongly on the 
details of the irradiation conditions (lieidpa ratin and KJLII dose) :LS wcll :IS metallurgical factors, and ten&. to 
k highest when no voids lonn. The Ile huhblc density observed alter irradiation in a mixed-spectrum 
reactor at low temperatures k400"C) is typically in excess of 102'hn' [22,30,57]. These very high bubble 
densities are nearly coinparable to U I ~  "hlack-spot" dcfect clustcr wuralion dcnsities oh(ained after irradiation 
at lower temperatures (Section 3). At the inteimedi;rtc lieliwn generation r:ites c1iar:icteristic of DT-fusion 
reactors (10-20 appin Ileidpa), helium 11:~s rcccirtly k e i i  shown to lead to "uiiprecedented" high cavity 
densities in isotopic tnilored steel speciinens irradiated i n  :I kist reactor [%I. llowevcr, i t  should he noted 
that these high cavity densities are coinparablc to Uime 111.11 have been conunonly observed io numerous 
mixed-spectrum (high Heidpa) reactor irradiations [6,8,9,11,22,301. 

As shown in Fig. 12, the void density in simple austenitic steels like SA type 316 or an Fe-Cr-Ni 
tcmary alloy can reach a saturation value at doses of less than 0.5 dpa during inadiation near 400°C 
[23,41,42,45,59-611. There is some evidence that higher doses of 15 to 20 dpa are required to achieve the 
saturation void density at higher tcmperatures 161, hut further work is needed to clarify this issue. At 
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temperatures of 500-650"C, void formation in SA 316 and other steels usually requires higher doses to 
saturate lhan for simple ternary alloys, largely because void formation is coupled to RIS and the formation 
of microstructural features such as Frank loops and precipilates (see Section 5). While here is good 
evidence for the "saturation" void dcnsily remaining consml to about 70 dpa in SA 316 irradiated in fast 
reactors at 450-550"C, there is also some data suggesting that void densities can decline somewhat with 
h e n c e  at 30-70 dpa at 600 to 670°C [45]. Void coalescence due to growth and impingement could cause 
such an effect [621. In high-swelling ternary alloys, the void density has been observed to decline slightly 
during fast reactor irradiation at doses > 10 dpa for irndiation teinpentures as low as 510°C 1631. 

l l ie  addition of certain solutes such as C, P, Si, or Ti ciui extend the transient regime for cavity 
nucleation in austenitic steels by a coiisiderable amount, particularly in cold-worked alloys 
[1,3,9,13.41,61,&1-6Y]. The magnitude of Ihie solute influence on enhancing or inhibiting void swelling 
depends on the solute concenualion, with the strongest influence lypically occurring at intermediate 
concentrations on the order of 0.1 wt.% (65.661. Figure 13 shows the effect of titanium additions on he  
cavity density in two austenitic stcels irradiated nex 400°C in ciUier a last (JOYO) or a mixed-spectrum 
(1II;IR) reactor [61,64]. In the Ik-Cr-Ni ternary irradiated i t i  a fast reactor (low IIeldpa ratio), the addition of 
0.12 wt.%~ Ti increawd die transient void nuclcation regime from about 0.5 dpa to 3 dpa or higher. The 
addition of 0.23 wt.% Ti to 20%> CW 316 slainless stccl caused extensive refineincnt of  the He buhblcs 
produccd during itxidiaticin i n  it mixcd-speclruni rcdcwr (high I le/dp;i ratio). 'lhc dcnsity nf ohscrvable 
bubbles hiid not yet reached saluration after 13 dpa. aid nonc of Uic buhbles tad converted 10 voids. Similar 
dose-dependeut behavior for Uic bubble evolulioii has also k e n  ohscrved in 25% CW Ti-modified PCA stcel 
irramated in speclrdlly-tailored expeninem u t  400°C to 7.4 and 13 dpii 1701. The dclcctahle bubble 
conceiitration i n  Uiat case increased by aboul a factor of kii to reach >2.5 x 1023/m3 at 13 dpa wilhout 
evidence of saturation. Alloying clctncnrs like titanium :uid pliosphoius can have indirect effects 011 void 
fonnation arid growth when Uicy are in solid-solution, and can also directly affect lieliuni hubhle nucleation 
in steels by causing the fonnatioii of line MC or M2P precipihtes. 
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Fig. 13. Effect of Ti additions on extending the transient regime for cavity nucleation in austcnitic stainless 
steels irradiated in a fast neutron [611 a i d  mixed spectrum [64] fission reactor. 

The transition in the macroscopic void swelling behavior rrom a low-swelling regime to a linear 
high-swelling regime is directly related to the microscopic void nuclcation. Ilowever, the duration of the 
low-swelling tnnsient regime is typicdly much greater Uie dose required for the "steady-stale" cavity 
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density to evolve. Whereas the cavity density in an alloy such as Type 316 steel typically reaches its 
"saturation" level within a few dpa the swelling transient can extend to doses in excess of 10 dpa. The 
difference in the duration of the cavity nucleation and void swelling transients is due to the dose needed to 
convert gas-stabilized bubbles to biasdriven voids [71,72]. Cavities below a certain critical size are 
unstable because they emit vacancies faster than they absorb vacancies: such cavities require an internal gas 
pressure to exist, and therefore only grow as huhbles driven by gas absorption (and at high densities, 
coalescence). When a cavity reaches a critical size, vacancy absorption overcomes emission and the cavity 
can grow without further need of additional gas absorption. The macroscopic void swelling transient is 
largely determined by the time required for the bubbles to reach the critical size and convert to voids. Since 
cavity nucleation necessarily precedes the conversion of bubbles to voids, the cavity nucleation uansieiit 
regime is always somewhat shorter Ulan the void swelling Uansient. 

Figure 14 summarizes the dose-dependent void swelling behavior of several dirferent types of 
austenitic sminless steels [3,4]. In high-purity ternary alloys, the swelling transient may last only a few 
dpa, whereas in fast-breeder reactor irradiated SA 316 that period is about 30 dpa, and in 20% CW 316 can 
be about SO dpa. Studies in which the transient regime for macroscopic swelling during neutmi irradiation 
of advanced austenitic steels extends to damage lcvels of 70 dpa or more correlate with similar cxtensions of 
the "incubation" dose for microscopic void formation [8,69,73-761. Such prolonged transients in advanced 
steels are always related to delayed void fonnation (bubble to void conversion) as opposed to delayed void 
growth. 

ii 
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Fig. 14. Trend lines for swelling of austenitic steels irradiated in the EBR-I1 fast reactor at temperatures of 
500 to 650°C [3,41. 

Only small dimensional changes can be tolerated in most reactor structural components. Posl- 
transient swelling rates in austenitic steels are typically from 0.4% to 1% pcr dpa for irradiation 
temperatures between 400 and 600°C [56,67,77]. Therefore, the most realistic engineering goal for 
changing materials behavior in an irradiation environment is to extend the low-swelling fransient period. 
The scientific approach 10 devcloprnent of swelling-resistant alloys has been to control microstructural 
development during irradiation in order lo delay void formation as long as possihle. Several factors can 
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influence the duration of Uie void swelling "incubation" period. One major factor is the amount of gas 
available to promote bubble formation and growth. Reaching the critical cavity size for void formation is 
equivalent Lo the bubble obtaining a critical number of gas atoms [71,721. Both residual gases (0) and 
gases generated by transmutation reactions (H, He) can play a role. The simplest effect of adding some of 
the solutes commonly found in steels (C,  Si, Ti are all poknt deoxidizers) is to react with residual oxygen 
and remove it  from the alloy system [78]. so that void nucleation now must depend on the transmutation- 
generakd gas buildup during irradiation to stabilize bubble nuclei. I o  cotnmercial steels. residual gases can 
play a significant role in the lowdose cavity behavior, whereas at higher doses transmutant gases 
increasingly influence bubble formation, growth. and conversion to voids. lIelium has generally been 
shown to be the most impotiait gaseous mnsmumil L711. The dose to ohoin the critical number of gas 
atoms to induce conversion of bubbles to voids for a fixed bubble density is inversely proportional to the 
helium generatiou rate. In  addition. helium has a strong direct influence on die evolution of bubble density, 
with many experimental observations supporting a roughly square-root dependence of the bubble density on 
the helium gencration rate [79]. This ha.. been shown to lead to void swelling behavior which is not a 
simple, monotonic function of the helium generation rate LR.801. 

5. Precipitation and Solute Segregation 

Several different prccipilalc ph;Lses norm;llly fomi i n  type 3 I6 ausieiiiiic sleek during thermal 
aging at S50 to 900°C in the absence of imdiation [6,15,81-831. These phases include carbides such as 
M23Cg and MgC (did MC iT'l'i or Nh u e  present) and iiitennctallic phases such i ~ s  Laves, sigma and chi. 
If  type 316 steel is appropriately modificd, phosphides (M21' or M1l') or G-phase (MgNilgSi7) silicides 
can also precipitate during aging. The main feature of ncuU(in in-adiation is to introduce new or 
composition-modified phases which arc no1 ohserved during doeimal aging. bdiation-induced solute- 
segregation ;md radiation-affected precipilation in auslenitic steels arc complex topics that have been the 
subject of numerous conferences and review articles [6,7,9,15,81-831. For this paper, we will merely 
present a brief overview of the salient features of precipitation that enable us to discuss the overall 
microsmctural evolution. l'hc reader will find more detailed infwtnation on precipitation behavior in 
neuuon-inadiatwl skcls in the papers cited ahove. 

Figure 15 shows the experhenEd dose and temperalure regimes in which precipihtion has been 
observed in SA type 316 austenitic steel following fa1 reactor irradiation 161. lhe detailed phase evolution 
in austenitic steel is sensitive to several Paclors, including inerallurgical variables such iiq alloy composition 
and irradiation paramclers such as specual or dam:lge-rdte effecrs [71. Despite soch differences, precipitation 
generally occurs only i i i  the temperature range of about 300 to 800°C f(ir tx)Ui mixed-spectrum and fast 
reactor irradiations [6,7]. Signilicant amounts of prccipitation typically does not begin to occur until doses 
on the order of 1 to 10 dpa. In some exes, the forin:ilion of certain phiues pcculiar io the irradialion 
environment (silicides ltke y'-NijSi o r  G-phase) can be delayed unti l  doses ill excess of SO dpa are achieved 
[6,7]. In other cases, some radiation-induced p h & w  (fitic y' or MpIM1I' phosphide needles) form in the 
high-temperature regime after only a few dpn ;ind then dissolve at higher doses of 20 to 40 dpa. It is 
therefore difficult to categorize trruisient ;md "steady-shte" regimes for radi;ition-produccd precipitation. 
Indeed, the concept of a "steady-state" precipitale micr(isUucture may nut  he appropriate until doses in excess 
of 50 dpa. The extended transient associated with Uie f~irmntion of radiation-produced precipitation can have 
a profound impact on the other microstructural compiients, such as Frank loop formation atid the total 
dislocation density. 

' h e  formation (if precipilales in slccls is controlled by solute segreg:ition, which can be 
substantially modified during irradiation as a result of prelerential solute-defect coupling [6,7,0]. Therefore, 
RIS and the associated precipitation are sensitive to anydiing Uiat modifies point-defect behavior [84-87]. 
Solute segregation C T ~ ~ ~ C S  spatially localized variations in the alloy composition: initially RIS effects occur 
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Fig. 15. Temperature and dose regimes where precipitation is observed in solution annealed Type 316 
stainless steel irradiated in fast neutron fission reactors 161. 

only at sinks such as Frank loops and voids, but at high doses NS eventually also affects the mauix 
between the various microslructural features [88-901. This creates the possibility of higgering precipitation 
of phases in these segregated volumes that would not normally be seen during aging in alloys of the 
original bulk composition. 

The general effect of FUS in austenitic alloys is to cause the buildup of undersized solutes such as 
Ni, Si, and to a lesser extent, Pat sinks, mainly by the interstitial drag mechanism. Since the interstitial- 
solute complexes are generally highly mobile, this segregation mecbanism usually dominates at lower 
temperatures and doses. IUS typically also causes depletion of oversized (fast-diffusing) substitutimal 
elements like Cr and Mo at sinks during irradiation, mainly due to the inverse-Kirkendall vacancy diffusion 
mechanism. These effects are usually more prominent at higher temperatures and doses due to the relatively 
sluggish vacancy diffusivities. Nickel is a slow-diffusing solute in steel, so it is enriched at sinks via both 
the inverse-Kirkendall mechanism and the interstitial drag mechanism. The buildup of Ni at sinks is a 
characteristic feature of IUS over a wide range of dose and temperature. Conversely, while silicon is 
enriched at sinks via the interstitial drag mechanism, it is a fast-diffusing substitutional solute and can be 
depleted via the inverse-Kirkendall mechanism. Figure 16 shows an example of the net effects of EUS 
described above (Si and Ni enrichment, Cr depletion) that occurred at a large Frank loop in neutron-irradiated 
austenitic steel [881. Manganese is an example of an alloying element whose RIS behavior depends on 
alloy composition. In type 316 steel with a small amount of Mn (2 wt %). liltle effect of RIS is found, 
whereas in a Mn-stabilized steel (Russian EP-838.13.5 wt %), Mn was depleted at sinks instead of Cr due 
to its faster substitutional diffusivity [881. While it is simple IO say that RIS is the dominant mechanism 
affecting radiation-produced precipitation, it can be seen that the detailed RIS behavior of the various solute 
elements in each particular heat of steel is complicated. 

The precipitates lhat form in austenitic steels during irradiation can be classified into three general 
groups, as outlined in Table 2 [9,831. The first precipitate category includes radiation-enhanced and -retarded 
thermal phases. These precipitates are normally found to have the Same phase composition after thermal 
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RIS TO FAULTED MSLOCATkJN LOWS IN NiSTABlUZED USPCA 
FFTF. 15 dpa. 520°C 

Fig. 16. (a) Nearly edge-on dislocation loops (A,B) in solution annealed E A  steel irradiated in the FFTF 
fast fission reactor to 15 dpa at 520°C. (h) IUS profiles at loop A, which has a diameter of -100 nm. 
(c) RIS profiles at loop B, which has a diameter of -50 nm. Dashed lines indicate the composition levels 
in the unperturbed mamix [881. 

aging or neutron irradiation, but their relative abundances are different in the two environments. Radiation- 
enhanced precipitation refers to an enhancement in the kinetics or nucleation level of a thermal precipitate 
phase, or to the formation of the phase at a lower temperature during reactor irradiiation compared IO thermal 
aging of the same steel. Conversely, radiation-retarded precipitation refers to phase formation which is less 
abundant or shifted to higher temperatures in the presence of irradiation. Radiation-enhanced and -retarded 
phases are thermally stable and do not disappear or change chemical composition during postirradiation 
annealing at the irradiation temperature [911. The particular thermal phases enhanced or retarded during 
irradiation depend on the level of RIS during irradiation. When RIS is at a high level (e.g., SA 316, fast- 
reactor irradiation), M(,C and Laves formation is enhanced during irradiation, while M23Cg (and in Ti- 
modified steels, MC) formation is retarded during irradiation. At a lower level of RIS (e.g., CW 316, 
mixed-spectrum reactor irradiation) a phase like M23C6 that was retarded in the previous case can now be 
enhanced during irradiation. Another group of precipitates are the inadiation-modified thermal phases, such 
as M6C and Laves. These phases have the same crystal structure (and often same morphology) as the 
comspondmg phases formed during aging, hut their phase composition is different during irradiation. 
Generally the compositional differences reflect b e  effects of IUS (more Ni and Si, less Cr and Mo) balanced 
against the inherent compositional flexibility of the thermal phase. The third group of precipitates are 
radiation-induced phases. Such phases are unique to the irradiation environment, and would not form in that 
paRicular heat of steel during aging at any temperature. These phases are thermally unstahle and dissolve 
during postirradiation annealing at the irradiation temperature [N]. The formation of ndiation-induced 
precipitates is caused by RIS creating a localized compositional modification around a sink that is sufficient 
to induce precipitation of a new phase. 
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Figure 17 shows the fluence-dependent nickel content of Laves precipitates in SA and 20%CW 
type 316 steel irradiated at 500 to 550°C in fast and mixed-spectrum reactors [9,45,92,93]. Similar fluence- 
dependent compositional changes have been observed for other precipilates, such as the radiation-enhanced 
MC phase [94]. During thennal aging, the Ni content of the Laves phase is characteristically low (5 to 
8 wt %) in both SA and 2O%CW material. The nickcl content of ndiation-produced Laves is directly 
related to the degree of compositional inodilication caused by KIS. When KlS is intense (e.g., when voids 
we forming easily during irradiation, SA 316 in HFIR or 2O%CW 316 in EBR-II), the Ni-content of the 
Laves phase increases signilic;uitly with dose, aid does not appcar to have slabilized even after doses in 
excess of 50 dpa (Fig. 17a and 17b). Convcrsely. when RIS is low or suppressed (e.g., when a high density 
of bubbles fonn and do not convert to voids, 20%CW 316 in HFIR). the Laves Ni-content remains low and 
does not change during extended irradiation (Fig. 17b). When type 316 stainless steel is aged to produce 
thermal precipitation prior to irradiation, these precipitates consistently dissolve rapidly before the 
appropriate radiation-produced phases fonn [OS]. The detailed behavior of radiation-produced precipitation in 
sleek is very sensitive to irradiation parameters (temperature, Ile/dpa ratio. darnage rate) and metallurgical 
variables (heat-to-heat compositional variations, premaunent). 

ORNL-DWG 83-15910/ORNL-DWG 82-13222 

Fig. 17. Energy dispersive x-ray spectroscopy measurements of the Ni concentntion of individual Laves 
phase particles on extraction replicas from a) SA 3 16 and b) CW 3 16 after thermal aging or neutron 
irradiation in a fast neulron (EBR-11) or mixed specwum (IIFIR) fission reactor [45]. 
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The presence of radiation-modified or -induced phases duiiiig irradiation at temperatures of 450 to 
600°C is generally a sign of poor radiation resistmce. These precipitatcs are indicators that significant 
solute segregation has taken place during the irradiation, which implies tliat a high level of solute-coupled 
p i n t  defect fluxes were present. Since high point defrct fluxes generally acceleme deleterious ndiation- 
induced processes such as void swelling, the presence of high levels of KIS (directly visible in the form of 
radiation-induced or modified precipitates) is an indication of a microstructure with poor radiation stahility. 
Conversely, the presence of thenndly stable precipitates (radiation-enlianced or -rcmded) is an indicator of a 
radiation-resistant microstructure. As discussed below, the fine radiation-induced MzP precipitates in 
phosphorus-modified steels are a notahle exception to this general rule. 

Precipitates can ducclly affect parlitioning of defect fluxes when the matrix-precipitate interfaces act 
as sinks far point defects. Relatively high precipitate densities are required for such precipitate sink-strength 
effects to he significant in irradiated materials. Due to their small size and high density, the ndiation- 
induced MzP precipitates that f(rrin in phosphorus-modified steels effectively dispcrsc He atoms and promote 
p i n t  defect recombination. Since Uie M2P precipitates are resistant to coarsening up to high doses [96], 
this produces a swelling-resistant microsuuucture. 'lhe y radiatioii-induced precipitates also initially act to 
suppress void swelling due to their high density (high sink strcnglli). However, ",/ coarsens rapidly during 
irradiation at temperatures 2500°C 1961. ' h i s  reduces the y sink strength to a level where i t  is not effective 
in dispersing Ile atoms or promoting point defect recoinhination. producing poor swelling resistance. Most 
of the radiation-induced atid -modilicd ph;~<es in austeiiitic stccls (l'able 2) have undersized volumcuic misfit 
strains relative lo the lattice. Such misfit-slrain effects lead Lo a further eidiancement of void swclling 
because interstitials will he preferentially attracted to the precipimte-matrix inkrface, creating a precipitate- 
based interstitial bias component that complements the more Pmi l ix  dislocation b i a .  Another way in 
which cenain precipitates directly cnhance void f~rrmauon and growth is when coarse precipitate particles are 
attached to voids of comp'mhle size L92961. Generally. such hehavior is observed for radiation-induced or 
modified G. Laves and MgC phases [02.96,97], which is an indication of suoligly coupled RIS and vacancy 
fluxes. Since KIS is nonnally strong to large voids, it is logical Uiat tlic ionri:!tion of p h a e s  that require 
RIS would occur at void sites. Moreover, tlic fcmnation xiid grcrwtli of such IUS-compatahle prccipirates at 
void.. then directly enhmces void growth by mcchnisms tbat involve Urc precipitate as a vacancy collector 
for the void [Y2,96,')8]. 

Precipitate formation is just one of  the microstructural Pactors thnt contrihute to the extension of 
the low-swelling trnnsient regime in type 316 steel relative 10 simple teniary alloys. IIowever, 
precipitation is the domim~it  microstructural feature responsihle for extension of the low-swelling transient 
to doses in excess of 80 dpa in swelling-resistant advmced steels. 111 this case, the coinhination of alloy 
compositional modification (Ti, C, Si. P additions) and pretreatment condition (20-25% CW) causes fine 
precipitation of radiation-cnhanced thermal phases (MC and/or FeTiP needles) inswad of Uie radiation- 
affected RISsompatahle phaes  gclicrally associated with voids. 'l'hcse special carbides and phosphides 
conlain titanium (and Mo, V aid Nh i n  some caws), atid gener:tJly coiimin little or no nickel and silicon. 
By conuast the radiation-induced or -mtrdilied phases (G, ",/, MgC arid I.aives) have nickel and silicon as 
(heir main constituents. 

The fine stahle Uiennal phases that form in advanced stccls during irradiation at 400 to 600°C 
impm void fonnalion rcsisGuice tllrough s c v e d  mechanisms, which include: (a) interfacial helium 
trapping, often resulting in finer aid more profuse licliun bubble nucleation than would occur without the 
precipitates [06,99,1001, (h) increased sink strength, which promotes point defect recombination at the 
precipitate/ma(rix interface 1961, and ( c )  precipilate pinning of dislocations lo hinder climb associated with 
excess interstitial absorption [96]. Such void-resistant microsuuclures esuhlish themselves quickly during 
irradiation and then remaill relatively unchruiged for loiig periods of time [9,69,73-76,931. However, they 
represent a trmsient rather than a "stcady state" microstructure during imdiation. Indeed, ax voids linally 
hegin to fonn at higher doses, the fine tliermal precipitates hegin tu dissolve [69,73-76.94.1011. This 



271 

eventually produces a transition from the low-swelling to the high-swelling rate regime. A key point is 
that very dramatic changes occur in the microstructure MQ!X macroscopic swelling changes are observed. 
Fast reactor irradiation data from both the French 20-25% CW 15-15Ti steel modified with B+P and the 
Japanese PNC316 steel modified with Ti+P+B indicate that the extension of Uie low-swelling transient to 
beyond EO dpa depends on the existence of fine dispersions of MC or FeTiP precipitates and their resistance 
to dissolution [69,73-761. The French data in particular indicates that such microstructures may be slable to 
more than 1.50 dpa 1751. 

6. Discussion 

There is no simple relation that connects the neutron displacement damage level directly to the 
establishment of a "steady-state" or saturation microstructure in austenitic stainless steel. Although the 
concept of a "steady-slate" microstructure may be viahle in the low-temperature irradiation regime, that 
concept loses meaning for many of the microsuuctural components in certain types of austenitic steels at 
higher irradiation temperatures. The duration of the macroscopic low-swclling transient izgune is the result 
of a complex microstructural evolution, which in turn depends (syirrgistically) on inany other irradiation 
parameters and inelallurgical variables, not just dose. 

Io the "low temperature" regime (<300°C), die high sink dciisity associated wilh thermally slable 
vacancy clusters produced in the displacement cascades suppresses the concentration of frcely-migrating 
point-defects aid inhibits their long-rmge migration. Ilcnce. die length of the microstructural transient at 
these temperatures is largely controlled by the dose needed to induce significamphysical cascade overlap 
(Le., - 0.1 dpa). ttowever, despite the high density of sinks, the low point defect mobilities associated with 
this temperature regime can lead to extended transients in the point defect concentrations [10,50]. For 
irradiation lemperatures below about 150"C, the t i e  rcquired for thc point defect concentrations to reach 
sleady state can exceed the duration of typical n'actor irradiation experiments. For example, the calculated 
point defect transient lasts about six years at 100°C [50]. The interstitial concentrations would he much 
higher and the corresponding vacancy concentration much lower than their steady slate values during this 
transient. Since microstructunl evolution is generally driven by the difference in the point defect fluxes, the 
use of theoretical models which assume swady slate point defect concentrations can lead to significant errors 
in predicting microstructural evolution at low temperatures. The significant dislocation recovery shown at 
low temperatures in Fig. 10 and the surprisingly Page amount of creep observed in Steel irradiated at 
<150°C 1501 are examples of the potential impact of the exteiidcd point defect transient. Hence, the 
relationship between pointdefect behavior and microstructural evolution is complex, even at low irradiation 
temperatures. 

The evolution of the dislocation loop and cavity densities in simple Fe-Cr-Ni ternaries during 
irradiation in the "high-temperature" regime (300 to 700°C) can be described by a rclatively npid initial 
microstructural Wruisicnt that is completed within damage levels of about 0.5 to 5 dpa. This initial transient 
is subsequently followed by a secondary microstructural minsient that can extend to doses in excess of 
SO dpa, due to interaction between the various microstructural components. The initial microstructural 
transient regime for the total dislocation density (loops plus network) generally requires doses in excess of 
10 dpa and is controlled primarily by the process of loop growth and unfaulting. Since solute segregation 
to dislocation loops can be pronounced (Fig. 16) [88]. the duration of the transient regime for the total 
dislocation density may be influeliced by RIS. The evolution of bubbles and voids in the high-tcmpenture 
regime is controlled by RIS-modified accumulation of helium atoms and vacancies. Microcompositional 
studies [102,1031 have found that substantial RIS of nickel is dctectahle around tiny helium bubbles and 
small voids. Other studies have shown thick (20-40 run) RIS zones around larger voids [6,9], so that RIS 
is involved in all stages of void evolution. Under certain conditions at 400 to SSOT, the initially 
homogeneous austenite matrix can break up into a heterogeneous mixture of austenite (the Ni-rich regions 
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around sinks) and a-ferrite at doses ill excess of30 dpa [7.90,104,105]. This may represent the true "steady 
state" microstructure during irradiation (aid corresponds with swelling saturation), but is technologically 
uninteresting since it only occurs after a Large amount of void swelling and is a highly embrittled 
mechan id  condition. 

Clearly the most difficult phenomena to classify in terms of a "steady state" microstructure is 
radiation-produced precipitation. In most steels, Uie precipitate behavior falls smnewhcre between the 
extremes of highly RIS-affected phae forination and radi;ition-enhanced thermal phase funnation with 
relatively weak RIS effects. Because both of these precipitate cl es require sustained solute segregation 
and point defect lluxes to fonn and remain stable, this component of the evolving microstructure usually 
lags behind the otherj during irndiation. Since the stability of fine radiation-induced precipitates is 
&pendent on the samc mechanisms that caused Uiem to form, subtle changes in the global microstructure. 
point defect fluxes, or RIS generally affects the precipitate structure more Uian the void or dislocation 
network structures. The transient for precipilllte formation in re1;itively simple alloys like type 316 is 
generally greater dim 10 dpa. 

In advanced swelling-rcsistaiit steels, fine dispersions of Uienn:d phases Uiat are not compatible 
with RIS (e&, MC) develop rnpidly duiiiig ii~xliatioii and rein;iiii stable up to high doses (>SO dpa). This 
&nse precipitate microstructure promotes uniform dispers:il of lieliuni at(iins and forces virtually all of the 
freely migrating d c f e c ~ ~  to recomhiiic at siiks, which depresses Uie vacaricy suporsatur;ition arid Ulercby 
inhibits cavity nucleation. ?lie fiiicly dibpcrsed sink\ ;dso dilute KIS 10 thc point that i t  is not significant. 
The extended pcriod during which Uiis tiearly-Lhennal microstruclure exists is not a Uue "stcady state", 
because when p i l i t  defect concentrations eventually move tow:nd "steady SkI tC"  values and KIS begins lo 
develop, thc "Uicnnal" precipitates dissolve aid the microsuucturc cnters a new transiein that evolves toward 
a suongly radiation-dkcted inicrosuuciun: of voids, dislmtions and radiation-mcxlified o r  -induced 
precipitates. 

The complexities in the microstructural evolution of ziustciiitic steels in Uie Uaiisieiit regime may 
be contrasted with Uie relatively stnighlf\)rw:u'd bch;ivior of pure inelills 13x1. 'lac in:idiation dose needed 
for void md dislocation loop nucleation tu be completed iii Ni dui-ing iicuuon iixidiatioii at elevated 
temperature is only about 1 dpa, and compared to auslcnitic steel Uic IcngUi of the transient is relatively 
insensitive to neutron spccuum dilfereiiccs. lliis comparison highlights Uie importance of solutes and 
precipitates on the exteiision of Uie umisieiit regime. The situ:ition lor steel kcomes  iiicrcasingly complex 
as additional solutes are added to the hue ternary composition. The strong synergistic effccLs hetween the 
various alloying elcmeiits, aid interactions between Uic various componciiLs of die microsuucturc cause an 
extension of the tnicmskuctural uwisienLr and Uic niacroscopic low-swelling rcgime tn very high doses in 
technologically relevant SICCIS .  Mech:uiistic:llly. m:iooscopic low swelling behavior is only  p~issible when 
the microstructure inhihits tlie normally efficient biased p:ntitioning of vacancies :ind intcrstiti:lls to sinks 
and instead promotcs point defect n'coinbinatit~n during ii~;idiatio~i. 

7.  Conclusions 

The darnage level needed to achieve a "stc;idy s m e "  inicrcisuuctur:ll conditiiin i n  ncuuon-irradiated 
austenitic stainless steel varies from less Uiaii 0.1 dpa to greater Uiaii 50 dpa, depending on the irradiation 
conditions and Uie specific microstructural componcrit heing investigated. ' h e  evolution of most of the 
microstructural coinponenls can be characterized by a relativcly zipid initial trmsicnt regime lasting for a 
damage level of about 1 dpa, followed by a slowly evolving secondary mnsient regime. Due to interactions 
between the various microstruclural componeols which e\,olve at difkrent rates, the overall microstructure 
typically remains in this secondiuy transient regime up to very high drun:ige levels (>50 dpa). In some (but 
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not all) cases, steady state approximations may be invoked for the purpses of irradiation effects modeling 
in this secondary transicnt regime. 

Despite the hundreds of neutron irradiation studies perfonned on austenitic stainless steels ovcr the 
past 25 years, it is apparent thal further irradiation experiments are needed due to a lack of systematic data at 
low temperatures (<350"C) and low doses ( 4 0  dpa). Data are needed on both complex and simple model 
alloys to further our uudcrslanding of the microstructural evolution. For fusion reactor applications, single- 
variable experiments at fusion-relevant He/dpa ratios (utilizing specual tailoring or isotopic tailoring 
techniques) are needed to investigate the important experimental panmeters and conlrolling mechanisms 
associated with the transient regime. 
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FRACTURE TOUGHNESS OF IRRADIATED CANDIDATE MATERIALS F O R  ITER FIRST 
WALLBLANKET STRUCTURES: PRELIMINARY RESULTS - D. J. Alexander, J. E. Pawel, 
M. L. Grossbeck, and A. F. Rowcliffe (Oak Ridge National Laboratory) 

OBJECTIVE 

The purpose of this work is to determine the cffcct of  irradiation a t  low temperatures (less than 
300°C) to damage levels of about 3 dpa on the mechanical properties, in particular the fracture 
toughness, of candidate materials for the International Thermonuclear Experimcntal Rcactor (ITER) 
first walllblanket structures. 

SUMMARY 

Candidate materials for first wallblanket structures in ITER have been irradiated to damage levels 
of about 3 dpa a t  temperatures of either GO or 250°C. Preliminary results have been obtained for 
several of these materials irradiated a t  60°C. The results show that irradiation a t  this temperature 
reduces the fracture toughness of austenitic stainless steels. but the toughness remains quite high. The  
unloading compliance technique developed for the subsize disk compact specimens works quite well, 
particularly for materials with lower roughness. Specimens of materials with very high toughness 
deform excessively, and this results in cxpcrimcntal difficulties. 

PROGRESS AND STATUS 

Introduction 

Work is under way at Oak Ridge National Laboratory (ORNL) to evaluate the fracture toughness of 
candidate materials for first walliblanket structure applications in the ITER. A variety of austenitic 
stainless steels are  being examined, as well as several additional materials. Thcse materials have been 
irradiated in the High Flux Isotope Rcactor (HFIR) at ORNL. T o  date, three capsules have been 
designed, fabricated, and irradiated to dose levels of approximately 3 dpa. These capsules were 
designed for irradiation temperatures of eithcr 60 to 125°C (capsules HFIR-JP-18 and -19) or 250 
to 300°C (HFIR-JP-17) [l-31. All of the capsules have been succcssfully irradiated in HFIR,  and two 
of the capsules (JP-18 and -19) have been disassembled. Work has begun o n  testing t h e  fracture 
toughness specimens from these capsules, and some preliminary results are  reported here. 

Experimental Procedure 

Several variants of type 316 austenitic stainless steel are  being considered for structural applications 
in ITER. These include American and Japanese type 316 steels (designated US316 and J316, 
respectively), a European type 316L steel (EC316L), and the JPCA alloy. Some ferritic steels were 
also included in this experiment, including HT-9 and F82H. Specimens were fabricated from material 
in several different conditions, including annealed or cold worked, as well as weldments. 

In order to utilize the HFIR target region for the irradiations, the  specimen size was severely limitcd. 
Therefore, a small disk compact specimen 12.5 mm in diameter was selected for the fracture toughness 
experiments. Techniques were developed for generating the J-integral-resistance (J-R) curve using 
either unloading compliance (UC) or dc-potenlial drop (PD) to monitor crack extension [4,5]. Initial 
trials showed that either method could be used to develop useful fracture toughness data from these 
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small specimens [4-6]. As a result of the success of the laboratory trials, it was decided to use the 
unloading compliance technique for testing the irradiated specimens. 

The disk compact specimens [designated DC(T)] were 12.5 mm in diameter by 4.63 mm thick. All 
specimens were fabricated lrom the middle of tbc thickness of the parent plates of material, with the 
notch oriented so that crack growth would occur parallel to the rolling direction (T-L orientation). 
The specimens were fatigue precracked at  room temperature and side grooved 10% of their thickness 
on each side, prior to irradiation. Filler pieces were inserted in the loading holes and in the notches 
to reduce disturbances in the flow of cooling water over the specimens in the capsule and to improve 
the uniformity of heat transfer across the specimens. 

Capsules JP-18 and 19 complctcd their irradiation in October 1991 [3],  and have been disassembled. 
Capsule JP-17 completed its irradiation in February 1992 131 and is awaiting disassembly. After the 
disassembly, the  inserts in the individual specimens were pushed out of the loading holcs using an 
arbor press and punch. The filler in the notch was removed with the aid of  a hammer and a thinned 
screwdriver blade. 

Tests were conducted in general accordance with American Society for  Testing and Materials 
standards E 813-89, Standard Test Method for J,,, A Measure of Fracture Toughness, and E 1152-87, 
Standard Test Method for Determining J-R Curves. 'The specimens were tested with a 
computer-controlled testing and data acquisition system 171. Tcsts in the laboratory uscd a n  89-kN 
capacity servohydraulic tcst machine. In the hot ccll, a 445-kN servohydraulic testing machine with 
an  ultraprecision 22-kN load cell was used. All tests were run in strain control. The displacements 
were measured with an "outboard" clip gage that seated in grooves machined on the outer cdge of the 
specimen along the load line [4,5]. This arrangement provided very good load-displacement and UC 
results. Test temperatures were tnaintaincd within +2"C of the desired temperature with a split-hox 
furnace that enclosed the specimen and the grips during the test. Temperature was monitored 
throughout the testing with a thcrmocouple that was held in contact with the specimen by a spring- 
loaded clip. Since tensile tests for materials irradiated under these conditions have not yet been 
conducted, estimated values of the yield and ultimate tensile strengths and Young's moduli were used 
in the calculations for the J -R curves. These estimated values are given in Table 1. 

After testing, the specimens were heat tinted by placing them on a hot plate and heating them until 
a noticeable color change had occurred. The specimens werc cooled in liquid nitrogen and then 
broken open. The initial and final crack lengths for the unirradiated specimens were measured with 
the use of an optical measuring microscope. For the irradiated spccimens, photographs of the fracture 
surfaces were fastened to a digitizing tablct to mcasure the crack lengths. 

Results and Discussion 

Six different materials were tested in the laboratory to establish baseline lracture toughness properties 
for the unirradi:ilcd materials. These include EC316L annealed, JPCA annealed, JPCA cold worked 
(IS%), J316 annealcd, US316 cold worked, and HT-9. The EC316L and JPCA annealed material was 
tested at 22, 100, and 200°C; the remaining tests were conducted a t  22". EC316L and JPCA 
annealed irradiated specimens were tested in the hot cell a t  25, 100, and 200°C. 

Materials with vely high toughness and low yield strength, such as the annealed austenitic stainless 
steels, proved to be more difficult to test than material with lower toughness such at HT-9. The  soft, 
tough materials showed enormous crack-tip blunting before stable crack growth began. This resulted 
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Table 1. Estimated tensile properties 

Strength 

(“C) Ultimate (GPa) 
Yield tensile 

Young’s 
modulus 

Temperature ( M W  
Alloy Condition 

EC316L annealed Unirradiated 22 275 582 193 
100 225 504 186 
200 186 441 179 

EC316L annealed Irradiated 22 425 650 193 
100 375 600 186 
200 325 550 179 

JPCA annealed Unirradiated 22 250 580 193 
100 230 520 186 
200 210 460 179 

JPCA annealed Irradiated 22 410 630 193 
100 390 570 186 
200 370 510 179 

JPCA cold worked Unirradiated 22 671 710 193 

US316 cold worked Unirradiated 22 725 785 193 

5316 annealed Unirradiated 22 295 570 193 

HT-9 Unirradiated 22 650 800 207 

in gross changes in the specimen geometry (see Fig. I), and so the crack length predictions were not 
very accurate. The J-R curve is much steeper than the calculated blunting line. In these cases, the 
data were used to calculate a blunting line. A straight line was tit by eye through the initial portion 
of the data points,’and a second line was drawn parallel to the first but offset by an amount 
corresponding to a crack extension of 0.2 mm (see Fig. 2). The candidate toughness value J, was then 
determined from the intersection of the data with this offset line. Materials with lower toughness, 
such as the cold-worked austeniticstainless steels, behaved in a much more conventional manner. For 
these materials, the data followed the calculated blunting line quite closely, so no additional 
construction was required. These specimens also showed very good agreement between the measured 
and predicted final crack lengths. 

The results of the testing are given in Table 2 and the various J-R curves are shown in Figs. 3 to 7. 
These curves show that the toughness of the austenitic steels is very high. In most cases, the 
toughness decreases slightly as the temperature increases, but remains very high. The EC316L 
annealed steel shows a slight decrease in toughness after irradiation. The JPCA annealed material 
responds much more to irradiation, with a much greater decrease in toughness than the EC316L steel 
showed. Even in this case, the toughness is still quite high, as Table 2 shows. The other materials 
also have high toughness values, with the exception of the cold-worked US316 steel. This material 
has by far the lowest toughness of all the materials tested. 
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CRACK EXTENSION (rnrn) 

Fig. 3. J-R curves for unirradiated EC316L steel. 

CRACK EXTENSION lrnrn) 

Fig. 4. J-R curves lor EC316L slccl irradialed lo 3 dpa at 60 10 125°C. 
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Fig. 5.  J-R cun'es for iinirradiatcd JPCA annealed steel. 
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Fig. 6. J-R ciirvcs for irradiated JPC'A annealed slccl irradiaicd to 3 dpa a1 60 10 125°C 
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Fig. 7 .  J-R curves for the rcmainins unirradiatcd mntcrials 
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Fig. 8. Fracture toughness valucs for EC316L and JPCA anncaled stcels as a function of temperature, 
showing the effccts of irradiation and lest temperalure. 
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Table 2. Fracture toughness values 

Temperature J, K, 
f"C) Cd/m*) (MPadm) Material Condition Specimen 

EC316L annealed Unirradiated FA14 22 769 355 
FA22 100 8SY 407 
FA5 200 696 353 

EC316L anncaled Irradiated FA16 25 775 387 
FA3 25 802 393 
FA6 100 703 362 
FA17 200 52 1 306 

JPCA annealed Unirradiated FF10 25 572 360 
FF13 100 705 362 
FF20 200 499 299 

JPCA annealed Irradiated FF5 22 379 270 
FF16 100 323 245 
FF2 200 242 20s 

J316 anncalcd Unii radiated FCS 22 798 393 

JPCA cold worked Unirradiatcd FE6 22 356 262 

US316 cold worked Unirradiated FL13 22 37 85 

HT-9 Unirradiatcd F H l l  22 447 304 

The effects of test temperature and irradiation arc summarized i n  Fig. 8 for the EC316L annealed and 
JPCA annealed materials irradiated at 60 to 125°C. The EC3lhL material has B higher toughness 
than the JPCA material. Both show a tendency for lower toughness as the  test temperature is 
increased. The JPCA alloy shows a much greater decrease in toughness following irradiation than the 
EC316L material. However, even in the worst case, the toughness is still quite high. 

CONCLUSIONS 

Useful fracture toughness data can he generated using the unloading compliance technique and the 
small disk compact specimens. Specimens of several austenitic stainless steels have been irradiated 
in HFIR to ahout 3 dpa at 60 to 125°C. Preliminary rcsults have shown that the toughness of the 
annealed EC316L and JPCA auslcnitic stainless sleek is quile high. The JPCA alloy shows a greater 
response to irradialicin, with a more significant dccrmse in the tiiughness after irradiation. The effect 
of irradiation is most noticeable at higher test tempcraturcs (200°C). Hciwcver, even in this case the 
toughness is still high. 

FUTURE WORK 

Additional specimens will be tested in both the irradiated and unirradiatcd conditions. The third 
capsule (JP-17) that was irradiated at  higher temperature (250 to 300°C) will be  disassembled, and 
these specimens will be tested as well. Tensile tests will be conducted to provide actual values for the 
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yield and ultimate tensile strengths after irradiation. These values will be used to revise the fracture 
toughness analyses of all of the fracture toughness tests. 
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D e n s i t y  Changes Induced by Neutron I r r a d i a t i o n  , n  Dynamica l l y  Compacted i t ingsten ana  FLA - F .  A. Game! 
( P a c i f i c .  No r t hwes t  L a b o r a t o r y ) '  and J .  Mequsar, (Massachuset ts  I n s t i t u t e  o f  Techno logy)  

OBJECTIVE 

TLle o b j e c t i v e  o f  t h i s  e f f o r t  i i t o  de te rm ine  t h e  p o t e n t i a l  o f  r a p i d  s o l i d i f i c a t i o n  and dynamic compact ion  
a i  t o o l s  f o r  improv7ng t h e  performance o f  c a n d i d a t e  fus ion m a t e r i a l s .  

WMMARY 

n y n a m ~ c a l l y  compacted t u n g s t e n  w i t h  a s t a r t i n g  d e n s i t y  o f  g5 ,3% o f  t h e  t h e o r e t i c a l  v a l u e  d e n s i f i e d  2 t o  3% 
when irradiatcd i n  FFTF \MOTA~LA a t  three t empe ra tu res  between 423 and 600.C and d i s c l a c e m e n t  l e v e l s  
c o r r e s p o n d i n g  t o  3 2  t o  36 dpa i n  s t a i n l e s s  s t e e l .  R a p i d l y  s o l i d i f i e d  and d y n a m i c a l l y  compacted PCA w i t h  
h i a h  l e v e l s  o f  t i t a n i u m  and carbon were a l s o  i r r a d l a t e d  i t  these c o n d i t i o n s .  T h e  d e n s i t ?  chanaes were 
s r n i l l  enough t o  de te rm ine  t h a t  r i g n l f i c a n t  s w e l l i n g  had q o t  occurred b u t ,  ~ ~ C ~ O S C O O Y  i s  i e c e s i i r y  t o  
de te rm ine  whether  v o i d  g r o w t h  o c c u r r e d  i n  a d d i t i o n  t o  p r e c l p i t a t e ~ r e l a t e d  S t r a i n s  

PROGRESS AND S T A T U S  

j n t r o d u c t i o n  

I?ap id  s o l i d i f i c a t i o n  a-nd dynamic compact ion  have  been proposed a s  metholi ! a  produce a ; ; o y i  f o r  use I "  
iurian environments:.' One such m a t e r i a l ,  d t i t a n i u m - m o d i f i e d  aUstenit:c S t a i n l e s s  tiel d e s i g n a t e d  PCA, 
was i r r a d i a t e d  earlier ~n EBR-I1 t o  1 5  dpa i n  t h e  range 395 t o  550.C. A t . o t a l  absence 3 f  swelling w a s  
observed i n ~ t h i i  a l l o y .  a l t h o u g h  some swelling w a s  observed ~n f u l l y  annealed I T ~ C I - ~ P I  t h a t  were a l s o  
1 r r a d l a t e d . J  

Ba1.h t h e  as-produced and f u l l y  annea led m a t e r i a l  were a l s o  i r r a d i a t e d  i n  N O T A ~ Z A  and M O l A ~ Z B  a t  4 2 3 ,  520 
and  600.C. D e n s i t y  measurements have now been pe r fo rmed  on t h e  MOTA-2A specimens. 
t u n g s t e n  war also i n c l u d e d  1 0  t h e  same packe t s .  T h i s  material m i g h t  serve a s  an  a r m r  m a t e r i a l  f o r  t h e  
f i r s t  w a l l  or d i v e r t o r .  

E x m e n t a l  Procedure 

The t i t a n i u m - m o d i f i e d  aus ten i t . i c  s t a i n l e s s  steel  [ P C A )  w a s  p r o v i d e d  by t h e  Oak  k i d c e  ! l a ? i o n a l  t a b o r a t o r )  

O y n a m ~ c a l l y  compacted 

n i t h  t h e  f o l l o w i n g  c o m p o s i t i o n  ( i n  w t 4 L J :  16.59 n i c k e l :  1 4 . 2 ?  chm3iwm:  i . 9 6  m o l ; b a i i u - :  0 . 32  t i t a n i u m :  1 . 6 2  
?anganese: 0 .53  s i l i c o n :  0 . 0 4 6  carbon;  0 .008 n i t r o g e n :  0 .04  c o b a l t :  0.0!4 phaspnorus :  Z . 0 0 2  s u l f u r :  and  
n a l i n r ~  i r o n .  A d d i t i o n a l  ca rbon  and t i t a n i u m  were added i n  a r e w l t  f o l l o w e d  b .  ' d3 :o  i u l i d i f i c a t i o n  and  ~~~ ~ ~ ~~ 

d m a n i c  compact ion .  T h i s  m a t e r i a l  c o n t a i n e d  d p p r o x l r n d t e l y  t r i p ! ?  t h e  nnnindl a&un 
t i t a n i u m  ( t h a t  i s .  0 . 1 7  w t %  carbon and 0 . 9 2  w t %  t i t a n i u m )  o r i g l n d ! l y  i n  PCA. Ra:ic 
perfarred , n  a roller quench ing appa ra tus ,  w i t h  an  e s i i m t e d  cooling r a t e  o f  1 3 ~  i :. 

l lynamic  C o m p a c t i o n  was performed a t  t h e  l n s t i t u t  C e r i c ,  F c u b l e n r ,  S w i t z e r l a n d .  - a o  
w e r e  cut  i n t o  oieces w i t h  d l e n g t h  ? o  t h i c k n e s s  ratlo o f  30 t o  ! o r  l e s s  a n d  w e r e  r o w a c t e d  w i t h  t h e  gun 
speed a t  1200 m / i .  The d i a m e t e r  o f  t h e  compacted m a t e r i a l  w a s  5 c n .  and t h e  IhcinLlt wdi I c n .  Compact ion 
w a s  ach ieved  W i t h  3 shock wave t h a t  w a s  produced by ) ? p a c t  o f  t h c  p r n j s c t i l e  on  :be c:*der. C a l c u l a t i o n s  
showed t h e  followinq r e l a t i o n  between t h e  shock speed. p a r t i c l e  v e l o c l t i .  and  t h e  . i t e r ? a l  energy .  S t e e l  
powder o f  -50" loose  d e n s i t y  and compacted t o  a shoch pressure o f  5 G P a ~ g a v e  a i P c k  ; e l o c i t y  o f  1600 m/r. 
d p a r t i c l e  v e l o c i t y  o f  800 m/r. an0  an i n t e r n a l  energy  change o f  3 Y I n '  , J . ' k q .  - h ; s  t l r r o y  change 
c o r r e s m n d i  t o  a temoerature $ - l i e  o f  600 K .  and i f  t h e  e n e r ~ v  i s  conridcrcd t o  b i  ceooi!!.ed D r e d m i n a n t l v  
a t  t he ' powde r  p a r t l c i e  sur face .  t h e  va lue  o f  2 x IO' ,~)q' id; ene rgy  densit', 1 s  1eds.ice': 

Some o f  t h i s  material was subsequen t l y  annealed 8 h a t  650'5. resulting ~n a h o w g e n c u u s  p r e c i D i t a t i o n  o f  
cohe ren t  T i c  p r e c i p i t a t e s  a p p r o x i m a t e l y  5 nm i n  5 1 1 8 .  Some recovery o f  d i i l a c a r i o n  structure p r o b a b l y  t o o k  
p l a c e  d u r i n g  a n n e a l ~ n g .  a s  ev i denced  by a l a r g e  d rop  i n  t h e  knoop m i c r o h a r d n r s i .  2 0 t h  t h e  a i ~ o r o d u r e d  and 
annea led c o n d i t i o n s  were i r r a d i a t e d  i n  MOTA-2A and M O T A ~ Z B  along w i t h  dynamira1i.v r m o a r t e d  tungsten. The 
t a t t e r  was produced a t  L a w r e n c e  Livermore N a t i o n a l  L a b o r a t o r y .  D e n s i t y  changes were  de te rm ined  by  an 
m m e r ~ i o n  d e n s i t y  t echn ique  de te rm ined  t o  be a c c u r a t e  t o  t 0.15% s w e l l i n g .  

~ _ _  H r S U l  t S  

Tab le  1 p r e s e n t s  t h e  d e n s i t y  change da ta  f o r  t h e  specimens d i s c h a r g e d  f w m  M O T A ~ 2 , $ .  :! i s  obv ious  t h a t  t h e  
r i y n m i c a l l y  corrpacted t u n g s t e n  i s  d e n s i f y i n g  an  t h e  order o i  2 t o  3:;. The preirranidtion density o f  1 8 . 4  g 
~ m '  i s  91.3% o i  t h e  t e x t h a o k  v a l u e  o f  19.3 g cm . Therefore. during I r r a d i a t i o n  t h e  compacted t u n g s t e n  i s  

!Pacific ! l a r t h w e s t  Laborator:, i s  operated for !he U . S .  Ccpar tment  o f  Fne rg r  0; !ia!tcllc l l m o r i a l  
: n i t i ! i i t e  under C o n t r a c t  D L ~ A C 0 6 ~ 7 6 R L O  1930. 
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3enslty Changes Observed i n  N b - I 2 r  After l r r a d i a t l a n  ~n FFTF-MOTA ~ L A .  Garner ( P a c i f i c  ~ o r t h w e ~ t  
L a b o r a t o r y ~ ) .  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p i w i d e  d a t a  an t h e  i r r a d i a t i o n  b e h a v i o r  o f  N b - i Z r ,  an  a l l o y  proposed for  
p o t e n t i a l  a p p l i c a t i o n  t o  I T E R  and p o s s i b l y  o t h e r  long-range f u s i o n  g o a l s .  

5Uf l f lARI  

' l h - I l r  has been proposed f a r  p o t e n t i a l  d p p l l c a t i o n  t o  I T E R .  Whereas P r e V l O u i  I v a d l a t l o n  studies on Nb-IZr  
were f o c u s e d  on t h e  annea led c o n d i t i o n ,  t h i s  study i n v o l v e d  a comparative lrradiatlon o f  b o t h  t h e  annealed and 
aged. and t h e  co ld - wo rked  and aged c o n d i t i o n s .  Based on measurements o f  d e n s i t y  change. t h e  co ld-worked and 
aged c o n d i t i o n  appears  t o  f i r s t  undergo a p h a s e ~ r e l a t e d  d i l a t l a n  p i l o r  t o  t h e  onset  o f  " o l d  s w e l l i n g ,  w h l l e  
t h e  annea led c o n d i t i o n  dens7 f i es  p r i o r  t o  swelling and i n  some c a s e s  does n o t  swell a t  a l l .  

DQOGRESS AND STATUS 

-~ I n t r o d u c t i o n  

The commercial a l l o y  N b ~ l Z r  I S  c u r r e n t l y  b e i n g  c o n s i d e r e d  a i  a c a n d i d a t e  f o r  h igh  h e a t  f l u x  service i n  t h e  i T E R  
d l v e r t o r .  Th i s  alloy w a s  t h e r e f o r e  i r r a d i a t e d  i n  MOTA l e .  I C .  1D. and  I C  a t  f i l i e  t a r g e t  t empe ra tu res  between 
420  and 72Z~C,  w i t h  peak exposures  on t h e  order of  60 dpa ( s t e e l )  a t  P o s t  tempcraturei and t o  -100 dpa a t  
420  C.(1) Most previous s t u d i e s  focused only On t h e  annea led c o n d i t i o n . ( 2 ~ 4 )  

The specimens were i n  t h e  fo rm o f  3 mn d i a m e t e r  micrOscOpY d i s k s  I n  two 5tart;ng c o r d i t i o n s .  The f i rst  
c o n d i t i o n  w a s  s o l u t i o n  annea led f o r  I h r  a t  7 6 0 ~ C  and t h e n  aged for  2 h r s .  a t  320.C. -he second w a s  20% c n l d ~  
'worked f o l l o w i n g  t h e  760'C. i h r  annea!lng, and t h e n  aged a t  320°C f o r  2 h r s .  I r r a d r a t i n n  proceeded i n  weeper 
packe t s ,  and t h u s  t h e  specimens were ~n c o n t a c t  r i t h  t h e  sodium c o o l a n t .  n f  t h e  r e a c t o r  T a b l e  I l i s t s  t h e  
irradiation c o n d i t i o n s .  

T a b l e  1 
I v i d i a t i o n  Cond i t ions  f a r  Nb-IZr Specimens Examined i n  Th:I Sti ldy 

( a )  
(b) 

Group A C o n t d l n s  C O  d-worked and aged SpeCimenS on y .  
dpa va lue r  C i lCUla ted for s t a i n l e s s  s t e e l  i n  early  FFTF c o w  c o n f i g u r a t i o n s .  

roup B cOntalnS annealed and aged i~eclrnenS. 

' P a c i f i c  No r t hwes t  Laboratory i s  o p e r a t e d  f o r  t h e  U . S .  Depar tment  o f  Energy by B a t t e l l e  Mernorlal 
: ; : s t i t u t e  under C o n t r a c t  D E ~ A C O 6 - 7 6 R L O  1830. 
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:, I thougn I r r a d l d t i O n  ~n MOTA oraceedcd largely unaer a c t i v e  t e m p e r a t u r e  c o n t r o l  (r5 i ,  I ?  i ! O T A ' i  : a .  I: and 
'i. t h e r e  was d r h o r t  (-50 m i n u t e s )  t e m p e r a t u r e  excurrion i n  M O T @  IO d u r i n g  F F T F  c y c l e  7. r e f e r r e d  t o  a i  an  
n v e r ~ t c m p e r a t u r r  e v e n t .  The event compromised t h e  i n t e g r i t y  o f  many o f  t h e  "!.her iroeriments i n  MOTA ID 
r i l e r e f o r e .  a programmat ic  decision w a s  made t o  r u n  MOTA I O  i n  t h e  k l i u n - p u r g e d  nooe S O T  !he r m a i n d e r  o f  F F T G  
i y c l e s  7 and 8 w h i l e  a s e r i e s  o f  reac tor  leedbdck t e s t s  were c o n d u c t e o .  l h e  m a j a r i t : ,  01 ?he MOTA canisters 
t h e r e l o r e  o p e r a t e d  a t  v a r i a b l e  h u t  l o w e r  t h a n  t a r y e t  temperd!.urei ~ n t ~ l  t'le e i d  o f  h i T !  C?CIP 8. ! s o t h e r m a l  
- r r a d i n t i o n  w a s  reestablished 11 XOTP. !E.  DWt only the 120.C ~ ~ e c i m e n i  were 7~c l t ; t i ed  I-. ? k a t  Irradiatio- 
r c g a e n t .  

:enrity n e a i u r e r n e n t 5  were p e r f o r l e d  us:nq an  i m m e r s i o n  d e n z i t i  technique whose a i c u r a c y  h a s  t e e n  e i t a b l i i b e ?  
:I ce  r C . ! 5 %  . x e l l i n y .  The d i s p l a c e m e n t  l e v e l s  ( N R T )  q u o t e d  are t h o s e  C d l C U l a t e d  for  s t d i n l e i s  s t e e l .  
litailed c a l c u l a t i o n s  f o r  N b ~ l Z r  h a v e  p o t  j e t  m e n  p e r f o r m e d  b u t  s h o u l d  be on :he ardcr  o f  114'6 o f  t hose  O f  
.:~el.(ji 

'7gure ! p r e s e n t s  t h e  results o f  density w a r v r e n e n t r  p e r f o r m e d  o i l  t h e  N h ~ l Z r  s m c i n e n s .  !: i s  o h v i o u s  t h a t  
some p h a s e - r e l a t e d  d ; l a t i o n  o f  t h e  alloy n d t r l x  probably  occurs i n  t h e  c o l o ~ w o r k e d  a l l o y  e a r l y  I n  t h e  
I r r d d l a t i o n ,  p r n d u c i n q  d d e n s l t y  OeCleadSe 01 0.5?0 .1%.  T h i s  c o n C l U s i O n  i s  d r a w n  f r o m  t h e  relatlve t e m p e r a t u r e  
~ Y d e p e n d e n c e  o f  t h e  d e n s i t y  cnange. T h i s  rnange may actually include c o n t r i b u t i o n s  from V o i d  swelling. 
+ o w e v e r .  d p ~ s s i b i l i t y  t h a t  w i l l  be examined  by microscopy. The s w e l l i n q  b e h a v i o r  ! h e r e a f t e r  d o p e a i s  t c  be 
rather cc?p lex .  bo th  w i r h  ~ r r a d ~ a t i a o  temperature and ~ncrearing neiition ~ X O O I U I ~ .  :n ~ e n e r a l  . huwever. t i ~ e r e  

There are  I n d i c a t i o q s  o f  s h r i n k a g e  a t  420  
2nd 5E3 i. 
i d tcidency a t  t h e  h i g h e r  t e m o e r a t u r e i  f o r  s w e l l i n g  t o  c o n t i n u e .  

3.0 
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:: n a r t ' i u i a r  Interes t  I S  t h e  p a r a l l e i  b e h a v i o r  o f  b o t h  s t a r t i n g  conditions n b r i r  d t  3 2 0 . C .  l e a d i n g  t o  
J n n s i f i c a t l o n .  I t  i s  obvious t h a t  t w o  o r  more processes are c o m p e t i n g  t o  p r o d u c e  , e  observed changes  i n  
d c n r i t y  and t h a t  t h e  starting state a f f e c t s  a t  l e a s t  one of t h e r e  p r o c e s s e s .  I t  i s  ivrriicd tha: t h e  p r i m a r y  
difference between t h e  t w o  starting s t a l e r  r e s l d e s  i n  t h e  d i s t r i b u t i o n  o f  g r a 7 n  s i z e s .  I n  companion s t u d i e s  

s n d u c t e d  an molybdenum i n  t h i s  same i r r a d i a t i o n  s e r i e s ,  s m a l l  g r a i n  s i z e s  produced by a n  i d e n t i c a l  hea t  
e a t - e o t  have been found t o  c a u s e  earlier a n d ,  t h e r e f o r e ,  l a r g e r  s w e l l i n g .  s i m i l a r  t o  t?at observed i n  N b -  
r .  ( 5 )  

' W R E  WORK 

' 1 e s e  i c e c i ~ e n s  w i l l  be examined  by m i c r o s c o p y  i n  a c o l l a b o r a t i o n  w i t h  H .  Watanabe a ?  K,ushu U n i v e r s i t y  

a ~. 

i .  c .  A .  Garner. "FFTF/MOTA Irradiation o f  R e f r a c t o r y  A l l o y s  IUnder C o n s l a e r a t i c ,  a s  P l a s m a  F a c i n g  
ao i l en :~ . "  i n  f u s i o n  R e d C t o ?  VEterials Semlannoai P r o g r e s s  Repor t .  90OFiLR-0313~? ( 1 9 4 3 1  c p .  i 6 9 ~ 1 7 1 .  

2 .  2 W .  P o w e l l ,  0. 1. P e t e r s o n .  M .  K .  Limrnerrhled. and J .  f .  B a t e s ,  J .  l l u c l .  ? l a t e r . .  ! C j 3 1 0 4  (19811 9 6 9 ~ 9 7 4 .  

3 .  2 .  L .  Gellei, J .  !/uci. I " d f e r . .  1225123 11984) 2 0 7 ~ 2 1 3 .  

I 11. Jano and J .  I l o t e f f .  < n  P r o c .  Conf .  on R a d i a t i o n  i f f e c t s  and Tritvum Je:h,?olooy i i r  cuiian R e a c t o r s .  
I r : i .  I .  CGtlF-750989 ( 1 9 7 5 1  p p .  1b!O6 t o  1 ~ 1 2 1 .  

1.  i. a .  Garner and t .  R .  Lrrenwaod. " [ i e n s i t y  Changes Observed ! n  Pure Iln!ubdenu- and  Mn~4lRe A f t e r  
l r r a d i a t . i o n  ~n F F T F ~ V O T A " .  i n  t h i s  s f n i d n n ~ d l  report .  
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ASSESSMENT OF NIOBIUM-BASE ALLOYS FOR STRUCTIJRAL APPLICATIONS 
IN THE ITER DIVERTOR' - 1. M. Purdy (Argonnc National Laboratory) 

OBJECTIVE 

Niobium-basc alloys arc under considcration ils candidate materials for h e  divertor structure of the 
International Thermonuclear Expcrimcntd Rcactor (ITER). Criteria for suitability of the alloys include 
resistance. to aqueous corrosion, crosionlcorrosion, fatigue, stress corrosion cracking, hydrogen 
cmbrittlcment, and radiation-induccd embrittlcmcnt. Bccausc high thcr ia l  fluxes are predictcd, hcrrnal 
conductivity, thermal cxpansion, and heat capacity xe imporwnt propcrtics. Corrosion resistance, 
mechanical propcrtics, and physical characteristics arc being investigated to idcntify the most promising 
Nb-base alloys. 

SUMMARY 

The corrosion and cinbrittlcincnt of pure N h ,  Nb-IZr, Nb-Shlo-IZr, :ind Nb-5V-I 2 5 Z r  (alloy 
clcments in wt.%) &'ere evaluated i n  higli-purity (HP) dcoxygcnatcd water at 300°C for up to 120 days. 
One heat of h e  Nh-SV- I.25Zr ;illoy ("0" lotj cxhibitcd hoh a nioilcst corrosion rate and good resismnce to 
ernhrittlcment relative to other Nh-base alloys. At prescnt, Pih-SV-1 .?SZr is i l ic most  promising Kb-hasc 
alloy 011 thc basis of hiilli corrosion i f n i l  c ~ ~ ~ h r ~ t t l c m c n t  chu:rctcristics in fit' dcoxygciutcd water iit 3W'C. 

PROGRESS AND STATUS 

In prcvious ~ o r k , ' ~ ~  thc corrosion hcIia\,ior of Nb-h:isc alloys (Nb-Z.SV, Nb-2.Sl'a, Nb-?.S\V, 
Nb-2.5Zr, Nb-2.5Hf, h'b-2.5h10, Nh-2.5Fc. and several ternary alloys, n;iiircly, Nb-Z.5Ti-2.5Ta. 
Nlr?.ShI+2.5Ti, and Nb-2.5>~obL.5lil)  w:i> iiwcstigatcd i n  H P  i lcoxygciialcd w t c r  at 300°C. Although 
the weight-gain corrosioir r:itcs %?re not cxccssivc :iiid oiily :I l i i lction (<20%,) of  the hydrogen ih3t was 
liberated hy thc ovcrall corrosion rciictioii was :ihwrbcd h y  the alloys, tiiost 0 1  [tic rilloys were dcerncd to be 
brittle, i.c., fracture (xcurrcd during :I 90" k r i d  tcht. hlicro~iructural cliilracwristics of clii. corrorion-product 
layers wsrc cxainincd by optical a n d  scaniring i~lectron micn~scopy  (SEM).* Tlicsc evaluations rcvealcd 
numcrous cracks and spalling o i  llic oxidc Inycrs, which is chaiaclcristic of nimprotcctivc f i l m  formation. 
Some crack surfaces in  thc alloys were covered by corrosion product, indicating that thc cracks lormcd 
during exposure to high-tcrnpcraturc w t c r .  Thc rcsdts suggest that Nb alloy: with highcr coiiccntralioni 
of alloying clcrncnts (namely, V ,  Mo, and Zr) x c  required to itnprovi: the protcctivc nature of the 
corrosion-product layers and to dccrcnsc hydrogen uptake and cmlirittlctncnt, During this reporting pcricrd, 
pure Nb, Nb-IZr, h'h-5Mo-IZr, and Nh-5V-I .2SZr were cxposcd 10 HP dcohygcnatcd watcr at 300°C for up 
to 120 days. Thc corrosion behavior and dcgrcc of cirihrittlcinent o1 thcsc alloys has been asscsscd and 
compared A h  carlicr resulb. 

Exncrimenlril Pnticdurcs 

Thin shecL? ofpurc Nb and Nb-hasc alloys wcrc shcarcd to ;ipproximatc dimensions of 8 x 20 rnm. 
The Nb-5"-1.25Zr alloy. formerly dcsignattd "Ch 753" by Hayncs, was olitained irom two difiercnt 10~s; 
hence thc "N" and "0" dcsignations in 'Pahlc 1 .  Thickness of the Nh arid "0" Io1 shcct was 0.5 m m ;  ha t  of 
thc other matcrials was 0.8 nim. The matcrials designated "0" and "N" differ mainly in the impurity 
content; the lcvcls in the "N" material arc highcr by a factor o f=2 .  

* Work supported by ihc U . S .  D C ~ M I ~ W ~ I  of Encrgy. unilcr Coniracl W~:i l~ l0Y-Eng-3X 
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Table 1. Composition of niobium and niobium-base alloys 

Alloya Wt.% ppm 

Mo V Zr 0 N C H Si AI Fe Cr 
Nb 0.01 <0.01 <0.1)1 5700 1700 130 2.9 4 0 0  50 <SO 4 0  

Nb-1ZI <o.oi <o.oi 0.82 153 57 70 4.0 4 0 0  6s <so <20 

Nb-5Mo-17.r 4.86 <0.01 0.81 186 56 70 8.5 <IO0 70 <SO <20 

Nb-5V-1.25Zr(N) <0.01 5.76 1.11 720 75 300 10.3 150 155 100 150 

NL+SV-l.25Zr(O) ~ 0 . 0 1  5.69 0.84 310 95 130 4.1 260 65 35 25 

%2oncenlrations o l  HI. W. Ta. and Ti arc 1100 ppm; Mn, Cu. and Ni 150 ppm: and Mg 15 ppm. 

The surface area of each speciincn was dctcrmincd by an image analysis tcchnique, using ImageTM 
s ~ f t w a r c . ~  The spccimcns werc anncalcd in vacuo at 1oOO"C for 2 h. Prior to tcsting, thc samples wcrc 
cleaned with methanol and dricd. Corrosion exposures werc conductcd in a rccrcshed autoclavc systcm at 
300°C (k 2°C) and 1400 psi. Watcr flow ratc through thc systcin wis 4 . 0 7  cm3.s-l. The dissolvcd- 
oxygen conccnuation of thc inlct watcr was maintained at <I2 ppb and was monitorcd wilh an Orbisphere 
oxygen rnckr. Thc 120-day immersion tcst was intcrruptcd at approximately 30, 60, and 90 days for 
removal of specimens. Wcight changcs of lhe spccimcns werc dctcrmincd to f 0.001 mg wilh a Mcttler 
microbalancc. A mechanical-bcnd tcst was uscd 10 scrccn the samplcs Cor ductility in order to cvaluate 
embrittlcment. 

Results and Analvsis 

The weight-change data from the tcsts arc shown in  Table 2.  Nearly all of the alloys showed 
consistent weight gains, although the pure Nb spccimen losl weight during the last 30-day cxposure. 
Corrosion rates of thc alloys followcd powcr-law kinctics, as shown in Fig. 1. The weight-gain vs. time 
data Cor Nb-Zr, Nb-5Mo-1Zr. and Nb-SV-l.25Zr alloys cxhibit and kinctics, 
respeclivcly. Corrosion bchavior of thc  twn heals of thc Nb-5V-1.25Zr alloy was quitc similar and showcd 
significantly slower weight gain than did thc othcr matcrials. 

Table 2. Weighr change per unit urea (g.m-2J with exposure time 

Time (h) Nb Nb-1Zr Nb-5Mo-1Zr Nb-5V-1.25Zr (N) Nb-SV-l.2SZr (0) 

76X 11.74 15.83 3.865 2.928 2.290 

1564 36.15 25.97 6.691 3.869 3.435 

2287 39.66 33.38 1.594 4.552 3.257 

3052 31.24 40.46 8.639 4.588 3.981 

Ductility aftcr each exposurc period was asscsscd by a simplificd bend Lest on a scale of 1 Lo 6, as 
devised by Hull et al.' Material rcsponse whcn the spccimcns were bcnl at ambient tcmperaturc was 
categorized according to the fmcturc indcx (FI) cxplaincd in Table 3. 



296 

Nh 2 3 4 5 

Nb-IZr  7 2 3 3 

Nb- SMo- 1 Zr 3 4 4 5 

N h - S V - 1 . 2 5 3  (0) 2 2 2 2 

NR-SV- 1.2SZr (N) 2 4 5 5 

Frilciurc rusccptihi l i iy was caicgori,.cd according to he ro l lowing 
Cracruie index (TI): an FI of 6 indicaics brcakagc bcfore bending 
began: an FI of  s I I C I I O ~ E E  rraciurc a1 a sno bcnd: ;in FI of 4, frsciurc 
OCCUTS a f i m  a 180" hcnd: sn FI of 1. ihe specimen frnciures only 
alicr unbcnding of B fold; an FI of 2, no lraciurc evcn on unbending 
of a fold: and an FI of 1. nil fraciure or surPace cracking of the oxide 
scale ihai formcd during cxpusurc. 
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The corrosion and cmbrittlement characteristics of the tcrnary alloys determincd from this and a 
previous experiment' after 120 days at 300°C are shown in Figs. 2 and 3. Thc corrosion weight gains for 
thc Nb-SMo-1Zr and Nb-Z.STi-2.5Ta alloy from the previous experimcnl’ arc similar, namely, 
-8-10 g . d ,  whereas the values Cor thc other alloys are lower by a factor of 2. However, the fracture 
indcx of one h a t  (lot “0”) of thc Nb-5V-2.5Zr alloy (Fig. 3) indicates lcss embrittlemcnt, as determincd 
from room-temperature bcnd tests, than any of thc Nbbase alloys evaluated thus far. Metallographic and 
SEM analyses and hardness profiles will be obtuincd to rationalize differences in the cmbriulement 
characteristics of the two heats of the NbSV-2SZr alloy. 

Nb-5Mo-12r 1 

Nb-bare Alloy 

&urc 2. Weigh/ gains for Ntrhuse ulloys u+er exposure 
IO I I P  deuqgenaled wurer fur 120 days a1 300°C 

6 

5 

1 

4 

Nb-base Alloy 

Figure 3. Fracrure index for Nt+huse alloys a jer  exposure 
io Ill‘ deoxygenured wuler for 120 duys UI 300 “C 



298 

CONCLUSIONS 

Expcricricc has shown that alloys wilh high \V (=IO wt.%) and Mo (=S WL%) contents arc diliicult 
lo fabricatc and weld, and that a high Ta content reduces the irradiation rcsisuncc v i  the niatcriaL3 Our 
results have shown lhat (a) V additions lvwcr thc. corrosiori riltc and (b) H I  mnd Zr additions lower both Ihc 
H concentralions and lhc pcrccnlagf: of corrosi[)ii-producl M that is absorbcd by Nkhasc  alloys3 (cornpucd 
lo N b V  alloys). Further. Nb--SV-l.?SZr shows the grcatcst prornisc i n  tcriiis of rcsistancc IO both 
corrosion arid cmhrinlemcnt lor iTEK divcflor applications. 

FUTURE worw 
T ,he  i ics i  scrics v i  corrosioii IC~ IC  OII t i i t )  h c a ~  01 t h ~  N b S \ ' - l . ? i % r  :i l l<iy will bc coiiduclcd :it a 

<ii?Ixraturc I\) dctL,ri,!iii,: [!IC th'inpxilurc di~ji~mlcriii 01 tiic i~ i i r los io i i  rate arid 11ic dc 
I:ii~~ii:ii (I! thi ,  c o r r ( o ~ i ~ i n  t i l i i i \  ( in :;prrinia>s iron1 ihc: j rnihriltlcineiit. A dani1i.d ~iiicrostr~~: 

tcsi wi l l  bc ci;nduL.!cil to qai!iiiJ> (!i 
allo).. 

i r i  ihc c i i i i i i i i i l i i : i i ' i : !  < l i : x x l c v i s i t c i  01 i!ic [ \ i o  lo[,9 01 it.; 
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MICROSTRUCTURAL EVOLUTION INDUCED BY BORON TRANSMUTATION IN NEUTRON- 
IRRADIATED VANADIUM-BASE ALLOYS’ - H. M Chung (Argonne National Laboratory). 

OBJECTIVE 

The objective of his work is to chwactcrizc the microsuuctural evolution induced by transmutation 
of IoB in neutron-irradiated vanadium-base alloys, and thereby to provide a better underslanding of the 
boron-doping technique that is used LO simulate the cffect of helium gcneration under fusion reactor 
conditions. 

SUMMARY 

Microstructural evolution associatcd with transmutation of IoB to helium and lithium has been 
characterized to provide a better understanding of the boron-doping technique, a ccchniquc frequently used to 
simulate the effect ol’ hclium gcneration under l’usion rCactor conditions. Transmission elccuon microscopy 
( E M )  was uscd to examine specimens of V-20Ti alloy after irradiation at 600°C to =44-80 dpa in the Fast 
Flux Test Facility (FFTF). In he  earlicr swge of irradiation to low fluencc. concentric shells of He-damage 
and Li-damage zones are produced around a V3B2 precipitate or a 1°B.rich cluster. On further irradiation, 
helium atoms diffuse away from the damage shell either to he dissolved in thc matrix or to form 
microcavitics, leaving a shell rich in Li, dcfecl clusters, and dislocations. Oxygcn atoms in solid solution 
migrate toward the Li-rich shells, and y-LiV205 shells prc.cipilate subsequently. In vicw of this behavior, 
neither boron nor Li produced from the transmuliltion is likcly to rcsult in a dctrimenlill weakening of grain 
boundaries. 

INTRODUCTION 

Vanadium-base alloys are considered promising candidatc structural malcrials lor a fusion rcactor 
first wall because they offer the important advantages of inherently low irradiation-induced activity. good 
mechanical properties. good compatibility with lithium, high thcrmal conductivity, and good resistilllce to 
irradiation damage. One of h e  properties of h e  vanadium-base alloys that is not well understood yet is the 
effect of simulraneous generation of hclium and neuuon damage under conditions re.levanl10 fusion-rcactor 
operation (Le., at a ratio =5 appin H ~ / d p a ) . ” ~  Several methods have been utilized in thc past to simulate 
the effect of helium gcneration in neutron-irradialcd vanadium-base alloys, i.e., the “tritium-trick” 
t e c h n i q ~ e , ’ . ~  cyclotron-injection of h c l i ~ m , ~ - ~ . ~ ~  boron-doping tcchnique,1°-13 and dynamic helium 
charging e ~ p e r i m e n t . ’ ~ - ’ ~  

The lnB-doping method is a convcnicnt technique in that it requires a relatively simple procedure 
to prepare specimens. Furthermore, based on results of tensile tests reported in the no 
detrimental side effect secms to be associated with his technique in contrast to the “tritium-trick method in 
which a damaging effect of charged hydrogen (tritium) or the unrealistically high initial helium content is 
suspected to weaken grain boundaries in some alloys. The boron-doping technique utilizes the large 
thermal-neutron cross section (=3840 barn) of the I0B(n,u)’Li reaction. By adjusting the level of doped 
l0B. the melhod can be tailored to suit the characteristic neutran specu-um of a fission reactor. However, to 
assess the viability of the techniquc and to undcrswnd the effcct of the Li by-product on swelling and 
mechanical properties, it is necessary to undcrstand the behavior of B and Li during irradiation. For his 

* Work supported by the Office of Fusion Energy. U.S. Deparvncnt of Energy. under Contract W~31-109~Eng~38. 
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purpose, microstructural evolution associatcd with iransmutution of '"B has been characterized i n  
specimens of a vanadium-base alloy that wcrc irradiated to high lluencc in thc Fast Flux Tcrt Facility 
(FFTF). 

MATERIALS AND PROCEDURES 

E M  examination w;is conduclcd on disk spcciincris from a V-20Ti alloy irradiated in the FFTF. 
The chcrnical composition o i  thc Aloy is given iir Tahle I. Ttic ,:onlcnl of boron, apparently dissolved in 
tire alloy as an impurity, was no1 kiioun prior 10 irradiaiion. The disks were irradiated at hOO'C Lo nculron 
f lu ices  (E > (1.1 hlcV) ol 7.8 I : ( I2?  ~ i . c m - ~  ( 4 4  d p )  and 1.33 x n.cm.? (=XO dpa). l ' h c y  'Acre 
scaled i n  Li7- l i l lcd TZU rapsulcs duriiiy irradinlioii to prncr i t  conliiiiiiri3tion with 0, N, arid C inipuriiich 
(lissolved in ihc sodi im coolani of tlii: F'FTF. 'Tlic iriadiatcd \pcci rnmt wcrc jct-thinned for TEZl i n  il 
solutiiiri ol 155l suliuiic acid-72% mctii:iiio-l3%. bulyl ccI1oso1vc mairi!aiiicd at -5'C. TEM %'a? conduc!~d 
w i t h  a JEOL IOOCX-!I scanning ira~i!,ni issinn e l  rori iiiicriisccjic opc~ i t i i i g  at l (KI kcV. 

i n  i8fi'-lS'li o i i ~ ~ : ~  i r rd i i i i cd  in ihe FF7.F 
o i : l iwl i i i r r i ie  i v m r i - i r u n  <rri i i Iai im- 

.___ 

C-oiitjw<ilii);i - I , l i ~ ~ ~ ! i ~ ~ , , ~ r : , ! ~ ~ . ~ , ~  (wppl ' i )  
,. rl A l i p  l i i  , I , , ' )  0 N .)I 

__-____-- 
kit I 5  \ ' 1 7 i l i  X < f i  ! ( I( !  380 4%) 
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Figure 1. Shell-shaped yL.iVzO5 precipitates observed in V-20Ti specinurn after irradiation at 600T 
(A) to -44 dpa (brightfi ld) and (B) to -80 dpa (dark-field); (C) SAD pattern of(B) and (0) 
indexedpatrern of (C) showing refections from yLiV205 and double-difiaction spots 

The shell-shaped and nearby globular features observed in Figs. 1A and 1B indicate a secondary 
precipitation that occurred in association with the damage zonm re.prted by Rau and Ladd.16 To identify 
positively the nature of the precipitates. SAD and dark-field-imaging analyses were. conducted. The result 
showed that the precipitates are y-LiV205 phase. Examples of observed and indexed S A D  patterns are. 
given, respectively, in Figs. 1C and 1D. The dark-field image of Fig. 1B was produced from the (400) 
reflection of y-LiV205 in Fig. ID. 
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Table 2 .  Calculated reciprocal larrice spacing (in uni~ of 0.1 nm) 
of a-Li,V20sa and yLixVzOsb 

(hkl) a-LixV205 y-LixV205 (hkl) a-LixV205 y-LixV205 

100 

010 

001 

110 

011 

101 

200 

020 

002 

201 

02 1 

120 

102 

012 

210 

220 

022 

202 

111 

112 

121 

21 1 

221 

212 

211 

300 

030 

003 

301 

03 1 

310 

11.46 

3.55 

4.37 

3.39 

2.76 

4.08 

5.73 

1.78 

2.1n 

3.47 

1.65 

1.76 

2.14 

1.86 

3.02 

1.70 

1.38 

2.04 

2.68 

1.83 

1.63 

2.48 

1.58 

1.77 

1.37 

3.82 

1.18 

1.45 

2.87 

1.14 

2.60 

9.70 130 

3.61 

10.66 

3.38 

3.41 

7.17 

4.85 

1.80 

5.33 

4.41 

1.78 

1.77 

4.67 

2.YX 

2.89 

1.69 

1.71 

3.59 

3.22 

2.85 

1.75 

2.79 

1.67 

2.54 

1.68 

3.23 

1.20 

3.55 

3.09 

1.19 

2.40 

103 

013 

311 

1 I 3  

131 

222 

3 20 

302 

203 

230 

032 

023 

321 

312 

231 

213 

123 

132 

322 

232 

223 

400 

040 

004 

401 

410 

140 

1W 

014 

041 

1.18 

1.44 

1.35 

2.24 

1.34 

1.14 

1.34 

1.61 

1.90 

1.41 

1.16 

1.04 

1.71 

1.51 

1.67 

1.12 

1.31 

1.12 

I .04 

1.30 

1.02 

1.10 

2.87 

0.89 

1.09 

2.40 

2.23 

0.88 

1.09 

1.04 

0.87 

1.19 

3.33 

2.53 

2.34 

2.45 

1.18 

1.61 

1.57 

2.76 

2.86 

1.17 

1.17 

1 . 6 1  

1.56 

2.19 

1.16 

2.24 

1.59 

1.16 

1.51 

1.14 

1.53 

2.42 

0.90 

2.66 

2.36 

2.01 

0.89 

2.57 

2.14 

0.90 

aOrlhorhomhic. a = 1.1460 nm. b = 0.3554 nm. and c = 0.4368 nm. 

bOrthnrhomhic. a = 0.9702 nm. h = 0.3607 nm. and c = 1.0664 nm. 
0 < x 5 0.13. 

0.88 5 x s 1. 
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Li, 0 and 
DISLOCATION 

( c )  

(D) 

0 

y-L i V2 O5 SHELL /- 
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Figure 2. Schemaric illusiruiion I$ microsiruciural evoluiion associuied wiih 
rrunsmuirriion of 'OB in neuiron-irrudiaied vanadiwli-base ulluys 

FUTURE WORK 

Behavior of Li produccd lrom transmutation of "'B wil l  bc cxaniinctl in similar specirncns irradiatcd 
at 420 and 520°C. 
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STATUS OF THE DYNAMIC HELIUM CHARGING EXPERIMENT (DHCE)' -- H. Tsai, 
H. M. Chung, B. A. Loomis, D. L. Smith (Argonne National Laboratory), H. Matsui (Tohoku 
University), M. L. Hamilton. L. R. Greenwood, and R. Ermi (Pacific Northwest Laboratory) 

OBJECTIVE 

The objective of this experiment is to investigate the effects of concurrcnt helium production and 
fast-neuuon irradiation on he physical and mechanical properties of vanadium-base alloys. To isolate the 
helium effects, sibling samplcs were irradiated under comparable fast-neutron conditions but without helium 
prcduc tion. 

SUMMARY 

Irradiation of the seven DHCE capsules was completed in  the Materials Open Test Assembly 
(MOTA)-2B at thc cnd of Cyclc 128 in the Fast Flux Tcst Facility (FFTF). The accrued exposure was 
203.3 cffcctive full-power days (EFPDs), vis-a-vis the target exposure of 300 EFPDs. Peak damage in the 
samples was -29 displacement per atom ( d p ) .  All seven capsules have bcen dischargcd from thc FFTF and 
are being shipped to Argonne National Laboratory (ANL). where thc samples will be retrieved from the cap- 
sules and distributed to the experimcnters, including Monbusho of Japan, for cxainination and testing. A 
substantial effon is undcnvay at ANL to retrievc the samples iron1 the highly triliatcd capsules. 

PROGRESS AND STATUS 

Introduction 

Hclium generation by (n,a) reactions in vanadium-based structural materials in fusion reactors may 
affect the physical and mechanical properties of the materials. To study these effects, i t  is important that 
the prototypical rates of helium generation bc achieved in specimens during irradiation testing. Because of 
the fission neutron spectrum in the F lTF ,  the rate of helium production in  vanadium is normally low 
(about 0.02 appmldpa). The production rate in fusion reactors, on the other hand, is much higher 
(=5 appm/dpa), due to the higher-cncrgy 13-MeV fusion neutrons. The objective of the DHCE in the 
FFTF is to enhance hclium production by in-situ decay of tritium, which is generated in the capsule 
lithium bond and suhsequcntly diffuses into the vanadium-alloy samples. Detailed descriptions of the 
DHCE capsulcs can be found in Rcfs. 1 and 2. 

Seven capsules containing a large number of tensile samples and transmission electron microscope 
( E M )  disks were built and irradiatcd. The test matrix is shown in Tablc 1. A detailed listing of specimens 
is provided in Ref. 1. To ensure that helium generation starts immcdiately after the reactor startup, each 
capsule was precharged with a controlled amount of uitiuin contained in a uitiated vanadium foil. The 6Li 
content in the lithium bond in cach capsule was adjustcd to maintain a near-constant rate of tritium influx 
into the samples during the irradiation. 

*Work supported by the Office of Fusion Energy. U . S .  Dcparunent of Energy, under Contract W-31-109-Eng-38. 
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Irradiation History 

The DHCE was designed for a cumulative exposure of 300 EFPDs, in three 100-EFPD cycles. 
However, because of the halt of FlTF operation, the irradiation was terminated after two cyclcs, 12A and 
128, for a total exposure of 203.3 EFPDs. Two of the capsules, 4D1 and 402, located at Level 4 in the 
FFTF/MOTA, attaincd an estimated peak fluence of -5.3 x 1022 n/cm2 and a damage of =29 dpa in vana- 
dium. The other five capsules (5C1, 5C2, 5D1, 5E1, and 5E2) were located in Level 5 and attained 
estimated flucnce and damage of -2.9 x n/cm2 and =15 dpa, respectively. 

Table 1.  MOTA-2B DHCE 1e.u mutrix 

Told 
Number of Specimensb 

m a i o n   niti id 6~1" Tom1 
Tempemure I n t i u r n  Fraction J a n a n  U.S. Specimen 

capsule ("c) (CiJ (W TS(S) D3 SS3 'IBhl Mass(g)' 

4D1 425 99 5.0 24 94 8 45 5.86 
402  425 70 4.5 16 96 8 44 5.38 

SEZ 425 26 1 .0 16 100 8 42 5.38 

SUI 5U0 74 6 .5  23 94 8 42 5.77 
SEI 500 57 I .o 24 in2 8 43 5.82 

5c1 600 16 8.0 24 93 8 4s 5.82 
5C2 600 18 n.o 24 ion n 45 5.95 

aAtomic ratio of 6Li tu total lithium. 
h ( S )  and SS3 are tensile specimens: D3 and TEM are TEM disks 
CDaes not include tritiated vanadium foil. 

Because of the uncertaintics in the FFTF schcdule, the DHCE capsules were not immcdiatcly 
discharged afler Cycle 128 (March 1992). In the intcrim holding period, additional helium was generated in 
the samples due to the continucd tritium diffusion and decay. As a result, the actual Heldpa ratios will be 
greater than those for the end-of-irradiation conditions listcd in Table 2. The dilference, however, is 
expected to be limited because o l  a lower distribution cocfficient of tritium at the holding tcmperature 
(-200°C). A lower tritium concentration in vanadium at 200°C results in a lower helium production rate 
than at the higher test temperatures. The actual Heldpa ratios in the samples will be determined with 
helium assays when the samples arc retrieved from Lhe capsules. 

Sa!E 

All seven DHCE capsules have been successlully removed from the MOTA-2B vehicle. Thc 
capsules are being shipped from Pacific Northwest Laboratory (PNL) to ANL for disassembly. T o  date, a 
shipment of three capsules has been completed. At ANL, the capsules will be opened to retrievc the 
samples for postirradiation examination and testing. The Monbusho samples in the capsules will be 
cleaned and retumcd to Japan. 

Considerable design and engineering cffort is being applied toward the disassmhly of the DHCE 
capsules. The principal challcngc is to safcly retrieve and dispose of the tritium in the capsules. To ensure 
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Table 2. Preliminary caiculared condirionsfor DllCE irrudiation (203.3 EFPDs) 

Irradiation Plenum Fast Fluence Damage HelaoomUd@a 
Capsule Temp. ("C) Vol. (mL) ( 1  022  n/cm2) (dpa) End of l r r .  (3192) 

4D1 4 2 5  2.85 5.3 2 9  3.8-23.2 

4D2 4 2 5  2.93 5.3 2 9  2 .8 -17 .4  

2.1 -12 .5  5E2 4 2 5  3.1 1 2.9 1 5  

5D1 5 0 0  2 .53  2.9 1 5  4 .4 -29 .0  
5E1 5 0 0  2.49 2.9 1 5  3.1-20.2 

5C 1 6 0 0  2 .77  2 .9  1 5  1.1-6.7 
5C2 6 0 0  2.47 2.9 1 5  1.1-6.8 

a The first numbers assume Ka, thc q u i l i b r i u m  ratio UT tritium in vanadium alloy to that in the 
lithium bond. to he 0.073. The second nuinhcrs aswme Ka tu be 0.71. The two numbers 
cover thc estimarcd possible range. 

compliance with regulations. all of thc high-risk operations will bc cornplctcd remotcly in enclosed systcms 
inside the hol cells. In  an enclosed chambcr, the capsulc plcnum will be punctured to trap the cover gas, 
which may conlain tritium. Thc lithium in thc capsulc will be dissolved wilh liquid ammonia in a second 
enclosed chamber. The rcleascd gascous ammonia will be condensed in cold uaps mainwined at liquid 
niuogcn temperature, and the rclcascd tritium will bc collected in chemical getters. After rclricval, the 
samples will hc anncalcd at400'C in  high vacuum lor = I  h to remove UIC rcsidual uitium in the matcrials. 

I1 is expectcd that the disasscmbly ol  DHCE capsules will commcnce in thc summer of 1993. 

REFERENCES 
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THERMAL CREEP BEHAVIOR OF V-5Cr-5Ti AND V-10Cr-5Ti ALLOYS' -- H. M Chung, 
B. A. Lwmis,  L. J. Nowicki, and D. L. Smith (Argonne National Laboratory) 

OBJECTIVE 

Thc objective of this work is to detcrininc the thermal crccp bchavior of sevcral promising V-Cr-Ti 
alloys, and thereby identify an alloy that exhibits an optimal combination of crccp strength, tensile 
properties, fracture toughness, corrosion resistance, fabricability, and weldability for use as a structural 
material in a magnetic fusion reactor. 

SUMMARY 

The thermal creep rates and stress-rupture life of V-5Cr-STi and V-100-5Ti alloys werc determined at 
600°C and the impurity composition and microstructural characteristics of creep-tested spccimens were 
analyzcd and correlated with the measurcd crccp propcrtics. The rcsults of thcsc tcsts show that V-5Cr-STi. 
which contains impurity compositions typical of a commcrcial vanadium-base alloy, cxhihits crcep strength 
substantially superior to that of V-20Ti. HT-9, or Type 116 stainless stccl. The V-10Cr-5Ti alloy cxhibits 
creep strength somcwhat highcr than that of V-50-5Ti. 

INTRODUCTION 

Vanadium-basc alloys are considered promising candidate structural malcrials for a fusion reactor first 
wall because they offer thc important advantages of inherently low irradiation-induced activity, good 
mechanical properties, good compatibility with lithium, high thermal conductivity, and good rcsistance to 
irradiation damage. As pan of a program to screen candidate alloys and develop an optimal alloy, extensive 
invcstigations have been conductcd on the swelling bchavior, tensile propertics, impact toughness. and 
microstructural evolution of V. V-Ti, V-Cr, V-Cr-Ti, and V-Ti-Si alloys after irradiation by fast neutrons at 
420, 520, and 600'C. From thcsc investigations, V-Cr-Ti alloys containing 5-7 wt.% Cr. 3-5 at.% Ti, 
500-1000 wt. ppm Si. and <I000 wt. ppm O+N+C were identified as desirablc alloys that exhibit supcrior 
resistancc to swclling, cmbrittlcmcnt, and hydrogen-induccd cffccts during irradiation in l i t h i ~ m . ~ - ~  As a 
result, recent attention has focused primarily on the ternary alloys V-5Cr-5Ti, V-SCr-3Ti, and V-7Cr-STi. 
For these alloys, however, no data base has hecn rcportcd on thermal or irradiation creep, and a favorable 
creep behavior comrnensuratc with the  supcrior rcsismncc of the alloys to swclling and crnbrililement has 
not been demonstrated. In the work rcporlcd hcre, the thcrmal creep behavior of a V-5Cr-5Ti alloy was 
investigated a t  600°C. The creep of V-10Cr-5Ti was also investigated to provide infomation on the effect 
of increased Cr content. Preliminary results of lhc crccp tests have been dcscribed in a previous r ~ p o r t . ~  

MATERIALS AND PROCEDURES 

Details of e x p r i m e n d  procedures have been rcported clsewherc5 The chemical cornposition of the 
two alloys is given in Table I .  The 0.635-mm-thick tensilc specimens wcrc recrystallized prior to the 
creep test by annealing at 1125'C for I h in a vacuum of 2 x 10-5 Pa. The creep tcsts were conducted in an 
ion-pumpcd system in which vacuum was typically maintained at 2 x Pa during tcsting at 600°C. The 
specimen was wrapped with a Ti or Ta foil to rcducc contamination with impuritics during tcsting. The 
elongation of a specimen was detcrmincd with a linear variablc differential transfomcr (LVDT) with 
digitized output. The concentration of interstitial impuritics (i.e., 0. N,  and C) and hardness (V") of 

*Work supported by the Office of Fusion Energy. U.S. Dcparment of Energy. under Cannacr W-31-109-Eng-38. 
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=434 MPa.6 At 600"C, the stress-to-rupture timc of the two alloys is extremely sensitive to applied stress. 
For example, an increase in rupture time of more than two orders of magnitude was obscrved for V-5Cr-5Ti 
when applied stress was decreased only 4%. In previous investigations of creep propertics of V-l3Cr-3Ti, 
V-15Cr-3Ti. V-15Cr-5Ti. and Vanscar alloys at  2650'C. a similar trend was Because of the 
high creep strength, determination of stress-rupture life of V-5Cr-5Ti at 600°C for stress 2350 MPa is 
cstimated to take impractically long test times (23 years). 

600°C 
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300 1 
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200 '  ' " " " "  ' ' " ' ' d  ' " " ' L d  ' " ' - I  ' I d  
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Figure 2. Srress-io-ruprure rime for V-lOCr.5Ti and V-SCr-5Ti ai 600°C 

In Fig. 3, steady-state (minimum) creep rates of V-5Cr-5Ti and V-1OCr-5Ti alloys are shown as a 
function of applied stress. In the stress rangc hctween =300 and =420 MPa, the sleady-state creep rate of 
V-5Cr-5Ti at 600°C was between =m3 and 5 x %/h; for a comparable slress level, the crccp ratc of 
V-lOCr-5Ti was =7-8 times lower. 

In Fig. 4, the creep strengths of V-15Cr-5Ti. V-IOCr-STi, and V-5Cr-5Ti are given. Although data 
for V- 15Cr-5Ti were oblained at temperatures highcr thm Mx)"C? he creep strengths can be compared from 
a plot of h e  Larsen-Miller parameter, which is defined by the equation 

P = T(20 + log t), (1) 

where creep temperature T is in  K and rupture time t is in hours. The V-15Cr-5Ti specimens tested by 
Bajaji and Gold9 conlained 200-1400 wppm 0, 500 wppm N, and 170 wppm C. By comparison, the 
impurity content measured in the creep-testcd specimens of V-10Cr-5Ti and V-5Cr-5Ti in the present 
investigation were significantly lower; i.e., 0, 370-770 wppm, N, 99-200 wppm, and C,  252-270 wppm 
(see Table 2) .  Within the uncertaintics associated with the variations in impurity content, the rcsults 
indicate that the creep strengths of V-15Cr-5Ti and V-10Cr-5Ti arc similar, The UTS of the present 
V-IOCr-5Ti (541 MPa) and that of a V-15Cr-5Ti alloy containing 400 wppm 0, 490 wppm N, and 
280 wppm C was found to be similar (555 MPa). Thcrcfore, i t  is not surprising that the creep strengths or 
the V-10Cr-5Ti and V-15Cr-5Ti shown in Fig. 3 arc similar. 
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Table 2 .  Impurity content of creep specimensfrom V-5Cr-STiQand V-IoCr-5Tib after 
testing at 6009: 

Time to 
Stress Rupture Composition (wt. mm) 

Material SpecimenID (MPa) (h) Wrap 0 C N 

V-5Cr-5Ti BLA7A 420 1 none 560 252 160 

V-5Cr-5Ti B L 4 C  408 1.1 Ta 520 261 200 

VJCr-5Ti BLAZ 387 541 Ta 770 - 200 

V-5Cr-Pi BM7F 410 213 Ta 520 270 190 

V-1OCr-5Ti BL43A 512 243 none 600 - 120 

V-1OCr-5Ti BLA3B 507 162 Ti 370 - 99 

Wltimate tensile strength -434 MPa. hardness VHN 4 7 1  

bUltimate tensile strength 4 1 2  MPa, hardness VHN -192 

The creep of unalloyed vanadium is known to be sensitive to impurities (in particular dissolved 0). 
although the creep of V-lSCr-5Ti. V-2OTi. and Vanstar-7 (V-9Cr-3Fe1.3Zr-O.OSC) appears to be less 
sensitive to 0 contamination (see Fig. 4)?-9 In view of this, it was considered necessary to characterize 
the specimen impurity content, hardness. phase distribution, and other undesirable microstructural changes 
associated with the creep test to qualify the data obtained in this study. 

The results obtained from analysis for 0, N, and C concentrations are summarized in Table 2. 
Compared with the impurity content of the as-annealed specimens before the test (Table 1). N content in 
V-5Cr-Pi decreased to some extent (from 220 to 160-190 wppm) and C content increased modestly (from 
200 to 250-270 wppm). Nitrogen content in V-1OCr-STi increased from 31 to -100 wppm. However, the 
0 content of both alloys increased significantly after testing (from 230-350 wppm to 370-770 wppm). The 
increase in 0 content was more pnounced in specimens tested without a wrap or with a Ta-foil wrap. For 
a specimen with a Ti wrap, the increase in 0 content was minimal (e.g., from 230 to 370 wppm). The 
more pronounced 0 contamination in the Ta-wrapped specimens is probably associated with the volatility 
of tantalum oxide. Because of the smaller contamination when Ti foil was used, all subsequent tests are 
being conducted with a Ti wrap. Despite the increase in 0 and C. the impurity content of the two alloys is 
still comparable to that typical of a COI 3Y. nmercial vanadium-base all1 

. . . . . . . . . To detect any undesirable phase srmc~ure mar mignr nave been produceu aunng mung. E M  
specimens excised from near the gage section were examined. The results are. shown in Fig. 5. A 
comparison of Figs. 5A and 5B shows @at the phase structure of VJCr-5Ti did not change appreciably 
during testing at 600°C for 541 h. That is, the size and disnibution of the Ti(0,N.C) precipitates. normally 
observed in these alloys after fabrication? were similar before and after testing, and no new types of 
precipitam were ploduced. 
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However, dislocation loops were observed in high density in creep-tested specimens of both V-5Cr- 
5Ti and V-1OCr-5Ti (Figs. 5C and SD, respcctively). From bright-field imaging alone, the dislocation 
loops (SlM) nm in size) can be mistakenly confused with small precipitates. However, results of selccted- 
area diffraction and dark-ficld imaging showed that they are indeed dislocation loops. Line dislocations werc 
also observed frequently in conjunction with loops (Fig. 5E). A major difference in the microstructural 
aspect of creep-tested V-SCr-5Ti and V-IOCr-5Ti specimens was thc distribution of dislocation loops. In 
V-lOCr-5Ti, loop distribution was more or less uniform within a grain. In conuast, size and density of thc 
loops were higher near a grain boundary in V-5Cr-5Ti. This can be seen by comparing the two bright-field 
images of Figs. 5C and 5D. The dark-field image shown in Fig. 5F reveals more clearly a dense loop 
disuibulion of V-5Cr-5Ti in the vicinity of a grain boundary. 

Hardness profiles were measured across the specimen thickness (nominal thickness 0.635 mm) after 
the creep test. An example of typical hardness profiles is given in Fig. 6, which was determined for a 
V-1OCr-STi spccimen that ruptured after 162 h. Except for narrow regions 50.01 mm underneath the frce 
surfaces, a more or less uniform hardness of =205 VHN was obscrved, a slight increase from the original 
hardness of -192 VHN. The hardncss increase is attributcd not only to the effect of the increase in 
0 content (Le., from 230 to 370 wppm) but also to the effect of thc high-dcnsity dislocation loops. 

l " ' I " ' " "  
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L 0 - :  : *  0 .  I" 190c ........................... ~ ........ ~ ......... 0. 
k 1 
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0 0.1 6 0.32 0.48 0.63 
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Figure 6. V i c k r i  hardnessprofile across wall rhickness of 
V-IOCr-5Ti afer  creep resf ar 600°C for 162 h 

In summary, no unusual features were observed that indicate an unacceptable effect of the 
environment of the creep test at 600°C. Impurity content and phase structure of the test specimens were 
similar to those of typical commercial alloys. 

Comoarison with Other Materials 

In Fig. 7, the crccp property of V-5Cr-5Ti and ferritic and austenitic steels is shown in Larsen-Miller 
plots. From the figure, i t  is obvious that the creep strcngth of thc alloy is substantially superior to that of 
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HT-9, Type 316 stainless steel, and V-20Ti. In particular, this difference in creep strength is more 
pronounced when h e n - M i l l e r  parameters are higher, i.e., at higher temperatures or longer times. 
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Figure 7. Larsen-Miller plors of creep srrengik of V-5Cr-5Ti 
and ferriiic und au~reniric sreels 

It has been reported that crccp strength of binary V-Ti and tcrnary V- 15Cr-Ti and V-3Cr-Ti alloys is 
maximum for 3 wt.% Ti?,x Titanium content grcater or lcss than =3 wt.% resultcd in significantly 
decreased creep strength. Based on lhis observalion, thc crccp strength of V-SCr-3Ti is expected to be 
substantially highcr than that of V-5Cr-5Ti. Increasing the Cr contcnt to 7 wt.% is also expected to 
improve the creep strength ol V-5Cr-5Ti. Howcvcr, sclcction of optimal content of Cr (5-7 w1.S) and 
Ti (3-5  wt.%) must be tied closely to othcr important considcrations, in particular, to the effects of neutron 
damage and helium generation on cmbrittlcmcnt and fracture toughness. 

CONCLUSIONS 

1. Stress-rupture life and stcady-state crecp ratc of V-5Cr-5Ti and V-1OCr-5Ti have been determined at 
600°C. Results of characterization of impurity contamination, hardness, phase structure, and 
dislocation and loop structures in the crecp-tcsted spcsimcns showed no unusual features that indicate 
an unacceptable effect of the environment on the mcasured crccp rates. Impurity content of the tested 
specimens was comparable to that of a typical commcrcial vanadium-base alloy. 

V-5Cr-5Ti exhibits a creep strength that is substantially superior to that of Type 316 stainless steel, 
HT-9, or V-20Ti, in panicular, at highcr L a w - M i l l e r  pannietcrs, i.c., at higher temperatures and/or 
longer service timcs. 

2 .  
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3. Creep strength of V-10Cr-STi is similar to that of V-15Cr-5Ti and several times highcr than that of 
V-5Cr-STi. However, if a creep strength highcr than that of V-5Cr-STi is required. V-SCr-3Ti or 
V-7Cr-5Ti appears to be a more attractive alternative than V-1OCr-STi from the point of view Of 
irradiation-induced embrittlcmcnt. 

FUTURE WORK 

Stress-rupturc tcsts on V-SCr-5Ti and V-10Cr-STi will be extended to 6 5 0 T  to obtain a larger 
number of data in a reasonable time period. Crccp tcsts will be conductcd on V-SCr-3Ti. V-7Cr-STi, and 
V-3Ti-O.1Si alloys at 600 and 650°C. and an alloy that cxhibiLs optimal creep properties will be identified. 
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DUCTILE-BRI7TLE TRANSITION TEMPERATURES OF UNIRRADIATED VANADIUM 
ALLOYS, BASED O N  CHARPY-IMPACT TESTING* - B. A. Loomis. L. J. Nowicki. 
J. Gazda, and D. L. Smith (Argonne National Laboratory). 

OBJECTIVE 

The objective of this rcscarch is to determine the composition of a vanadium-base alloy with the 
optimal combination of mechanical properties, corrosion resistance, fahricahility, and weldahility for 
use as a structural material in the environment of a rnagnctic fusion reactor. 

SUMMARY 

Ductile-brittle transition temperatures (DBTTs) were determined by Charpy-impact tests for dchy- 
drogenated and hydrogenated V-3Ti, V-SCr-3Ti, and V-SCr-STi alloys. These DBTTdata complement 
the  data previously obtaincd by Loomis et al.'.' on Charpy-impact testing of unalloyed V, V-ITi, V- 
?Ti-lSi, V-STi, V-lOTi, V-lXTi, V-4Cr-4Ti, V-8Cr-6Ti, V-YCr-STi, V-1OCr-YTi, V-14Cr-STi, V-15Cr- 
5Ti, V-7Cr-I5Ti, and Vanstar-7 alloys. Thc results show that V alloys with Ti additions (0-18 wt.%j 
have a minimum DBTT (--25O"C) in an a l h y  containing 3-5 wt.% Ti, that addition of 4 to 15 wt.% 
Cr t o  V-(4-6)Ti alloy results in a suhstantial increase (25-215"C) of the  DBlT .  and that 0.5 and 1.0 
wl .%~ Si additions to V-3Ti alloy rcsult in a significant increase (-100°C) in DBTT. In addition, the 
results show that the presence of 4(x)-l200 apppm H in unalloyed V and V-base alloys causcs a signifi- 
canL increase (-100°C) in DBTT. The results of these studies lead us to rccommcnd thc V-SCr-STi 
alloy containing -400 ppm 0, -200 ppm N, -200 ppm C, and -900 ppm Si lor use as structural ma- 
terial in a fusion reactor. 

PROGRESS A N D  STATUS 

Introduction 

Thc V-15Cr-5Ti alloy has hccn considcrcd to he a rcfcrcncc alloy for the evaluation of  vanadium- 
base alloys as structural matcrial for a fusion reactor, hascd on this alloy's generally attractive 
mechanical, corrosion, and irradiation pcrformancc. However, rccent data ohtaincd from Charpy- 
impact tests and tensile tests (in this alloy with and without neutron irradiation show that this alloy 
may he unacceptahlc :IS structural matcrial for a fusion reactor hccausc of its high DBTT (>2SO"C)." 
Loomis e t  al. have shown from Charpy-impact tcsts on unirradiatcd and irradiatcd vanadium alloys 
that a vanadium-base alloy containing Cr and/or Ti and Si alloying additions and intcnded for use as 
a structural matcrial in a fusion reactor should contain 3-9 wt.% total alloying addition for maximum 
resistance to hydrogcn- andior irradiation-induced cmbrittlemcnt.z' In this report, we present data 
o n  the DBTTs for V-3Ti, V-SCr-3Ti. and V-SCr-STi alloys that tend to confirm the requirement of 
3-9 wt.%. comhincd Cr and/or Ti alloying addition to vanadium lor a minimum DBTT. We also in- 
clude DBTT data for unirradiated V and V-base alloys previously prescntcd in Rcfs. 1-3. 

Materials and Procedures 

Vanadium-hasc alloys with the nominal compositions of V-3Ti, V-SCr-3Ti, and V-5Cr-STi were 
ohtaincd in sheet form with a 50% thickness rcduction, i.c., cold work, rcsulting in a nominal 
thickness of 3.8 mm. The compositions of thcsc matcrials and previously tested vanadium alloys 

'Work supported hy the Office of Fusion Energy, U S .  Department OS Energy, under Contract W- 
31-1W-Eng-38. 
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are listed in Table I.'.' 

Table 1. Compositions of V and V alloys. 

V 
V-1Ti 
V-3Ti 
V-3Ti-0.33 
V-3Ti-1Si 
V-5Ti 
V-IOTi 
V-ISTi 
V-SCr-3Ti 
V-4Cr-4Ti 
V-5Cr-STi 
V-8Cr-6Ti 
V-9Cr-STi 
V-14Cr-STi 
V-ISCr-STi 
V-100-9Ti 
V-7Cr-ISTi 
Vanstar-7a 

BL 51 

BL 62 
BL 42 
BL 45 
BL 46 
BL 12 
BL 15 
BL 54 
BL 47 
BL 63 
BL 49 
BL 43 
BL 24 
BL 41 
BL 44 
BL 10 
BL 28 

BL so 

-. ~ 

Concentration 
(wt.%;) 

Cr 

5.1 
4.1 
4.6 
7.9 
9.2 

13.5 
14.5 
9.9 
7.2 
9.7 

Ti 
~ 

1.0 
3.1 
3.1 
2.5 
4.6 
9.8 

17.7 

4.3 
5.1 
5.7 
4.9 
5.2 

9.2 
14.5 

3.0 

5.0 

~~~~ 

0.02 
0.01 

0.04 
0.63 

0.02 
0.05 
0.02 

3.50 

0.04 
0.09 

Concentration 
(Dum) 

0 N C Si 
~. 

570 49 56 370 

320 86 109 h60 
580 190 140 5400 
345 125 90 9900 
300 53 85 160 

1670 390 450 245 

480 82 133 655 

440 28 73 310 
400 150 127 360 

1190 36n 500 390 
330 96 120 400 

230 130 23s inso 

830 160 380 480 

350 220 200 870 

230 31 100 340 

300 87 150 270 
1110 250 400 400 
280 520 MO 

"Alloy contains 1.3% Zr. 

Miniature Charpy-impact specimens wcrc prepared for a determination of the temperature de- 
pendence of fracture behavior in the dehydrogenated and hydrogenated V-base alloys. The Charpy- 
test specimens had overall dimensions of 3.30 x 3.30 x 25.4 mm and a notch depth of 0.61 mm. Speci- 
mens were prepared with the notch orientation perpcndicular to the rolling direction maintained dur- 
ing thickness reduction. Dehydrogenated Charpy-test specimcns in the fully reclystallizcd condition 
were prepared from the 50% cold-worked materials by annealing for 1 h in a vacuum of 2 x 10.' Pa. 

The V-3Ti alloy specimens were annealed at lOSO"C, and the V-5Cr-3Ti and V-SCr-STi alloy spec- 
imens were annealed at 1125°C. In the case of the previously tested alloy specimens, the V-Cr-Ti 
specimens and the Vanstar-7 specimens were annealed at 1125°C. The V-18Ti and V-3Ti-Si alloy 
specimens were annealed at 1100 and 105o"C, respectively. These annealing conditions for the cold- 
worked materials resulted in average recrystallized grain diameters in the range of 0.02-0.04 mm. 
Hydrogen was introduced into Charpy-test specimens of the alloys by annealing the cold-worked spec- 
imens at the previously mentioned temperatures in argon-filled quartz tubes for 1 h and subsequently 
quenching the tubes and their contents, without rupture, in water. The hydrogen concentration in the 
specimens was adjusted by surface-finishing the specimens prior to the anneal." 

The hydrogen concentration in the Charpy-t&t specimens was determined from the total partial 
pressure of hydrogen that was evolved on heating a spccimen at 1S"Cimin from 25°C to 1ooo"C. This 
procedure is discussed in Ref. 6. In the case of the Charpy specimens annealed in vacuum (i.e., 
dehydrogenated), the hydrogen concentration was determined to be <30 appm. The hydrogen concen- 
tration in specimens annealed in quartz tubes (i.e., hydrogenated) rangcd from 400 to 1200 appm. 
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The Charpy-impact tests were performed with an instrumented Dynatup Drop-Weight Impact Test 
machine. Impact velocity and load for these tests were 2.56 m/sec and 14.995 kg, respectively. Energy 
absorption was determined from applied load-time data that were acquired during impact. These data 
were analyzed and plotted with a GRC Model 730-1 data acquisition and analysis system. The speci- 
men temperature at the instant of impact was determined from a thermocouple that was spot-welded 
near the notch. Specimen temperalures during the Charpy tests were limited to -190 to 250°C. A 
curve for the energy absorbed during impact versus test temperature for V and V-base alloy specimens 
was fitted with a hyperbolic tangent equation to determine the cuwe inflection point; this curve point 
was used to define the DBTT. The DBTTs of the V-ITi, V-3Ti, V-STi, V-10Ti, V-4Cr-4Ti, and V- 
5Cr-5Ti alloys were <-19O"C since the alloy specimens on impact bent to an angle of 85" without 
complete fracture at temperatures r-190"C; and the DBTTs of these alloys were estimated from the 
temperature dependence of energy absorption during impact for test temperatures 2-190°C. 

The microstructures of annealed Charpy specimens, the appearance of fracture surfaces of tested 
specimens, and the tcmperature dependence of energy ahsorhcd during the impact tests on some of 
the V-base alloys are described in Refs. 1 and 2. 

Experimental Results 

The D B T s  for dehydrogcnalcd (<30 appm H) and hydrogcnated (4(x)-12W appm H) V and 
V-base alloys arc presented in Table 2.  

1. Dependence of DBTT on Ti concentration 

The DBTT dependence of dehydrogenated (Le., <30 appm H) and hydrogenated (Le,, 400-1200 
appm H) V-Ti alloys on Ti concentration is shown in Fig. 1. The DBTT of unalloyed V (-150°C for 
dehydrogenated V and -10°C for hydrogenated V) decreases as the Ti conccntration increases to 3-5 
wt.%, to yield the alloys with the minimum DBTTs, Le., --25O"C for dehydrogenated alloy and -160°C 
for hydrogenated alloy. DBTTs for V-Ti alloys (dehydrogenated and hydrogenated) increase as Ti 
concentration increases lrom -5 to -18 W.%. The DBTT values of the dehydrogenated and hydro- 
genated V-1XTi alloy were -40°C and 55"C, respectively. 

As shown in Fig. I ,  the prescncc of 400-1200 appm H in binary V-(0-I8)Ti alloys causes a signifi- 
cant DBTT increase (6WZOO"C) in  the dehydrogenated alloys. The differcnccs between the DB7Ts 
of dehydrogenated and hydrogenated unalloyed V and hinary V-Ti alloys suggest that V-Ti alloys 
containing 4 wt.% Ti may hc more susceptible to hydrogen cmbrittlcment (see Fig. 1). 

2. Dependence of DBTT on Cr concentration 

The DBTT dependence of dehydrogenated and hydrogenated V-Cr-(4-6)Ti alloys on Cr conccntra- 
lion is shown in Fig. 2. The DBTTs of dehydrogenated and hydrogcnated V-(4-6)Ti alloys, e&, 
--250"C and - IWC,  respectively, for V-STi (BL 46), increase as the Cr concentration in these alloys 
rises to at least 15 wt.%. DBTT values o f  the dehydrogenated and hydrogenated V-15Cr-STi alloy 
(BL 41) were -10°C and 135"C, respectively. The presence of  400-1200 appm H in  V-Cr-(4-6)Ti alloys 
causes a significant DBTT increase (60-145°C) in  the dehydrogenated alloy (Fig. 2). The V-Cr-(4-6)Ti 
alloys containing < 10 wt.% Cr may be lcss susceptible to hydrogen embrittlcmcnt. 

3. Dependence of DBTT on combined Cr and Ti concentration 

The D B T  dependence of V and V-base alloys on combined Cr and Ti concentration is shown 
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Table 2. DBTTs of V and V-base alloys. 

Nominal ANL Hydrogen DBTT 
Composition I.D. ( w m )  l"C) 

V 

V-1Ti 

V-3Ti 

V-3Ti-0.5Si 

V-3Ti-1Si 

V-5Ti 

V-10Ti 

V-l8Ti 

V-5Cr-3Ti 

V-4Cr-4Ti 

V-5Cr-STi 

V-8Cr-6Ti 

V-9Cr-5Ti 

V- I4Cr-5Ti 

V-1SCr-5Ti 

V-10Cr-9Ti 

V-7Cr-ISTi 

Vanstar-7 

BL 51 

BL 50 

BL 62 

BL 42 

BL 45 

BL 46 

BL 12 

BL 15 

BL 54 

BL 47 

BL 63 

BL 49 

BL 43 

BL 24 

BL 41 

BL 44 

BL 10 

BL 28 

c30 
700 
<30 
650 
< 30 
Mw) 
< 30 
520 
970 
< 30 
990 
< 30 
860 
<30 
600 
< 30 
580 
< 30 
600 
<30 
1200 
< 3(1 
600 
< 30 
Mx) 

< 30 
670 
< 30 
5% 
< 30 
620 
< 30 
1180 
< 30 
400 
<30 
500 

-150 
-10 

-225 a 

-25 
-255 a 

-175 
-150 
-125 
-170 
-165 

-30 
-250 a 

-160 
-190 = 
-130 

-40 
+55 
-85 

t 6 5  
-225 a 

-125 
-1yo = 
-]io 

-85 
-5 
-60 

+50 
-10 

+I30 
-10 

+I35 
+ 10 

+I55 
+ 25 

+250 
-65 
-25 

"Lowest test temperature was -190°C. DBTT was estimated from the temperature dependence of 
energy absorption for test temperatures above -190°C. 
bDBTTwas anomalously high due to presence of 6-16 pm diameter precipitates on grain boundaries. 

in Fig. 3. (Note that the combined Cr and Ti concentration is C,, + (C,$". For the Vanstar-7 alloy, 
the Fe and Zr concentrations are treated as Cr and Ti concentrations, respectively. The DB'IT depen- 
dence on combined Cr and Ti concentration (Fig. 3) is similar to the DBTT dependence on Ti con- 
centration shown in Fig. 1, Le., the minimum DBTT for dehydrogenated and hydrogenated V-base 
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Fig. 1. V and V-Ti alloy depcndcncc of D B T  Fig. 2. V-Cr-( 
on Ti conccntration. on Cr concentration. 

alloys is seen whcn thc comhined Cr and Ti concentration is -5 UT.%,. Thc differences between 
DBTTs of dehydrogenated and hydrogcnatcd unalloyed V and V-base alloys show that  V-base alloys 
containing < 15 wt.% combined Cr and Ti concentration are  less susccptihlc to hydrogcn cmbrittlc- 
men1 (Fig. 3). 

The DBTT data in Tahlc 2 for  the dehydrogenated and hydrogenated V-5Cr-3Ti alloy (BL 54) are 
nor shown in Fig. 3 ,  sincc these DBTTs arc believed to he anomalously high (lOtlL2OO"C) and do not 
conform with the general trcnd for dependcncc of the DBTT o f  V-base alloys on comhincd Cr and 
Ti concentration. The  surhccs  of fractured Charpy spccimcns of  the V-5Cr-3Ti alloy were examincd 

by obscrvation with a JEOL JSM-50 scanning 
clcclron microscope (SEM). Thcsc ohscrvations 
showcd the prcscncc of prccipitatcs wjith 6-16 
In1 diamclcr on grain boundaria (Fig. 4). These 
prccipilatcs were non-uniformly distrihutcd in 
thc fracture sur lxewith  the highat numhcr dcn- 
sily of precipit;itcs in  some a r m  hcing -3(N/mm' 
(c.s., see Fig. 4). Thc average grain size appcard 
to hc significantly larger in  areas of high prccipi- 

appearance and diameter (6-16 pm) were also 
obscn~!d in the fracturc surface or the V-?Ti al- 

talc number density. Prccipitatcs with similar 

loy (RL62), hut thc prccipilates wcre uniformly 
dislrihutcd wrilh a numhcr density of -.50/mm2 
(c.g., see Fig. 5).  Analyses of the precipitates 
in the V-SCr-3Ti and V-3Ti alloys using x-ray 
cncrgy dispcrsivc spectroscopy (EDX) showcd 

; >!-, ;5 that the]~rccipitatcswereavanadiumcomp~~und 
containing K. N:r, CI, C. and 0. I t  should he not- 
ed t h a t  thcsc precipitates did n o t  contain Ti. 
Precipit;itcsuith this composition, i.c., V(K, Na, 
CI, C, 0) were not observed in thc other alloys. 

~ ~ , ~ . ~ . ~ ~ ,  ~, I , 

~' 

I 

Fig. 3. V and V-base alloy dependence of DB7T 
on combined Cr and Ti concentration. 
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Fig. 4. Fracture surface of V-5Cr-3Ti alloy. 

4. Dependence of DBTI on Si concentration 

Fig. 5. Fracture surface of V-3Ti alloy. 

The DB'ITs for V-3Ti (BL 62), V-3Ti-OSSi (BL 42), and V-3Ti-lSi (BL 45) alloys are presented 
in Table 2 and in Fig. 6. These results suggest that the addition of 5400-9900 ppm Si to V-3Ti alloy 
results in -100°C increase of DB'IT in the dehydrogenated V-3Ti alloy. Hydrogenation (520-990 
appm) of V-3Ti and V-3Ti-(O.5-1)Si alloys caused a 25-135°C increase of DBTI. The experimental 
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SlllCO" ConcentmLlon ( W t  ppm) 

Fig. 6. V-3Ti alloy dependence of DBTT on Si 
concentration. 

results suggest that the presence of ;OS wt.% 
Si in V-3Ti alloy causes this alloy to be more sus- 
ceptible to embrittlement by hydrogen. 

The effect of Si concentration on the DB'IT 
of V-Cr-Ti alloys has not been extensively inves- 
tigated. However, comparison of the DB'IT for 
lhc V-4Cr-4Ti alloy (--225"C) containing 870 
ppm Si and the V-50-5Ti alloy (-190°C) contain- 
ing 310 ppm Si suggests that the difference in 
DB'IT for these alloys is principally due to the 
higher Cr and Ti concentration, rather than the 
lower Si concentration, in the V-50-5Ti alloy. 
With the exception of the V-3Ti-OSSi (BL 42) 
and V-3Ti-1Si (BL 45) alloys, the Si concentra- 
tion in the V-Ti and V-Cr-Ti alloys in Table 1 
is in the rangeof 160 to 1050 ppmwith the aver- 
age Si concentration beitlg 460 ppm. There was 
no significant effect of Si concentration on the 
DBTI (Table 1 and Figs. 1-3) of these alloys that 
could be attributed tovariations of Si concentra- 
tion in the range of 160-1050 ppm. 

5. Dependence of DBlT on 0, N, and C concentration 

The 0, N, and C concentrations in the V-Ti and V-Cr-Ti alloys in Table 1 are in the ranges of 
230-1670,2S-390, and 73-500 ppm, respectively. There was no significant effect on the DB'IT (Table 
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2 and Figs. 1-3) of these alloys that could bc attributed to thesc rangcs of 0, N, and C concentration. 

DISCUSSION O F  RESULTS 

The results of this experimental study on V-Cr-Ti alloys utilizing Charpy-impact loading show that 
the DBlTof  these alloys is lowest (-250°C) when the combined Cr and Ti concentration in the alloy 
is -5 wt.%. Also, the DB'IT of hydrogenated (400-1200 appm) V-Cr-Ti alloys is lowest (-160°C) 
when the the combined Cr and Ti concentration in the alloys is -5 wt.%. 

A comprehensive analytical electron microscopy study of precipitates in the microstructures of 
unalloyed vanadium and V-l,3,5, 10, and 18 wt.% Ti alloys (Table 1) by Gazda has shown that (a) 
the unalloyed V and V-Ti alloys with 13 wt.% Ti contain VC precipitates with BCC structure and 
additional Ti(CN0) precipitates with unidentified structure that are coherent with the matrix, @) the 
most common precipitates in all of the alloys containing Ti are Ti(C,,N,O,) precipitates with FCC 
NaCl structure that are noncoherent with the matrix, (c) all of the precipitates in alloys with >3 wt.% 
Ti are noncoherent with the matrix, (d) the number density of all precipitates in these materials is 
maximum in the V-3Ti alloy, and (e) the size of precipitates in these materials is the minimum for 
alloys with 1-3 wt.% Ti." In comparison with the DBlTs for V-Ti alloys, we note that the tensile pro- 
perties of V-(O-lS)Ti alloys at 600°C are also significantly altered when the Ti concentration is -5 
wt.% (see Figs. 7 and 15 in Ref. 7). 

The dependence of DBlT  for V-Ti alloys on Ti concentration (Fig. 1) is similar to the depen- 
dence of DBlT for V-Cr-Ti alloys on combined Cr and Ti concentration (Fig. 3). This similarity 
suggests that the minimum DBlT at -5 wt.% alloy concentration on Charpy-impact loading of V-Ti 
alloys, as well as V-Ti alloys with Cr additions, is due to the complex combination of Cr and Ti solid- 
solution strengthening effects and coherent and noncoherent precipitate-strengthening effects. The 
maximum number density and minimum size of precipitates in V-Ti alloys with -3 wt.% Ti are 
considered to be a manifestation of coherency and noncoberency of the precipitates. 

The anomalously high (100-200°C) DB'IT for the V-SCr-3Ti alloy is attributed primarily to the 
high number density of large V(K, Na, CI, C, 0) precipitates on the grain boundaries in this material. 
Although these precipitates were present in the V-3Ti alloy, their number density was relatively low 
and the precipitates were uniformly distributed which resulted in a minor effect on the DB'IT. These 
precipitates may have been the result of use of Ti that contained a relatively high Na, K, and CI con- 
centration in the alloy preparation? 

The objective of this experimental program is to determine the composition of a vanadium-base 
alloy with the optimal combination of mechanical properties, corrosion resistance, fabricability, and 
weldability for use as a structural material in the environment of a fusion reactor. The following 
experimental results are considered in the selection of the optimal composition of the vanadium-base 
alloy. (1) The DBlT of a vanadium-base alloy can be expected to increase substantially (100-200"C, 
41-44 dpa at 420°C) on neutron irradiation? (?) The swelling of V-Cr-Ti alloys on neutron irradiation 
is significantly reduced ( e l %  swelling, 36 dpa at 420°C) by the presence of 25 wt.% Ti in the alloy." 
(3) The long-term creep strength of V-Ti alloys is significantly increased by the addition of Cr." (4) 
The tensile properties of V-(O-lS)Cr-STi alloys with a tungsten/inert-gas weld zone are comparable 
to tensile properties of recrystallized alloys without a weld zone, but V-(O-lS)Cr-STi alloys with Cr 
concentrations >5 wt.% have significantly reduced fracture toughness." These experimental results, 
together with the experimental results presented in this report, lead us to select the V-SCr-5Ti alloy 
containing -400 ppm 0, -200 ppm N, -200 ppm C, and -900 ppm Si for use as a structural material 
in a fusion reactor. 
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CONCLUSIONS 

1. The V-5Cr-STi alloy containing -400 ppm 0, -200 ppm N, -200 ppm C, and -900 ppm Si is 
recommended for use as a structural material in a fusion reactor. 

FUTURE WORK 

The effect of neutron irradiation on the D B T  of V-3Ti-13, V-STi, and V-SCr-5Ti alloys will he 
determined, and this will complcmcnt the D B T  data in Ref. 2 for irradiated V-base alloys. 
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STATUS O F  FATIGUE STUDIES ON IRRADIATED COPPER ALLOYS ~ F .  A .  Garner  and M. L .  H a m i l t o n  ( P a c i f i c  No r t hwes t  
Labo ra to r y ' ) ,  J .  F .  S tubb ins  and A .  S i ngha l  ( U n i v e r s i t y  o f  I l l i n o i s )  and B. N .  Sinqh ( A i s d  N a t i o n a l  
L a b o r a t o r y )  

O B J E C T I V E  

The o b j e c t i v e  o f  t h i s  e f f o r t  1s t n  p r o v i d e  f a t i g u e  l i f e  d a t a  f o r  a p p l i c a t i o n  o f  Irradiated copper  a l l o y s  t o  
f u s i o n  h19h hea t  f l u x  needs.  

SUMMARY 

I r r a d i a t i o n  c o n t i n u e r  i n  t h e  EBR-I1 and O R - 3  r e a c t o r s  o f  pu re  coppe r  and Gl idCop CuA125 i n  t h e  fo rm of 
s u b s i r e  t e n s i l e  f a t i g u e  rpec lmens.  :he f i r s t  phase o f  t h e  EBR- I I  i r r a d i a t i o n  sequence has been comp le ted .  
A s i z e  e f f e c t s  expe r imen t  conducted on u n i r r a d i a t e d  CuA125 f a t i g u e  specimens i s  near7ng c o m p l e t i o n .  E a r l y  
r e s u l t s  on t h e  f a t i g u e  b e h a v i o r  o f  s u b s i z e  specimens a r e  p resen ted  i n  t h i s  r e p o r t .  

DROGRLSS AND STATUS 

I n t r o d u c t i o n  

P h r e  copper  and Gl idCop CuA125 are c u r r e n t l y  b e i n g  cons ide red  a s  h i g h  h e a t  f l u x  s t w c t u r a l  components for 
t h e  ITER d i v e r t o r  p l a t e  assembly .  
v a r l e t y  o f  s t u d i e s  a r e  i n  p r o g r e s s  t o  p r o v i d e  d a t a  on v o i d  w e l l i n g ,  t e n s i l e  p r o p e r t i e r  and e l e c t r i c a l  
c o n d u c t i v i t y .  

One o f  t h e  m o r t  i m p o r t a n t  p r o p e r t 7 e s  f a r  h i g h  h e a t  f l u x  a p p l i c a t i o n s .  however,  i s  t h e  low c y c l e  f a t i q u e  

Data  are r e q u i r e d  on t h e  r a d i a t i o n  pe r f o rmance  o f  t h e r e  m a t e r i a l s  and a 

b e h a v i o r ,  wh i ch  i s  used t o  a s s e s s  t h e  mechan ica l  s t r a i n  c o n t r i b u t i o n  o f  t he rma l  c y c l i n g  o n  i omponent -  
l i f e t i m e s .  A j o i n t  U.S./E.C. r e s e a r c h  program i n v o l v i n g  n e u t r o n  i r r a d i a t i o n  o f  pu re  copper  and Gl idCop 
CuA175 i n  t h e  f o r m  of l o w  CvCle f a t i s u e  soecrmenr 1 s  now i n  ~ r o o r e s s .  The o a r t i c i o a n t s  are t h e  R i r d  . ~ ~ r ~ ~ ~ ~ ~ ~ . . . ~  , I  ~~ ~~ 

N a t i o n a l  L a b o r a t o r y  i n  D e n k r k ,  P a c i i i c  Nb r t hwes t  L a b o r a t o r y  and t h e  U n i v e r s i t y  o f  I l l i n o i s .  
i s  d i r e c t e d  t owa rd  s e r v i n g  t h e  goals o f  b o t h  t h e  ITER ( I n t e r n a t l o n a l  Thermonuc lear  E x p e r l m e n t i l  R e a c t o r )  
and NET (Next  European Torus) programs. The f u l l  program w a s  d e s c r i b e d  In an  e a r l i e r  r e p o r t . '  

The program 

Specimen D e s c r i o t i o n  

The specimens employed are n o t  f l l l l - s i r e  t e n s i l e  f a t i g u e  specimens as d e f i n e d  by ASTM s tanda rds  b u t  are 
t y p i c a l  o f  t hose  employed i n  many f a t i g u e  r t u d i e s .  A s  shown i n  Figure I t h e  $ p e c i m e n s  are 6 mm ~n maximum 
d i a m e t e r  by 50 mm l o n g ,  w i t h  t h e  gauge 
s e c t i o n  1 mm in l e n g t h  and 3 . 1  mm i n  
d i ame te r .  
f r o m  OFHC copper  and t h e n  f u l l y  annealed, 3.750 -7.0 i 
w h i l e  t h e  CuA125 Specimens were c u t  f rom t h e  

L as-wrought  c o n d i t i o n  a s  s u p p l i e d  t o  R i r d  - 
N a t i o n a l  L a b o r a t o r y  by  SCM M e t a l s  P roduc t s .  
a l l  specimens were p repa red  a t  R isB t o  
preserve u n i f o r m i t y  between t h e  v a r i o u s  
t e s t * .  

The pu re  copper  specimens were Cut  

6 r i  

I, 

i 

S t a t u s  o f  Neut ron I r r a d i a t i o n  Exper iments  

The f i r s t  d i s c h a r g e  f r om EBR-I1 o f  t h e  COBRA 
!A subassembly has been accomo l i i hed  a f t e r  
two r e a c t o r  c y c l e s .  F a t i g u e  specimens F i g .  1 .  Specimen d imens ian r  o f  m i n i a t u r e  t e n s i l e  f a t i g u e  
i r r a d i a t e d  i n  COBRA I A  a t  -4OO.C are expec ted  specimens. A l l  d imens ions  a r e  ~n mm. 
t o  be d e l i v e r e d  t o  P a c i f i c  No r t hwes t  
L a b o r a t o r y  in t h e  second h a l f  o f  C Y l 9 9 3 .  The 
second r e t  o f  specimens w i l l  c o n t i n u e  I r r a d i a t i o n  i n  COBRA I A  t o  a h i g h e r  b u t  y e t  u n s p e c i f i e d  exposure  
1 e w l  

The l o w e r  exposure  expe r imen t  C u r r e n t l y  b e i n g  conducted i n  t h e  OR-3 r e a c t o r  a t  t h e  R l S 0  L a b o r a t o r y  a t  4 0 .  
l o o .  250, 350 and 450.C t o  - 0 .4  dpa i s  n e a r i n g  comp le t i on .  On ly  t h e  450.C sequence remains t o  be 
i r r a d i a t e d .  F a t i g u e  t e s t i n g  o f  t hese  specimens i s  schedu led t o  b e g i n  t owa rd  t h e  end o f  C Y  1993. 

4 - 50 .- 

'Paciflc Nor thwes t  Labo ra to r y  i s  ope ra ted  f o r  t h e  U . S .  Depar tment  o f  Energy by B d t t e l l e  Memorial  
: i i t : t u t e  tinder C o n s t r a c t  D E - A C O 6 - 1 6 R L O  1830. 
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j'dbrire specimens of GlidCop CuA125 ~n t h e  as~recewed condition have  been tested t o  establish the fatigue 
5urabllity o f  this alloy at room temperature. 
reversed cyclic fatigue to failure experiments. Testing Of full S l L e  specimens i s  now in progress. The 
results o f  t h e  rubsire tests are shown in Figure 2 and will be used to establish the influence o f  specimen 

s i l e  on fatigue durability. 
a s  well a s  t o  establish a 
baseline f o r  the fatigue 
properties Of irradiated 
iubrire s ~ e c i m e n ~ .  The 

The tests were conducted a s  strain-controlled. fully- 

present dita s h o w  no 
fatigue limit at leait up 
to 1 0 6  cycles. 

future Uork 

Testing of full size 
specimens of CuA125 will 
continue. A similar set of 
tests will then proceed on 
pure copper. 

Reference 

I .  F. A .  Garner. B .  N. 
Singh and J .  F. Stubbins. 
''StltUI o f  L O U  C K l e  
Fatigue Studies i n  
Irradiated Copper", Fus ion 
Reactor Materials 
Sern~annua l  Progress Report 
DOE/ER 0313:13 119931 DD. 
2 6 5 ~ 2 6 6  

2 .  

Fxperiment ~n E B R - 1 1 " .  
] b i d .  pp. 2 5 5 2 5 7 .  

F i g .  2 .  
room temperature. Hamilton. COBRA 1 A  

t o w  cycle fatigue d a t a  obtained on subrire C u A I 2 5  s p e c i m e n s  tested a t  F .  il. Garner and M .  L .  
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The ~ e s p o n r e  o f  Oi ,pers ion-St rengthened Copper Alloys To H igh  F luence  Neu t ron  I r r a d i a t i o n  a t  415’C - 0. J .  
Edwards .  J .  ‘4. Newk i r k .  (U. o f  H O ~ R O I l a ) .  F. A .  Garner, M .  L .  H a m i l t o n .  ( P a c i f i c  No r t hwes t  Labo ra to r y ) ‘ ,  
A .  I l a d k a r n l ,  and P. Samal, [ S C M  Meta l  P r o d u c t s )  

OGJECTIVL 

The a b j e c t l v c  o f  t h i s  e f f o r t  i s  t o  S U D P I Y  i r r a d i a t i o n  d a t a  on copper  a l l o y s  s e l e c t e d  a s  c a n d i d a t e s  f o r  h igh  
+ e a t  ‘!ux a p p l i c a t i o n s  in f u s i o n  reactors. 

V a n o u r  ox,de-dirperrion~rtrenglhened copper  alloys have been i r r a d i a t e d  t o  150 dpa a t  415’C in t h e  F a s t  
i l u x  T e s t  F a c i l l t y  [ F F T F ) .  
d l l o y ,  d ~ r p l a y e d  the best swelling i e r i r t a n c e .  e l e c t r i c a l  c o n d u c t i v i t y ,  and t e n s i l e  p r o p e r t i e s .  
C o n d u c t i v i t y  o f  t h e  H f 0 ; ~ s t r e n g t h e n e d  alloy reached a p l a t e a u  a t  t h e  higher  l e v e l s  o f  i r r a d i a t i o n ,  i n s t e a d  
n f  e x h i b i t i n g  t h e  s teady  decrease i n  c o n d u c t i v i t y  observed I n  t h e  o t h e r  a l l o y s .  
c o n t e n t  r e s u l t e d  i n  s i g n i f i c a n t l y  h i g h e r  s w e l l i n g  for a s e r i e s  o f  c a r t a b l e  o x l d e ~ d i s p e r s i o n - z t r e n g t h e n e d  
i l l o y s .  w h i l e  d C r p ~ s t r e n g t h e n e d  a l l o y  showed poor r e s i s t a n c e  t o  r a d i a t i o n .  

The Al.0,-strengthened GIidCop” a l l a y s ,  f o l l o w e d  c l o ~ e l y  by a H f 0 2 - s t r e n g t h e n e d  
The 

A h i g h  i n i t i a l  oxygen 

)RO(IRESS &!ID ST4TUS 

!n t . rnd ’ ic t ian  

r n c  o f  t h e  m o s t  crucial components  o f  t h e  I n t e r n a t i o n a l  Thermonuclear Fxpe r imen ta l  R c a c t o r  ( I T E R )  I S  t h e  
- l i v e r t o r  a l a t e  a i i e w b l y .  wh i ch  will b e  i i i b j e c t e d  t o  a h ? o h  hoa r  f l o x  ( -21 MW/m ) (?om t h e  cha rged  p a r t i c l e s  
ann thermal  energy t h a t  escape t h e  o l a s p l a .  and t n  r a d i a t i o n  damaqe f r o m  t h e  14 l l c V  neutrons and charged 
particles [ I  5 1 .  i l s  a c o n ~ e q i i e n c e  o f  ! h i s  severe  irradiation environment. t h e  d i ve r t , o r  p ; a t e  assembly must 
u t l l l z e  s t r u c t ~ r d l  m a t e r i a l s  : b a t  c a n  T a l n t a l n  h i g h  s t r e n g t h  and h i g h  :her-di c o n d u c t i v i t y  throughout i t s -  
I 1 f E t l  me. 

‘he h i g h  t h e r m a l  conductivity requirement l eads  t o  t h e  consideration o f  pure copper and l t i  alloys. Pure 
capper .  h o ~ e u e r .  i s  n o t  g e n e r a l l y  considered a structural m a t e r i a l  diie t o  I t s  l c w  s t r r n q t h  and :ow 
s o f t e n i n g  t empe ra tu re .  I n  a d d i t i o n .  i r r a d i a t i o n  expe r imen ts  1 6 - 1 l J  i n  !he F a i t  F l h x  T e s t  ‘ a c i l i t y  (FFTF)  
ha, ie  demonst ra ted t h a t  p ~ i r e  copper  h a s  1 i t t l e  rES1StanCe t D  v o i d  iwel?lnq. which d r a a d t ; C d l l y  o e c r e a s e i  t h e  
n l e c t r i c a l  r o n d u c t i v i : y .  The thermal c o n d u c t i v i t y  w i l l  a l s o  derrcase s i n c e  t h e  TI” c u n d u c t i v i t i e s  a r e  
e l r e c t l y  proportional t o  e a c h  o t h e r .  The i F T i  experiments a l s o  rekealed t h a t  o x i d e ~ d i i p e r s i o n - s t r e n g t h e n e d  
rcns) rop,?er a l l o y s  demons t ra ted  t h e  m o s t  p r o m i i i n q  b e h a v i o r  a f t e r  ~ r r a d i d t i o n  t o  - 100 d p a .  c x h i b i t i n g  
, , x c e l l c i t  s w e l l i n g  r e s i s t a n c e  and qood r e t e n t i o n  o f  e i e c t r l c d !  c o n d u c t i v i t y  and  s t r e n q t h .  T ransmu ta t i on  o f  
t n o  copper produced enough n i c i o l  2nd z i n c  t o  l owe r  t h e  c o n d u c t i v i t i .  an  e f f e r :  w h i c h  Cecornes more 
nntlceable as  t h e  f l u e n c e  increases [ 1 2 , 1 3 ]  

31 !)IC h a s i s  o f  e l e c t r i c a l  C o n d u c t i v i t y  and y i e l d  s t r e n g t h .  t h e  G l i d C o p ”  alloy: are c o i s i d e r e d  a p r ime  
~ a n d l d a t e  naterial f o r  current  d i v e r t o r  p l a t e  designs. possibly b r i n g  irsed f o r  t h e  n e a t  s i n k  and oerhaps 
‘ i o  t u h i n g  t h a t  c a r r i e s  t h e  C o o l a n t .  T y p i c a l  designs. shown i n  F i g .  I .  c a l l  e i t h e r  f o r  ca rbon  f t b e r  
i o m p o s i t ~  ( C F C )  t i l e s  t o  be  b r a z e d  O n t o  t h e  p l a s m a - f a c i n g  s u r f a c e  o f  t h e  copper  h e a t  s i n k .  o r  f o r  t h e  
d:,,ertor b l o c k  t o  be made e n t i r e l y  o f  C F C  w i t h  a m e t a l  C o o l a n t  tbihe. p o s s i b l y  f a b r i c a t e d  from diioersion~ 
j t r e n g t h e n e d  copper.  The t i l e s  a c t  a s  an armor t o  p r e v e n t  t h e  t he rma l  Eros ion  o f  t h e  copper  and t h u s  
’educe t h e  c o n t a m i n a t i o n  o f  t h e  plasma by h i g h  Z e lements .  and a l s o  a l l o w  h i g h e r  !emperatures t o  be 
a b t a l n e ?  a t  t h e  d i v e r t o r  su r f ace  w i t h o u t  m e l t i n g  t h e  copper i 2 . 5 1 .  Same o f  t.he p r o b l e r s  a s s o c i a t e d  w i t h  

lng copper  a l l o y s  f o r  t h e  diver tor  include b r a z i n g  d i f f i c u l t i e s  due t o  i i i m a t c h r s  i n  t h e  t he rma l  
r p a n s i o n  c o e f f i c i e n t s  o f  t.he capper  2nd C F C ’ s .  and m e l t i n g  o f  t h e  c o ~ p e r  dur .ng  a :“is o f  cooling a c c i d e n t  
!21. 

i n  t h i s  rcpp0rt !b.e results o f  lensit:, Teaiurements .  tenii!i t e s t s .  f r i c t o g r a p h y .  and electrical 
o n o u c t x ~ i t y  meas~ remen ts  ~ , I I I F ’ J  t o  e5t imat.e t he rma l  c o n d u c t i v i t y )  a r e  c r e s c n t e d  f o r  < a r , m s  t l i s p e P i i o n ~  

rengt.hcned copper  a l l o y s  i r r a d i a t e d  t o  I 0 4  and 150 ?pa at 415.C i n  F F T i .  h l t h o u c h  t h e s e  d i sp lacemen t  
v e l 5  are considerably h l p h e r  t han  a n t i c i p a t e d  f o r  I T E R  a p p l  , c a t i o n s  1-10 d ~ d ) .  :,nderitandinq t h e  

,-radlatinn e f f e c t s  o n  t h e  m a t e r i a l s  a t  t hese  h i q h  d i sp lacemen t  l e v e l s  m a y  be u s e f r i l  Cor c o m e r c i a l  reac tor  
d p p l l c a t . i o n i  

E ~ e r i - e n t n !  ReIUlt.5 

The c a p p e r  a l l o y s  i r r a d i a t e d  I C  F F T F  are l i s t e d  I “  T a b l e  1 a long  w i t h  t h e i r  c o m p o s i t i o n s  and 
+.$ermo$echanical  t r e a t m e n t s .  A l t hough  t h e  t h r e e  alloy c l a s s e s  are a l l  d i s p e r s i o n ~ s t r e n g t h e n e d  sys tems.  

‘ D a c l f i c  : Inrthwest Labora to ry  I S  Operated f o r  the U . S .  flepai-trnent o f  Energy by f i a t t e l l e  Mernonal 
:n.,tltntr rlnder c o n t r a c t  u ~ ~ P c ~ ~ ~ ~ ~ ~ R L o  1830. 
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The second class o f  alloys studied were two mecnanicaily alloyed c o p p e r  alloys 'ncorplratlng either Cr,O, 
qr iifo. a s  t h e  strengthening particles. 
t h e s e  a l l o y s .  
copper powder and the metal oxide powder and then extruding t h e  f i n a i  pawaer  at 7 C O ~ C  i i i i n g  d 1 6 . 1  
?xtws;on ratio. 

I h e  third c l a s s  of a l l o y s  represented a n  attempt by Technical Research Associates. : ? c .  to produce a 
cartable. oxide-dispersion-strengthened alloy. As w i l l  be shown later. t h i s  effort proved unsuccessful for 
a n  unexpected reason.  
proprjetary chemical coprecipitatlon method) to B melt of magnes ium~bea r i ng  oxygen-f-ee high Conductivity 
( O F H C )  copper, and then C a s t i n g  the m e l t .  
produced from different melts. The 008~3 and 008-4 a l l o y s  contain more  nngneslom tSan t h e  two previous 
~lloys. but t h e  005-3 alloy uses  2r0. a i  the oxide disoersion instead o f  t h e  61~0: 'used ~n t h e  other three 

Bath transmission electron microrc~py ITEM) disks and miniature tensile spec imens  1 1 5 .  163 were punched 
from sheet stock of t h e  Various m a t e r l a l s ;  only TEM disks were punched from the 008-2 stock. Tensile 
specimens of CuA125 and 005-1 were a l s o  fabricated from strips o f  0.25 mm thick sheet that had been c u t  and 
then joined together by l a s e r  welding. 
the weid w a s  centered in t h e  gage length. 

Denslty xasurements  were obtained a ?  room temperature from TEM dirks, rising an  immersion density technique 
accurate  to 50.16% density change. 
bath miniature tensile spec7mens and TEM dirks using a four~point probe. I)C potential drop method described 
by Anderson and coworkers [SI. The dimenrlonr o f  the miniature tensile specimens are given in Fig. 2 .  
Conductivity measurements on both types of specimens were in good agreement with E a c n  other. Tensile tes ts  
were performed after the conductivity measurements were completed. u s i n q  ii miniature t.enslle testing 
apparatus developed specifically far this specimen 
geometry [15 .161.  
temperature W i t h  d free-running crosshead speed of 0.G025 
?m, s~ , which yields an  Initial strain r a t e  of 4.8 x 1 0 ~ '  

Fracture surfaces were examined in both a JFOL 840 
scanning e lec tron  microscope and a JEOL JSH 3 %  
Oxidation o f  the s u r f a c e s  can occur quickly and obscure 
details a t  magnifications higher than 1 0 0 0 ~ .  so  spec~mens 
were loaded into one o f  the rni~roscopes Immediately after 
being tested. 

R e s u l t s  

Cnstable 008 Alloys 

Swelling data far the cartable OD8 a l l o y s  are presented 
;n F i g .  3 along with data on pure  copper f o ?  comparison. 
As a group. a l l  four  alloys exhlbrt p o o r  swelling 
reilrtance. roughly paralleling the swelling behavior o f  
pure copper, a l t hough  significant differences are 
apparent for the various 008 alloys. 
exhiblti considerably l e s s  swelling than  pure copper and 
t h e  other three a l l o y s ,  however. The swelling resistance s p e r r m p n ~  l,.radinted FFiF. 
o f  the zr0,~strengthened 008-3 alloy 1 s  the lowest. 
L a s e r  welding obviously has  an additional detrimental 
effect on the swelling of the ODs-I alloy because the welded O O S ~ l  "ateria! f I i s D l a v (  
greater t h a n  that o f  pure copper 

Or. t i .  Grant a t  the Massachusetts Institute of Technology supplied 
The a l l o y s  were produced u s i n g  powder metallurgy techniques involving t n e  mixing of pure 

The alloy w a s  produced by adding oxide particles [coated w i t h  c o p p e r  by a 

T h e  ODs-I and  008-2 a l l o y s  have  the idme :ompOSitlOn but were 

alloys. 

The tensile specimens were punched f r o m  the welded sheet so that 
TFM dirks were 3110 punched from t h e  weld regions. 

Electrical conductivity measurements were made at room temperature on 

Tensile tests were performed at rnom 

5 

0.m In. I7 .Q m-I 

0.201 In. 15.1 mml 

t 
0.010 In I0.S mml 

The O D s - 4  allay 
F , ~ .  2 .  ~ l m e n r , o n i  t'le nlniature t e n s l i e  

F i g u r e  4 shows t,hat the e l e c t r i c a l  conductivity OF t h e  castable 008 aiioys i i c i  within a common band that 
iteddily decreases w i t h  increasing Irradiation. N o t i c e  that the r o n d u c t ) ' ; i t v  for t h c  008~3 alloy lies n e a r  
t6e bottom o f  t h e  band, w h i c h  i s  not unexpectea s i n c e  it. e x h l b l t i  the greatest swelling of t h e  f o u r  alloys. 

Conductlvlty for  the l a ser  welded CCS~l alloy was not obtained hecause  of s u r t a r e  irrcgularltlei caused by 
the weld zone developing considerably more swelling t h a n  that o f  the r !rrrotrndina unweldcd material. As d 
r e su l t .  the probes could n o t  make proper Contact w i t h  the s u r t d c ?  of t h e  specinen. 2nd -0 reliable readlnli 
could be obtained. 

The ultlmate tensile and yield strengths o f  the  caitable OD8 alloys are presented in F i g .  5. and show t h a t  
both measures o f  strength decreaie dramatically after expoillre to 50 h a .  
and nnc-4 x l l n v ~  ~ P C ~ P I Y P  SO% O T  more after irradiation to 50 doa. and t h ~ n  a o o e z r  t o  l e v e l  O u t .  The data 

The y i e l d  strengths of the 00s-I 
~~ -,- -~~ ~ - - -  ~~ 

..,,i"i" . 
fnr the 008-3 a l l o y ,  which are  available only a t  104 and 150 LIP;. show t h a t  the strength of the  008-3 alloy 
. la tches c l o r c l y  the strength of the [lOS~I and C D S ~ 4  allays. The welded O n S ~ l  i ~ e c l m e n i  lrradlated to 104 
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:]pa and t o  150 d p d  both failed before reaching 0 . 2 %  straln. 
two d l f f e r e n t  locations wlthln the gage length. while the rpeclmen irradiated to 150 d p a  falled 
r e l d e d  region o f  the gage length. 

V e c h i n i ~ a l l q  Alloyed C o - C r z Q :  and Cu-HfO. 

'h? two mechanically alloyed copper alloys exhibited different behavior, demonstrating the Importance o f  
the stability of the oxide used f a r  the dirperslon rtrengthening. F i g .  6 shows the s w e l l i n g  behavlar o f  
t h e  Cu~Cr.0: and the Cu~HfO, alloys. and clearly shows that a large d i f f e r e n c e  exlsts. The C u ~ H f O r  alloy 
ippears t b  swell slightly, although no voids were found i n  the specimens Irradiated t o  50 dpa. 

The specimen irradiated to I04 dpa failed ~n 
the 

120, 

loo[ 80 J 
60 

ODs-1 Weld f J ODS-3 

Displacements per Atom 

F i g .  3. Swelling O F  t h e  c a s t a b l e  O D s  alloys irradiated to 150 t l ~ a  I P  r i ' r  a t  : I5  C .  Swelling data io- 
pure copper d i e  a l s o  presented f o r  comparison. 

0 50 100 150 200 

Displacements per Atom 

;:q. 2 .  'lectricdl condUctwity hehavior n f  ? h a  :astable COS d r l o y s  after i r r a d i a t i o n  to 110 doa  a t  4 1 5  5 
1 FF"  
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Ultimate Tensile Strength Yleld Strength 
4 w ,  I 

0 50 100 154 0 50 100 150 200 

Displacements per Atom 

F i g .  5. Ultimate tensile and yield strength o f  the castable 008 alloys Irradlatea t o  150 dpa i n  F F l F  a t  
J l 5 ' C .  

30 25vl;Fl 
8 2 0  
6 = 15 C - 
ln e 10 0 

5 

0 -1.01 
0 50 1w 150 m 0 50 100 150 200 

Dlspkuwrnents per Atom 

F l q .  6. Swelling b c h a v l o r  of the mechanically alloyed C U ~ C r . 0 ;  and  C u ~ I i f O .  diioys i r r a d i a t e d  t o  150 dpa i n  
fFTf a t  4 1 5 ' C .  

The slectncal conductivity o f  the two alloys, shown i n  F i g .  7 .  further desonstrates t h e  difference between 
:he two a l l o y s .  The conductivity of the Cu-HfO, alloy shows an  inu usual p l a t e a u  i P h a i l o r  n o t  seen in any o f  
the athcr alloys. A s  expected. the conductivity o f  the S u ~ C r . 0 .  a i l o y  c o n t l n u o u s ; y  decreases  a s  exDected 
~n response  to swelling and transmutation. 

;he  strcnqth behavior of the two a l l o y s  I S  shown i n  fig. 8 .  The itrenqth of the C u ~ l i f O .  alloy initially 
oecreaies~but then reaches a minimum v a l u e  and maintains that I P V e i  i h koughou t  t n e  res t  of the Irradia?ion. 
I n  c o m p a r i s o n ,  the strength of the Cu~Cr.0, alloy I S  lower i n  t h e  unirradiated c o n d l i ~ o n .  and decreases 
;teadilv throuohout t h e  i r r a d i a t i o n .  Tehs~ i l e  curves are Dresentcd ldter in t h e  rsnort I F i o .  141 comnar ina  

r~ i 

?he behavior a ?  the C u ~ C r l O l  alloy with that of the CuAl25 a l l o y .  
a re  shown i n  F i g .  '3. and reveal  t h a t  t h e  failure mode i n v o l v e d  microvoid c o a l e s c e n c e .  

1 : l i d C w  '" Plloys 

ClidCoo-" a l l o y s  showed the  best overall swelling resistance o f  dny of t h e  t h r e e  c l a s s e s  o f   oxide^ 
1,Spersl~n-itrengthened dllOYs investigated ~n this study. A s  shown I P  F i g .  10 .  the C u A l Z O  and CuA125 
d l l o y s  actually densify at the hlgher dpa l e v e l s .  in Contrast to the CuAll5 which swells throughout t h e  
i r r a d i a t i o n .  Swelling data f a r  the laier~welded tun125 are quite variable. ranainq from 19% t o  
a 3  at i 0 4  o p d .  and 5% t o  20% at 150 d p a .  
~n t h e  r ; r ided ,one and su r round ing  region. 

fracture i u r i a c e i  fnr'tce cu-Cr,Ol alloy 

This variabiiIty probably reflecti a ronilderable heterogeneity 
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Fig. 9. 
50 dpa (middle) and after 150 dpa (bottom?. 
maqnification i s  shown on the right. 

Fracture surfaces of the Cu-Cr,O alloy in the unirradiated condition (top), after irradiation t o  
The entire fracture surface is shown on the left, and a higher 





339 

CUAIZS. Wdd 

0 50 1W 150 0 50 100 150 200 

MsplaCemeMs per Atom 

Fig. 12. 
415’C. 

In this study swelling was found to occur whenever the oxide djspersion was altered by either irradiation 
or laser welding. In two separate classes of alloys (GlidCopsm and castable ODs) laser welding has been 
shown to lead to a significant increase in swelling compared to the unwelded material. Dissolution of the 
AI 0 dispersion in the weld zone is thought to have occurred and placed the aluminum and oxygen into 
so!u%ion. Both elements have been found to enhance the swelling of copper in two separate studies. 
et al. [6 ,7]  shared that a Cu-SA1 alloy swelled more than pure copper, presumably due to the aluminum in 
solution. Zinkle and Lee 1171 have shown significant enhancement of swelling under ion bombardment due to 
small concentrations of oxygen in solution. 
formation by reducing the surface tension o f  the voids, making them more stable than dislocation loops and 
stacking fault tetrahedra. Other studies involving neutron irradiation of electrolytic tough pitch copper 
[18-20] demonstrated a swelling rate of -2.5% per dpa. 

Laser welding of the CuAl25 provides a measure of just how detrimental the dissolution of the oxide can be 
to the electrical conductivity. 

Ultimate tensile and yield strength of the 61idCop” alloys irradiated to 150 dpa in FFTF at 

Garner 

They attributed the enhancement to the oxygen stabilizing void 

Butterworth [211 reports that aluminum in solution increases the 
resistivity Oy 2.88 un Cm/Wt% AI. 
pre,rraaiatlon condUCtlvltY of 71% IACS (Internatlonal Annealed Copper Stanoara) mas calculated for the 
CuA125 allov comoarea t o  the measurea value of 75.8% IACS. Similar calcLlations for the oxmen Dlaced 3 ”  

Based on the assumption tnat tne A1,0, *as completely aqssolved. a 

~ ~ _ I ~  

solution loiers the preirradiation conductivity by an additional 3% IACS f o r  a total reduction to 66% IACS. 
The fact that the measured conductivity is somewhat higher than the calculated value suggests that most but 
not all of the oxide was dissolved by the laser welding process. 

The poor performance of the cartable WS alloys in alnmit every respect provides additional information on 
the detrimental effect of dissolved oxygen. The alloys apparently picked up considerable oxygen during the 
casting process, which manifested itself as microporosity in the unirradiated bare alloy, forming planar 
arrays of bubbles along the rolling direction of the rolled sheet 122,231. The lower swelling of the O D s - I  
alloy may be due to the higher amount of magnesium added to promote the distribution of the oxide during 
casting. The higher 
swelling of the ODs-3 alloy suggests that the ZrO,  may not be as stable under irradiation as the A1 0 The 
poor strength Of  the castable 00s alloys i s  due in part to poor thermal stability. as demonstrated &$’these 
alloys in ageing studies 1231. This instability in conjunction with the large swelling results in very poor 
tensile properties. 

Another mechanism whereby oxygen and aluminum may be introduced into solution is recoil resolution of the 
oxide particles. 
dissolution and amrphization of the AI,& particles observed in an ion- irradiated CuA1.50 G1idCoDTM alloy 

The ODs-3 alloy contains the same amount of magnesium as the ODs-4 alloy, however. 

Spitznagel and coworkers suggested this mechanism as a possible explanation for the 

[ 2 4 ] ,  
particle number density in the CuAlZS and CuAlZO alloys irradiated to 50 dpa [23 ] .  The intensity of the 
oxide diffraction rings in electron diffraction patterns decreased with increasing irradiation, which led 
to the conclusion that the number densitv of the oarticles was smaller. and that radiation damaae in the 

Anderson and coworkers suggested‘that recoil resolution accounted for the apparent decrease in 

partiiles perhaps altered the oxide dispersion. The densification of the CuA125 after iiradiation in~this 
study supports the supposition that the oxide is being dissolved, and its constituents placed in solution. 
The relatively low swelling of the CuA125 and the CuAlZO indicates that if the A1,0, dispersion indeed 
undergoes recoil resolution, then the oxygen and aluminum must be recombining on a smaller scale or their 
effect on swelling is being counteracted somehow by the operation of another mechanism. 
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Fig. 13. 
tuA125 alloy (b )  after irradiation to 50 dpa, and ( c )  after irradiation to 150 dpa. 

Fracture surfaces o f  the CuA125 alloy in the unirradiated condition (a), fracture surfaces o f  the 
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r i g .  1 4 .  
~ r r a d ~ a t l o n  and t h e  impo r tance  o f  the  t y p e  o f  d i s p e r s i o n .  

T e n s i l e  curves o f  t h e  CuA125 a l l o y  and t h e  Cu-Cr,O3 a l l o y .  showing t h e  e f f e c t  o f  n e u t r o n  

I t  may w e l l  be t h a t  t h e  aluminum and oxygen are b e i n g  r e p r e c i p i t a t e d  t o  f o rm  s m a l l e r  o x i d e  p a v t i c l e s .  
l ianderka e t  a l .  [25]  p r e s e n t e d  strono ev idence  t h a t  in CuAl25 irradiated t.o 30 dna a t  293 K bv  300 key 
comer  10"s. A1.O. D a r t  
p a r i i c l e s  fCagmented t o  form s m a l l e r  p a r t i c l e s .  
t o  t h e  p r e s e n t  work because t h e i r  s t udy  w a s  conducted a t  room t empe ra tu re .  whereas t h e  specimens i n  FFTF 
were I r r a d i a t e d  t o  much l a r g e r  f l uences  and a t  - 0.5 o f  t h e  m e l t i n g  t empe ra tu re .  a l l o w i n g  fo r  a s t r o n g e r  
r o l e  o f  d i f f u s i o n  i n  r e f o r m i n g  t h e  p a r t i c l e s .  

l h e  r e s u l t s  o f  t h e  i o n  i r r a d i a t i o n  s tudy  l e n d  some c r e d i b i l i t y  t o  t h e  i d e a  o f  r e c o i l  r e s o l u t i o n  and 
r e p r e c i p i t a t i o n  o f  p r e c i p i t a t e s .  p a r t i C U l a r l y  when t h e  , r r a d i a t i o n  t empe ra tu re  i s  f a i r l y  h i g h  and t a k e r  
p l a c e  o v e r  a p e r i o d  o f  seve ra l  y e a r s .  A recent s tudy  by Z i n k l e  dnd coworkers [ 26 ]  showed a 2VA dec rease  in 
average p a r t i c l e  s i z e  ( I O  nm t o  8 om) f a r  t h e  same CuA125 a l l o y  examined i n  t h i s  s t udy  a f t e r  i r r a d i a t i o n  by 
750 M ~ V  p r o t o n s  a t  470 K t o  2 dpa. I t  i s  u n c l e a r  whether  a i t e a d y ~ s t a t e  p a r t i c l e  d i s t r i b u t i o n  had been 
o b t a i n e d  a t  t h i s  l ow  dpa l e v e l  [ 2 6 ] .  Thus I t  i s  p o s s i b l e  t h a t  i r r a d i a t i o n  t o  h i p h e r  displacement l e v e l s  
may r e s u l t  i n  a g r e a t e r  change i n  p a r t i c l e - s i z e  distribution. 

A l t hough  no  microscopy r e s u l t s  are y e t  a v a i l a b l e  i n  t h i s  s t u d y  t o  d i r e c t l y  answer t h e  q u e s t i o n  o f  r e c o i l  
r e s o l u t i o n .  t h e  t e n s i l e  t e s t  r e s u l t s  o f  the CuA125 and Cu~Cr,O, p r o v i d e  a d d i t i o n a l  evidence t h a t  t h e  o x i d e  
d i s p e r s i o n  w a s  a l t e r e d  by t h e  n e u t r o n  i r r a d i a t i o n .  F i g .  13 shows t h e  f r a c t u r e  sur faces  f r o m  t h e  CuAl25  
q i n ~ a t u r e  tensile  specimen^ i n  t h e  " " i r r a d i a t e d  c o n d i t i o n ,  and i r r a d i a t e d  to 50 and 150 dpa. The made o f  
f a l l u r e  t h roughou t  t h e  e n t i r e  s e r i e s  w a s  m i c r o v o i d  coa le r cence ,  accompanied by a ~ m d l l  amount o f  r e d u c t i o n  
~n area i n  t h e  i r r a d i a t e d  specimens. Note t h a t  o x i d e  p a r t i c l e s  are e a s i l y  v i s i b l e  i n  t h e  d imp les  o f  t h e  
u n i r r a d i a t e d  spec imen 's  f r a c t u r e  s u r f a c e .  They a r e  fewer i n  number i n  t h e  specimen i r r a d i a t e d  t o  50 dpa. 
however,  and c o m p l e t e l y  absent  i n  t h e  150 dpa specimen. Whether t h e  o x i d e  p a r t i c l e s  have been c o m p l e t e l y  
d i s s o l v e d  or s i m p l y  r e d i s t r i b u t e d  i n t o  v e r y  s m a l l  p a r t i c l e s  t h a t  canno t  be e a s i l y  i r a g e d  i s  n o t  appa ren t  
from t h e  SEM micrographs. lranrmission electron m i c r o r c o p y  I S  > n  progress t o  answer t h i s  guent70n.  

The r e s u l t s  o f  t h e i r  work  may not be d i r e c t l y - c o m p a r a b l e  

The tens , le  b e h a v i o r  o f  t h e  CuA125. C u A I Z O .  and C u ~ H f O ,  suggests  t h a t  same f o r m  o f  d i s p e r s o i d  s t i l l  e x i s t s  
a t  104-150 doa  because t h e i r  h i g h  s t r e n g t h  I S  m a i n t a i n i d .  The decrease i n  t h e  u l t i t r a t e  t e n s i l e  s t r e n g t h  
I l l T C l  2nd u i n l d  s t w n o t h  o f  a l l  t h r e e  a l l o v i  i s  a t t r i b u t e d  t o  recoverv a n d  r e ~ r ~ ~ t d l l i z a t i ~ n .  wh i ch  reduces ~, , " , - , - ,  - - . - - ~~ ~ 

t h e  l n i t i a i  dlrlocatlon d e n r y t y  r e s i l t i n g  f r om t h e  p r e - i & a d i a t i a n  c o l d  work .  
s t r e n g t h  o f  t h e  C u A I I S  a l l o y  m i g h t  be a r e s u l t  o f  v o i d  s t reng then ,nq .  b u t  a t  t h i s  O O I n t .  t h i s  s u g g e s t i o n  i s  

TLie apparent  increase i n  

j u s t  S p e c u l a t i v e .  
b e h a v i o r  t h a t  i s  r e p r e s e n t a t i v e  o f  t h e  C ~ A 1 2 0  and C u ~ H f O  a l l o y s  a s  w e l l .  O f  g r e a t  lntereit i s  t h e  f a c t  
t h a t  a f t e r  i r r a d i a t . i o n  t h e  amount o f  S t r a i n  ha rden ina  f a < l s  e s r e n t i a l l v  t o  zero.  w i t h  d i l i o h t  d r o o  i n  

The t e n s i l e  curve f o r  t h e  CuA125 a l l o y  i s  shown in F i ? .  1 4 .  and denons t ra tes  t h e  

. . ~~ 

s t r e n o t h  a f t e r  viildinq, reminiscent o f  a y i e l d  droo-phenomenon. The iensile curve f o r  t h e - u n i r r a d i a t e d  
C u A 1 2 $  a l l o y  i i - c h a r a c t e r , s t i c  o f  a m a t e r i a l  ~n t h e  50% c o l d ~ w o r k e d  s t a t e .  d i s p l a y i n g  o n l y  a I l m i t e d  
a b l l i t y  t o  strain harden due t o  t h e  h i g h  d i s l o c a t i o n  d e n s i t y  a l r e a d y  present from t h e  50% c o l d  work. 
l a r k  n f  a n v  < i a n i f i c a n t  Strain ha rden ina  ~n t h e  i r r a d i a t e d  soecimens SUooeSts t h a t  t h e  d i s l o c a t i o n s  are 

The 
. ~ , ~ ,  _ _  

shea r i ng  t h rough  t h e  par t ;C les .  n o t  b y p i s s i n g  them t h r o u g h  t h e  Orowan mechanism. Such b e h a v i o r  has been 
ohserved b e f o r e  i n  p r e c i p i t a t i o n  s t r eng thened  A L C u  a l l o y s  I 2 7 1  aged t o  f o r m  cohe ren t  G u i n e r ~ P r e r t o n  ( G P )  
L O W S .  I n  t h i i  c a s e  t h e  d i s l o c a t i o n s  were a b l e  to  cut t h rough  t h e  G P  zones. b u t  o n l y  a t  a s l g n i f i c a n t l y  
h l g h e r  s t r e s s  t h a n  required f o r  easy g l i d e  in e i t h e r  pu re  aluminum o r  s o l u t i o n  s t r eng thened  aluminum. 
After I r r a d i a t i o n .  t h e  dec reas ing  i n t e n s i t y  o f  t h e  o x i d e  d i f f r a c t i o n  r l n g ,  t h e  prominent l a c k  o f  p a r t i c l e s  
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i'i t h e  150 :pa s p e c i m e n ' s  f r a c t i i r e  sur face.  and t h e  t e n r i l e  behavior o f  t h e  CuAiZS a l l  p o i n t  t o  
- w i i t r i b u t i o n  o f  t h e  o x i d e  t o  m a i l e r  p a r t i c l e  11zei. Y i c r o ~ c o p y  i s  i n  p r o c e s s  t o  ne te rm ine  i f  t h i s  i s  
a c t o d i i y  :he c a s e .  however.  

-he decrease in s t r e n g t h  o f  t h e  C u C l 2 C  a l l o y  i s  due t o  comple te  recrystallizatiOn a f t e r  50 d ~ a  (231 
f i n d e r i o n  et a l .  r e p o r t e d  t h a t  t h e  C l i k l 2 5  a l l o y  s t i l l  r e t a i n e d  some o f  i t s  p r i o r  c o l d  worked s t r u c t u r e  even  
a'tcr i r r a d i a t i o n  t o  50 dpa. mast l i k e l y  due t o  t h e  h i g h e r  b l . 3 .  C o n t e n t .  I h e  l lnexpectcd  h i g h  s w e l l i n g  
d a i u e i  noted i o ?  t h e  C u G l l 5  a t  104 dpa  represent  a n  unexplained breakdown ~n t h e  swelling resistance. 
p e r n a p s  due  t o  inhomogeneous d i s t r i b u t i o n  o f  t h e  baron and/or  t h e  01.0,.  
e x h i b i t e d  d r e a s o n a b l e  amount o f  r e d u c t i o n  o f  area even a f t e r  i r r a d i a t i o n  t o  150 dpa .  Tbe t o t a l  e l o n g a t i o n  
. n r r e a i e d  s i g n i f i c a n t l y  a f t e r  i r r a d i a t i o n  t o  50 d p a ,  a a r t  1 I k e l y  due t o  r e c o v e r y  an: r c c r y s t a l l i r a t - o n  o f  
' b e  c o l d  work  induced d i s l o c a t i o n  Str81CtUre. F o i l a w i n g  f u r t h e r  i r r a d i a t i o n  t o  !50 d p a .  I Ioweve,. t t .e t o t a l  
c l o n q d t i o n  decreased f r om  -1% t o  -5% The reason f o r  t h i s  dec-ea5c i n  t o t a l  e i o n g a t i a n  w i t h o u t  iwelliy 
, - m a ~ n s  t o  be determined. The s t zady  decrease  ~n c o n d u c t i v i t y  i s  e a s i e r  t o  e x p l a i n  a n d  i s  a t t r i b u t e 6  t 3  
t h e  formation o f  t r a n s m u t a t i o n  p r o d u c t s ,  m a i n l y  n i c k c l  and ~ i n c  [ i 2 . 1 3 ] .  

- + e  s t r e n g t h  b e h a v i o r  o f  t h e  C U - H f O .  a i i o y  f o l l o w i n g  i r r a d i a t i i n  p a i a i l e l s  t h a t  o f  t h e  GlidCODS.". 
r m w m a Q I v  f a r  t h e  Same r e a s o n s .  The a l l o v  was reoarted t o  be co rno le te l v  recovered and i e ~ r ~ ~ t a l l i i e d  

The CuA125 ani? CuA120 b o t h  

The s t r e n g t h  o f  t h e  Cu.Cr.0. a l l o y ,  shown in F i g .  8. remains r o u o h i y  t e e  s a w  a f t e -  Irradiation t o  5 0  dad. 
t hen  decreases  w i t h  f u r t h e 6  i r r a d i a t i o n .  One p o s s i b l e  explanation f o r  t h e  s t r e n g t h  l e t e n t l o n  i i e s  t h e  
r e d i i t r i b d t i o n  o f  t h e  Cr.0; p a r t i c l e s  i n t o  smaller pdrtlcies. The ?-creased degree 0 6  Orowan i t r e n g t h e n l n g  
m s s l b l v  c o m e n s a t e i  f o r ~ t h e  e x w c t e d  i t r e n a t h  decrease  due t o  r o r n o l e t ?  r e c r v s t a l 1 : z a t l o n .  The tensile 
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Tke C U - C I - . ~ .  alloy e x h i b i t e d  r e l a t i v e l y  p o o r  swel!~ng r e s i s t a n c e  compared  t o  t h a t  o c  t b , ?  C 1 , d C o p s ~ '  and t h e  
t :u~HfO;  a i l b y ,  p o s s t b l y  due t o  t h e  dissolution o f  !he Cr 0.. wh ich  may have  p l aced  oxygen  i n t o  s o l u t i o n .  
observed i n  t h e  c a r t a b l e  0US alloys, ,void s w e l l i n g  w a s  c r i r a r i l y  rcsconiible for  :he p a r  e l e c t r i c a l  
c o n d u c t i v i t y  and s t r e n g t h  o f  the Cu-Cr:oI a l l o y .  

FUTURE WORK 

M ic roscopy  w i l l  be comple ted on t h e  C N O .  and  Gl idCop alloys 

As 
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L ? .  ~ : n k l e .  5. J . .  t l o r r e w e l i .  i.. Singh. 8 .  I l . .  a n d  Sommer. W .  F . .  !"IS c o n f e r e n c e  

2 7 .  i r e e t h d m ,  6 . .  and  Honeycomb, R .  W .  K . .  i n r t ~ t . ~ i t e  n f  Metal> Journal. .  '401. 29.  1 % 0 ~ ~ 9 6 1 .  13 

" _  . 
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t l eu t r an - I nduced  S w e l l i n g  Observed i n  Copper A l l o y s  I r r a d i a t e d  i n  MOTA'S 2R and 2 8  - F .  A .  Garner ( P a c i f i c  
No r t nwez t  Labo ra to r y ) ' ,  D .  J .  Edwards ( U n i v e r s i t y  o f  M i s s o u r i  - R o l l a ) ,  8. N .  Singh,  (R is%? N a t i o n a l  
L a b o r a t o r y )  and H .  Watanabe (Kyushu U n i v e r s i t y )  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  d a t a  on t h e  response o f  copper  a l l o y 5  be7ng cons ide red  f a r  
a p p l i c a t i o n  i n  f u s i o n  r e a c t o r s .  

SUMMARY 

D e n s i t y  measurements have been compie ted an copper a l l o y s  i r r a d i a t e d  i n  MOTA 2A and MOTA 28 a t  (375 .c .  
12.7 dpa and 2 1 . 2  dpa) and ( 4 2 3 ' C ,  48.0 and 95.4 dpa ) .  Wh i l e  most o f  t h e  d e n s i t y  changer observed are 
c o n s i s t e n t  W i t h  t h o s e  o f  e a r l i e r  s t u d i e s ,  t h e r e  were seve ra l  s u r p r i s e s .  A d d i t i o n  o f  5% N i  appears  t o  
a c c e l e r a t e  t h e  s w e l l i n g  r a t e  i n i t i a l l y  a t  423'C. b u t  depresses s w e l l i n g  a t  3 7 5 ' C .  The supp ress ing  a c t i o n  
o f  c o l d  work  on s w e l l i n g  o f  Cu-5Ni i s  r e l a t i v e l y  sma l l ,  and Cu-5Mn r e s i s t s  s w e l l i n g  ve ry  s t r o n g l y  i n  b o t h  
t h e  annea led and c o l d - w o r k e d  c o n d i t i o n s .  

PROGRESS AN0 STATUS 

I n t r o d u c t i o n  

I n  an e a r l i e r  r e p o r t  ( I )  t h e  s t a t u s  o f  on - go ing  copper  i r r a d i a t i o n  expe r imen ts  was rev iewed.  One o f  t h e  
expe r imen ts  d i s c u s s e d  was a t w o - p a r t  FFTf i r r a d i a t i o n  sequence conduc ted  i n  MOTA ZA and WTA Z B  a t  t a r g e t  
t e rnne ra tu re r  o f  373 and 418'C. Gamma h e a t i n o  r a i s e s  t h e  t emoe ra tu re r  t o  375 and 4 2 3 . C .  Bo th  reompntq o f  1 -  ~~ ~~ ~~ ~~ ~~ 

~~ 
~~ 

t h i s  i r r a d i a t i o n  sepuence~have  now been Compieted and measurbrnentr were made o f  t h e  d e n s i t i e s  o f  t h e  
v a r i o u s  specimens 

Results 

Each p a r t  o f  t h e  i r r a d i a t i o n  sequence c o n s i s t e d  O f  two TEH packe t s .  
ope ra ted  a t  375 t 5.C and r eached  2 .61  x 10" n cm? (E>O.IHe!J) wh i ch  I S  1 2 . 7  d p a  (1.333 x 9 .5  dpa f o r  
r t a i n l e s r  s t e e l )  f o r  coppe r .  
(E>O.IMeV), wh ich  i s  48.0 dpa f o r  copper  (36.0  f o r  s t a i n l e s s  s t e e l ) .  The comparable copper  dpa v a l u e s  f o r  
t h e  MOTA 28  packe t s  (OEO3 and OE04) were 21.2  and 9 5 . 4  dpa, r e s p e c t i v e l y .  

The s w e l l i n g  v a l u e s  c a l c u l a t e d  from t h e  dens7 t y  changes observed i n  b o t h  i r r a d i a t i o n  i e g a e n t s  o f  t h i s  
expe r imen t  are l i s t e d  i n  Tab le  1. 

The f i r s t  MOTA 2A packe t  (OEO1)  

The second packe t  ( O E 0 2 )  ope ra ted  a t  4 2 3  2 5.C. r e a c h i n g  8.53 x 10" n/cm' 

Tab le  1. S u e l i i n g  o f  Copper Alloys f r o m  MOTA ZA 

'Three specimens were measured. One a t  21.5% and two a t  24.4%. 
sepa ra te  v a l u e  i n  pa ren theses  r e p r e s e n t  t h e  average of 3 i d e n t i c a l  specimens whose s w e l l i n g  va lues  
agreed w i t h i n  t h e  convergence C r i t e r i u m  used. i . e .  iO.167.. 

Any measurements w i t h o u t  a 

' P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ope ra ted  for  t h e  U.S.  Depar tment  o f  Energy by B a t t e l l e  Memorial  
i n s t i t u t e  unde r  C o n t r a c t  DE-ACO6-76RLO 1830. 
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1 1  S C l l  I i 1 nn 

if w e  assume t h a t  t h e  
i 7 5  and 423'C 
iwellinq data for 
a n n e a l e d  pure copper 
are independent o f  
:emDerature. a s  shown 
in Figure l a .  the 
swelling appears to 
be  consistent wrth 
:he -O.%/dpa 
swe!ling rate u s u a l l y  
observed for  pure 
copper at -4OO'C ( 2 )  
An incubation period 
o f  56 dpa 1 s  
associated with this 
assumed behavior. 
however .  T a b l e  1 and 
Figure 16 show that 
qickel's I n f l u e n c e  on 
srelling of  copper is 
rather variable. 

70 

I 
Annealed Pure 423 "C 

m! Copper 

. ,  , ,' 

o 20 40 w w i w  o 20 40 m w l w i z o  
Displacements Per Atom i l o w e ~ e r ,  i n c r e a s i n g  

we1 1 ing a t  423'C and 
,4ecreas,ng I t  a t  
3 7 5 ~ C ,  although t h e  i 
v a r i a b i l i t y  may 
reflect the impact o f  
the order o f  magnitude difference In displacement rate  associated with these two irradiation temperatures. 
Cold  work appears to rupprerr swelling t e m p o r a r i l y  in both C U - W  and Cu-5Mn. The suppressant effect of 
wnganese a n  swelling persists t o  very high f l u e n c e .  
begin sooner a t  315 .C  than a t  423.C. however .  

Swelling o f  C u ~ S M n  appears t o  

ig. 1 Swe>ling o f  copper and capper  alloys in ElOTA's  ZA and 28  

41 1430°C /I 41 1430°C 
pure cu 

"L 
Y 
0 M i w  iM 200 

Displacements per A t m  

' , ? .  2 Compar ison  o f  d a t a  f r o m  MOTA 29, and ZB 
iith nata from e a r l i e r  experiments i n  F F T F  
:?i.gnated Generation ! and Generation 2 .  

S i n c e  these compariioni are based on s l d e ~ b y - s i d e  
irradiations, I t  1 s  f e l t  that the c o ~ c l u s ~ o n s  drawn ~n 
the orecedinu Daraurauh are relatively v a l i d .  It is 
exoected. hoieber.-that the onset o f  ; w e l l i n g  ~n simple 
copper alloys i s  somewbat iensltive t o  a variety o f  
environnental history v a r i a b l e s .  - + e  range o f  data 
scatter shown ~n Fiqure 2 tends tO o b s c u r e  somewhat the 
effects o f  Secono o r d e r  variables S U L ~  a s  s o l u t e  
Composition, displacement r a t e  a n d  te-perature history 

FUTURE WORK 

Microscopy on these d l l o y s  w 1 1 i  oroceed. The electr~cal 
conductivity o f  each alloy w i l l   SO he waiured. 

R E i E R L t i C E S  

I. F .  4 .  Garner. !.!. L .  riamilton. 0 :. Edwaro i .  B .  : I .  
Singh. ,I. f .  Stubbinr. i. Shikama. 5. 2 .  Zlnkle an0  P .  
Samal. FUIIUII Reactor Ibtenals Sm>annual  P-ogress 
lopart 3 @ L / i P ~ 0 3 1 3 ' l C  (1991) pp. : 8 5 ~ ! 9 1 .  
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IRRADIATlON OF COPPER ALLOYS IN THE SM-3 REACTOR - - S.J. Zinkle (OW.), 
F.A. Gamcr (PNL), V.R. Barabash (D.V. Efrcmov), S A .  Fahritsiev (D.V. Efremov) and A.S. P o h v s k y  
(SRIAR) 

OBJECTIVE 

This report summarizes the experimental matrix of copper specimens which have been prepared for 
irradiation in the SM-3 reactor. 

SUMMARY 

A total of 74 alloys of varying composition and thermomechanical condition have been prepared for a joint 
17s-Russia irradiation experiment in the SM-3 reactor in Dimitrovgrad, Russia. The alloys will be 
irradiated in the form of TEN disks and sheet tensile specimens at temperatures of about 120,250, and 
340°C for one 45-day cycle in the core and Channel 2 irradiation positions. This will produce damage levels 
of about 7 and 1 dpa, respectively. Cadmium shielding will be used in the Channel 2 position to shield the 
thermal neutrons and lherehy reduce the amount of solid transmutation prnducts in coppcr. 

INTRODUCTION 

Accurate predictions of material lifetimes in a fusion reactor depend on irradiation dah generated in fission 
reactors at fusion-relevant conditions. Although mixed speclnun fission reactors can achieve low irradiation 
temperatures that are of interest for near-term fusion reactors. the associated high thermal neutron fluxes 
induce large amounts of solid transmutation products in copper. These solid transmutation producI.7 cause a 
large decrease in the electrical and thermal conductivity of coppcr alloys. In addition, the amount of helium 
generated in a fission neutron spectrum is about an order of magnitude less than that produced in a fusion 
reactor. Helium production may have a strong influcnce on the rcsislance of copper alloys u, swelling and 
high-temperature irradiation emhritllement. 

In order 10 provide a closer simulation of the fusion neutron irradiation behavior of coppcr alloys, a 
spectrally tailored experiment has been designed for lhe SM-3 mixed spectrum reactor. A cadmium sheet of 
2-mm thickness will be used in the Channel 2 irradiation position to screen out the thermal neutrons. 
Specimens will also be irradiated without Cd shielding in the reactor core. Specimens will be irradiated 
with and wilhout boron doping in order to study the effects of helium generation. 

IRRADIATION CONDlTlONS AND SPECIMEN MATRIX 

The SM-3 reactor has recently been restarted after being shut down for a b u t  2 years in order to replace the 
reactor core. The water-cooled SM-3 reactor operates at a power level of 100 MWh and has a core height of 
about 40 cm. The present irradiation experiment will utilize space in the core and Channel 2 irradiation 
positions. Decailed characterization of the neutron spectrum for the new reactor core is still in progress. 
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Preliminary calculations of the neuuon spectrum are summarized in Table 1 along wilh a general description 
of the core and Channel 2 irradiation positions. Irradiation for one 45-day cycle in the core and Channel 2 
positions will produce approximately 7 dpa and 1 dpa respectively in copper 

Table 1. Char 

Neutron Flux (n/cm2-s) 
E >  1 MeV 
E > 0.1 MeV 
E < 0.68 eV 

Irradiation Cycle (days) 

Fluence (n/cmz. b O . 1  MeV) 

Channel Diameter (cm) 

Capsule Lcnglh (an) 

Zoolant temperature ("C) 

eristics of Irradiation Positions in 
Core 

- I  1015 
-2 1015 
-2 1014 

45 

-8 x IOz1 

1 .o 
35 

70 

e SM-3 reactor. 
Channel 2 

-2 1014 
-3 1014 
-1 1015 

45 

-1 x 1021 

6.0 

35 

70 

Three types of specimen geometries will be irradiated: Transmission clectrm~ microscopy (TEM) 
disks (3 mm dia x -0.25 mm thickness), and two types of sheet lensile specimens, "large tensile 
specimens'' (LTS) and "small tensile specimens" (STS). 'he  geornekics for the LTS and STS specimens 
are shown in Fig. I. 'lhc thickness of the STS spccimens was increased to 1 mm in some cases such a5 
annealed copper in order to ensure a minimum of 4 grains across the gage thickness. In addition to tensile 
properties, the electrical conductivity can be measured on either type of sheet tensile specimen. 

' : I  36 ic - !4 

Fig I. Types of samples being used for irradiation i n  the channel 2 (dimensions in mm) 

A total of 3 capsules will he irradiated in the core positions for one cycle (45 days) to produce a damage 
level of about 7 dpa. The design temperatures for these 3 capsules are 100 to 120"C, 240 to 260°C. and 330 
to 350°C. A total of 2 capsules will he irradiated in the Channel 2 positions to produce a damage level of 
about 1 dpa. These capsules are designed to he irradiated at 120 to 140°C and 240 to 260°C. 



349 

2 3 
2 3 
2 3 
2 2 

Approximately half of the length of the Channel 2 capsules will be surrounded with a 2 mm Cd shield to 
eliminate the thermal neutrons. All of the US-supplied specimens irradiated in the Channel 2 positions will 
be located in the Cd-shielded region of the capsules. 

Tables 2 and 3 summarize the specimen matrix supplied by the US for the core and Channel 2 irradiation 
capsules, respectively. The US specimen matrix has a strnng emphasis on two gndes of oxide dispersion 
strengthened copper, GlidCop A115 and A125. The GlidCop Al25 specimens were supplied by B.N. Singh 
of Risg National Labratory in Denmark as pm of a collaborative investigation. The experimental mauix 
will allow the effecls of cold work and He generation (from 'OB(n,u) reactions) to be independently studied. 
High-purity copper in various themmechanical conditions (with aad without B) has been included for 
comparison with the dispersion strengthened copper. The remainder of the specimen matrix is restricted to 
TEM disks. It includes snme binary alloys, precipitation-strengthened Cu-Cr-a, and several different types 
of dispersion strengthened copper which will be compared wia  the GlidCop alloys. A protoLypic heat of 
Cn-AI203 and several Cu-W and Cu-Mn alloys were supplied by T. Shikama, I. Smid, and Y. Shimomma, 
respectively as part of a collaborative study. 

2 2 
2 2 
2 2 
2 2 

Table 2. Summary of US specin 

Material 
(1) GlidCop A125 (no B), as-wrought 
(2) GlidCop A125 + B, as-wrought 
(3) GlidCop A125 (no B), 20% CW 
(4) GlidCop A125 + B, 20% CW 
(5) GlidCop A115 + B, as-wrought 
(6) GlidCop A I  15 + B, 20% CW 
(7) GlidCop A115 + B. 70% CW 
(8) GlidCop A115 + B, induction brazed 
(9) 99.999% Cu, as-wrought 

(10) 99.999% cu, 80% cw 
( I  1) 99.999% Cu, annealed 400"C, 1 h 
(12) 99.999% Cu, annealcd 550°C. 2 h 
(13) 99.999% Cu, oxygenated (950°C 0.5 h) 
(14) Cu-100 ppm B, cold-rolled 
(15) Cu-100 ppm B, annealed 5SO"C, 2 h 
(16) Cu-Cr-Zr (MZC), solution ann. + aged 
(17) Cu-Cr-Zr (MZC), CW + aged 
(18) MAGT 0.05 (Technology 2) 
(19) MAGT 0.2 (Technology 1) 
(20) MAGT 0.2 (Technology 2) 

(22) Japanese Cn-AI203 
(23) Cu-70 wt% W RJippon Tungsten) 
(24) Cu-70 wt% W (Plansee) 
(25) Cu-O.5% Mn (as melted) 
(26) (31% Mn (as melted) 
(27) Cu-1% Mn (remelled) 
(28) Cu-5% Mn (as melted) 
(29) Cu-5% Mn (remelted) 
(30) MER Cu-graphite - AI203 
(31) O W C  Cu, annealed (Risb) 

(21) ULTRAM GOLDEN Cu-AI203 

1 
1 2 

1 
2 2 

s in the core positions of the SM 
100 to 120°C 240 to 260°C 

1 
1 1 

1 
2 1 

2 
2 2 

2 
1 
2 
1 
1 
2 
3 
3 
2 
2 
2 
2 
2 

2 1  - 2 

1 
2 2 

2 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
I 
1 

2 
2 
2 
1 

1 
1 
1 
1 

reactor. 
330 to 350°C 

2 2 
2 2 
2 2 
2 2 
2 2 

2 
1 

1 1 
1 

2 1 
1 

2 2 
2 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

_ _ _ _  
15 41 
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Table 3. Summary of US specim 

Material 
(1 )  GlidCop A125 (no B), as-wrought 
(2) GlidCop AI25 + B, as-wrought 
(3) GlidCop A125 (no B), 20% CW 
(4) GlidCop A125 + B, 20% CW 
(5 )  GlidCop All5 + B, a$-wrought 
(6) GlidCop A115 + B, 20% CW 
(7) GlidCop AI15 + B, 70% CW 
(8) GlidCop All5 + B, induction hra3.d 
(9) 99.999% Cu, as-wrought 

11) 99.999% Cu, annealed 4OO0C, 1 h 
12) 99.999% Cu, annealed 550°C. 2 h 
13) 99.999% Cu, oxygenated (950°C, 0.5 h)  
14) Cu-IWppm B, cold-rollwl 
15) Cu-100 ppm B. annealed 550"C, 2 h 
16) Cu-Cr-Zr (MZC). solution ann. + aged 
17) Cu-Cr-Zr (MZC), CW + aged 
18) MAGT 0.05 (Technology 2) 
19) MAGT 0.2 (Technology 1) 
20) MAGT 0.2 (Technology 2) 
21) U L T W  COLDEN Cu-AI203 
22) Japanese Cu-AI2O3 
23) Cu-70 wt% W (Nippn Tungsten) 
L4) (211-70 wt% W (Plansee) 
! 5 )  Cu-0.5% Mn (as melted) 
'6) Cu-1% Mn (as melted) 
!7) Cu-1% Mn (remelted) 
!8) Cu-5% Mn (as melted) 
!9) Cu-S% Mn (remelted) 
$0) MER Cu-graphite - A1203 
11) OFXC Cu, annealed (Riso) 

IO) 99.999% Cu, 80% cw 

Totals 

in the Channel 2 posi 
Channel 2 

- 
3 
3 
3 
3 

2 
2 

3 
3 
3 
3 

(120 to 140°C) 
LTS 1 s rs  1 'rm 

1 3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
3 
3 
2 
1 
2 
2 
2 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
3 
2 

~ - _  
24 31 75 

1 of the SM-3 reactor. 
Channel 2 

1 3 3 - 
3 
3 
3 
2 
1 

3 
3 

3 

- 
24 

3 
3 
3 
3 

2 
2 

3 
3 
3 
3 

2 

__ 
17 

3 
3 
3 
3 
3 
2 
2 
2 
3 
3 
3 
2 
1 
2 
2 
2 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
3 
2 

I 

Tahle 4 summarizes the Russian specuncnb included in the SM-3 irradiation capsules. The 
Russian matrix includes specimens prcpared by altenwive techniques such as electron beam evaporation and 
condensation. 

FUTURE WORK 

The SM-3 irradiation is scheduled to begin in June 1993. Postirradiation testing of the mechanical and 
electrical properties of the specimens will be performed in Russia. The US TEN specimens will be shipped 
to the US for density measurements and microstructural analysis. Several Cu-B spccimens will be analyzed 
for He content in the IJS and Russia as pan of a round robin study. 



351 

Table 4. List of RF samples to be irradiated in the core and Channel 2 positions in SM-3. 
1. Pure Cu(1). annealed 550% lh 
2. Pure Cu(l), 70% CW 
3. Pure Cu. annealed 550°C. l h  
4. Pure Cu(3) + H, 70% CW 
5. Pure Cu(3) + 11, annealed 550"C, l h  
6. Pure Cu(2). 70% CW 
7. Cu-70 ppm B, annealed 550"C, l h  
8. Cu-70 ppm B, 70% CW 
9. Cu-300 ppm B, annealed 550% l h  

10. Cu-300 ppm B, 70% CW 
1 1 .  Cu-90 ppm B (e-beam), 70% CW 
12. Cu-90 ppm B (e-hem), ann. 550°C I h  
13. Cu-Mo (e-beam), 70% CW 
14. Cu-Mo (e-heam), annealed 550°C. 111 
15. Cu-Mo-B (e-beam). 70% CW 
16. Cu-Mo-B (e-beam), annealed 550°C lh 
17. MAGT 0.2, as-wrought 
18. MAGT 0.2, annealed 550°C 1 h 
19. MAGT 0.2. annealed 950°C. 1 h 
20. MAGT 0.05, as-wrought 
21.MAGT0.05, annealed 550"C, 1 h 
22. Cu-70 ppm B, annealed 950°C. Ih 
23. Cu-300 ppm B, annealed 950°C. l h  
24. Cu-90 ppm B (e-beam), ann. 950"C, 1 h 
25. Cu-Be, aged 
26. Cu-Mo (type 3, e-beam). as wrought 
27. Cu-Mo (type 9, e-beam). as wrought 
28. Cu-Mo (type 11, e-hem), as wrought 
29. Cu-Cr, annealed 550"C, 1 h 
30. Cu-21, annealed 55OoC, 1 h 
31. Cu-AI, annealed 550"C, 1 h 
32. Cu-Cr-Zr, aged 
33. Cu-Cr-Zr, annealed 550°C, 1 h 
34. Cu-Cr-Zr-Mg, aged 
35. Cu-Cr-Zr-Mg, annealed 550"C, 1 h 
36. Cu-NbC (e-beam), as wrought 
37. Cu-AI203 (e-beam), as wrought 
38. Stainless steel, annealed 550°C. 1 h 
39. Stainless steel + ZrB2, ann. 950"C, 1 h 
40. High nickel alloy, annealed 950°C. lh 
41. High nickel alloy (PH), aged 
42. MAGT 0.2 + €I, as wrought 

LTS 
LTS 

LTS 

I.TS 

LTS 

LTS 
LTS 

LTS 

LTS 

LTS 

LTS 

STS* 
STS 
STS* 

STS* 
STS 

STS 
STS 
s'rs 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 
STS 

SIX* 

s n  
s n  
STS 
S TS 
STS 
STS 
STS 

STS ~~ 

43. MAGT 0.2 + H, annealed 550"C, lh STS TEM 

STS thickness = 1 mm 
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EFFECT OF ION IRRADIATION ON THE STRUCTURAL STABILITY OF DISPERSION. 
STRENGTHENED COPPER ALLOYS*--S. J. Zinkle,l E. V. Nestcrova,2 V. K. B a r a b a ~ h , ~  
V. V. Rybin,2 and A. V. Naberenkov3 

'Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 37831-6376, USA 
'Central Research Institute for Suuctural Materials "Prometey," 193 167 St. Petersburg, Kussia 
3D. V. Efremov Scientific Research Institute of Electrophysical Apparatus, 189631 St. Petcrsburg, Russia 

OBJECTIVE 

To investigate the effect of high dose ion irradiation on the microstructure of Russian and American 
dispersion strengthened copper alloys. 

SUMMAKY 

Transmission clecuori microscopy was used to comp;uc die microslructurc and p'uticle distributions of two 
commercial oxide disperskin-suengthened copper alloys, GlidCop A125 and MAGT 0.2. Mcasurcments 
were made on specimens in their as-wrought condition, after thermal annealing for 1 h at 900°C. and after 3 
MeV AI+ ion irradiation at 180 and 350°C to damage levels of 20 to 30 displacements per  atom (dpa). All 
of the annealed and ion-irradiated specimens were found to be resistant to recrystallization. In addition. void 
formation was not observed in any of the irradiated spccimcns. The GlidCop oxide particle geometry was 
transformed from triangular platelets to circular disks by the ion irradiation. The MAGT partlcle geomeuy 
consisted of circul .~  disks and spheres before and after irradiation. The oxide particle edge length in the 
unirradiatcd GlidCop alloy was about 10 nm, whereas the mean diameter of the particles in the unirrddiated 
MAGL' alloy was about 6 nm. After irradiation, the mrdn particlc diameter in both the MAGT and GlidCop 
alloys was about 6 nm. 

PROGRESS AND STATUS 

Introduction 

Dis~rsion-strengthened copper alloys arc being considered as a high heat flux structural material in fusion 
reactors due to their combination of high thermal conductivity with high mechanical strength. tinlike 
precipitation strengthened alloys, oxide dispcrsion strengthened copper is not susccptiblc to precipitate 
overaging and softening after high temperature annealing. This feature is important because high 
temperature braze cycles will likely be needed for joining high heat llux component% Recent ion [1,2] and 
fission neutron [%SI studies have found that dispersion strengthened copper containing a high density of 
small A1203 particles is very resistant to radiation-induced softening and void swelling. One important 
issue that has not yet been completely resolved is the stability of these small oxide particles against 
ballistic dissolution during irradiation to high doses. Spitmagel et al. [ I ]  reported evidence of particle 
fragmentation in oxide dispersion-strengthened c o p ~ r  after ion irradiation to 10 dpa at 250 to 350°C. but did 
not quantify the fraction of affected particles. Two recent studies [6,7] have found that energelic particle 
irradiation to damage levels of 2 to 3 dpa may cause a modest decrease in the size and density of A1203 
particles in a dispersion-strengthened copper. 

*Research sponsored in part by the Oflice of Fusion Energy, U S .  Department of Energy, under 
contract DE-AC05-840R21400 with Marlin Marietta Energy Systems. Inc. 
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The purpose of the present study was to canpare the effect of highdose ion irradiation on the mimtmcture 
and particle size of two commercial oxide dispersion-strengthened alloys produced in Russia and the United 
States. These two alloys have slightly different panicle geometries and sizes in the as-fabricated condition 
due to differences in the manufacturing processes. The microstructural response of the two alloys to high 
temperature thermal annealing and highdose ion irradiation was investigated by transmission electron 
micrW0PY mw 

The two alloys for this study were MAGT 0.2, produced by “Spemplav,” Moscow, Russia, and GlidCop 
AU5, prcduced by SCM Merill Products, Inc., Research Triangle park, Nonb Carolina, USA. The MAGT 
alloy contained 0.17 wt % AI, 0.05 wt % Hf, and 0.09 wt % Ti in the form of oxide particles, and the 
GlidCop alloy contained 0.25 wt 96 AI in the form of Al2O3. proprietary powder metallurgy and internal 
oxidation techniques were used to pmduce a uniform dispersion of small oxide particles in the alloys. The 
GlidCop alloy used in this study was cold worked 50% after fabrication. 

Several specimens of each alloy were vacuum annealed at 9oo°C for 1 h. Some of the annealed and as- 
received specimens were subsequently irradiated with 3 MeV Ar+ ions at the D. V. E h o v  Institute to 
damage levels of 20 to 30 displacements per atom (dpa) at temperatures of 180 and 35WC. These calculated 
damage levels refer to a depth of 0.2 mm, which was the depth chosen for TEM observations in this study. 
The corresponding damage rate at thii depth was between 2 and 4 x dpals. The as-received, annealed, 
and irradiated specimens were electrochemically thinned near room temperahve and examined in a Philips 
EM400 electron microscope at CRISM Prometey. The TEM specimens were initially electropoliished with 
an applied potential of 25V in a solution containing 133 ml CH3 COOH, 40 ml H20 and 25 g CrO3. The. 
f i a l  electropoliihig solution contained 440 ml H3FQ4 and 60 g 0 0 3 .  

The techniques used to examine the particle distribution in the alloys have been described previously [7l. 
Briefly, the analysis used weak-beam dark field micrographs taken on (002) copper matrix diffraction spots 
and centered dark field imagmg using reflections from the (440) diffraction ring of the cubic AI203 particles. 
Carbon exmction replicas were prepared from unirradiated specimens by electropolishing at -30°C in a 
solution of 33% HN03/67% CH30H with an applied potential of 5V. evaporating a carbon film, and 
etching in a solution of 10% HCI in methanol. The chemical composition of individual particles in the 
extraction re.plicas was analyzed by energy dispersive X-ray spectroscopy (EDS) using a Philips 4ooT 
electron microscope. equipped with a field emission gun at ORNL. 

ReUh 

Both alloys initially contained a high density of dislocations ( ~ O ~ ~ / r n ~ )  due to their as-wrought cold- 
worked condition. Details of the dislwation and subgrain structure of the two alloys before and after 
thermal annealing or ion irradiation are described elsewhere [81. The total panicle density observed in both 
the unirradiated MAGT and GlidCop alloys was about 4.5 x lG2/m3. This included a low density (4 x 
l@l/m3) of large panicles with sizes 51OOmn. It was observed that the particle size in the two alloys was 
unaffected by annealing at 900°C. Figure 1 compares the microstructure of the MAGT and GlidCop alloys 
after annealiig at 900°C for 1 h. 

Most of the oxide particles in the GlidCop alloy were found to be, triangular platelets (Fig. 1). with an 
average edge length of about 10 nm. The aspect mi0 of the particles (edge length to thickness) in the 
GlidCop alloy was between 2 and 6, in agreement with previous measurements on Cu-AIzO3 alloys [7,9, 
lo]. About 80 to 90% of the oxide particles in the MAGT alloy were spherical in shape. and the rest of the 
panicles were in the form of circular disks. The average particle diameter in the MAGT alloy was 6 nm. 
As discussed elsewhere [lo], the round particle shape in the. MAGT alloy is due to the addition of Ti and Hf, 
which also acts to refine the particle size. Figure 2 shows the chemical composition of two small panicles 



354 

extracted from the as-wrought MAGT alloy. Whereas the GlidCop alloy contained only aluminum oxide 
panicles, the MAGT alloy contained AI-, Ti-, and Hf-oxide particles. and mixed Al- and Ti-oxide particles of 
varying composition. For example, the TdAl atomic ratio for the particle in Fig. 2a was 0.21. 
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Elg. 2. EDS spectra (corrected for hole counts) 
obtained on two individual small oxide. particles 

Fig. 1. Comparison of the oxide particle extracted from the as-wrought MAGT 0.2 alloy. 
dispersions in MAGT 0.2 and GlidCop A125 The sulfur peak visible in Fig. 2a is a contaminant 
copper alloys aftex annealing at 900T for 1 h. present in the evaporated Camon. 

Elgure 3 compares the measured particle size distributions in the as-received hAGT and GlidCop alloys. A 
precise measurement of the particle size and density was hampered by heterogeneous variations of the 
particle distribution within the alloys. The dispersion strengthened alloys exhibited good resistance to 
recrystallization during annealing at 900°C (0.87 TM) for 1 h. Several isolated regions in the MAGT 0.2 
alloy recrystallized after this annealing treatment, whereas the GlidCop A125 alloy remained in its non- 
recrystallized state. The slightly superior resistance to recrystallization of GlidCop A125 compared MAGT 
0.2 may be attributable to the larger average particle size in the GlidCop alloy (10 nm vs. 6 nm). As 
shown in Fig. 4, recrystallization in the MAGT alloy occurred heterogeneously in regions where the 
localized particle size was only about 4 nm. Recrystallization did not occur in the remaining volume of the 
MAGT alloy, where the mean particle diameter was about 6 nm. Vickers microhardness measurements for 
the annealed MAGT and GlidCop specimens were both comparable, which indicates that the limited 
recrystallized volume in the MAGT alloy did not seriously degrade its mechanical strength. The. as-received 
and annealed microhardness for MAGT 0.2 was 167 and 145 VHN, respectively. The corresponding 
microhardness measured for the as-received and annealed GlidCop alloy was 137 and 134 VHN, respectively. 





for any of the irradiation conditions of this study. FiguF 5 shows the microstructure of the GlidCop alloy 
after irradiation to 30 dpa at 180°C. A high density (5  x 1@/m3) of defect clusters was created in the 
MAGT and GlidCop alloys as a result of this irradiation condition, with a mean size of 2 nm. Figure 6 
shows the measured defect cluster size distribution in the GLidCop alloy irradiated at 180°C. About 80% of 
the defect clusters were identified as stacking fault tetrahedra (SFT) (visible as triangular-shaped defects in 
the lower photo in Fig. 5 ) .  Irradiation at a temperature of 350°C produced a much lower defect cluster 
density of about 7 x IG1/m3 in both the MAGT and GLidCop alloys, with essentially all of the clusters 
in the-form of SI;T. 

ORNL-PIIOTO G877-12 

worked GlidCop A125 that was irradiated with~3 
MeV AI+ ions to a damage level of 30 dpa at 
180°C. Both micrographs were taken at a beam 
direction near <110> and a diffraction vector of 
<002>. The bottom photograph is a (g, 3g) weak 
beam micrograph showing triangular-shaped 
stacking fault tetrahedm 

Following ion irradiation to damage Levels 
greater than 20 dpa, the geometry of the 
oxide particles in the GlidCop alloy was 
transformed from predominantly triangular 
platelets to nearly circular platelets. This 
gradual change in particle geometry was 
apparently due to selective ballistic 
dissolution of the comers of the initially 
triangular oxide particles in GlidCop. The 
circular disk and spherical geometries of the 
MAGT alloy oxide particles was not changed 
even after high-dose irradiation. Figures 7 
and 8 show the typical particle morphology 
in GlidCop A125 following irradiation to 30 
dpa at 180°C. The aspect ratio 
(diameterlthickness) of the oxide particles 
was about three in the irradiated GlidCop 
specimens, which is comparable to the 
uuirradiated value of two to six. The small 
arrow in Fig. 8 points to an oxide particle 
that is close to an edge-on orientation. 
Measurements on particles in this orientation 
were used to determine the aspect ratio. 

There was occasional evidence for complete 
ballistic fracturing of a small fraction of the 
oxide particles in the MAGT and GlidCop 
alloys after high dose irradiation. Figure 9 
shows a fractured AI203 particle in a 
GlidCop AI25 specimen that was irradiated 
to 30 dpa. The percentage of fractured 
particles observed in the in-adiited specimens 
was only about 1% of the total panicles, and 
we cannot exclude the possibility that these 
particles may have been fractured as a result 
of mechanical processing (cold rolling) prior 
to the irradiation. 

Figure 10 compares the measured particle size distribution in nonirradiated and irradiated GlidCop A125. 
These size distributions include measurements made on both as-received and annealed specimens. Irradiation 
to 30 dpa at 180°C caused a shift in the GlidCop particle distribution to smaller sizes. The most probable 
edge length of the predominantly triangular platelets present in nonirradiated GlidCop AI25 was 10 nm. 
After irradiation, the most probable diameter of the predominantly circular platelets was 6 nm. The 
corresponding mean particle sizes before and after irradiation were 10.5 nm and 7.1 nm. respectively. 
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GlidCop A125 
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nclu.lc, = 5 x 1 ~ ~ ~ / m ~  - 

0 1 2 3 4 5 6 7 8  
Defect Cluster Width (nm) 

Fig. 6. Size distribution of radiation-induced defect 
clusters in 50% cold-worked GlidCop A125 after 3 
MeV Ar+ ion irradiation to 30 dpa at 180'C. 

ORNL-PHOTO 6878-92 

Fig. 7. Centered dark-field image of the A1203 
particle morphology in annealed GlidCop A125 
afm 3 MeV Ar+ ion irradiation to 30 dpa at 180°C. 
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OWL-PHOTO 6874-92 

- '. i Fig. 8. AI203 particle morphology in a GtidCop 
A125 specimen that was annealed at 900°C k d  h 
and then irradiated with 3 MeV Ar+ ions to 30 dpa 
at 180°C. The arrow points to a particle that is 
close to an edge-on orientation. 

OWL-PHOTO 6875-92  

Fig. 9. Centered dark-field image of a fractured 
Ai203 particle in a 50% cold-worked GlidCop 
A125 specimen that was irradiated to 30 dpa at 
180°C. 
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Fig. 10. Size distribution of A1203 particles in 
GlidCop A125 before and after ion irradiation to 30 
dpa at 180'C. 

ORNL-PHOTO 6879-92 

Irradiation of GlidCop at a higher 
temperature and lower dose caused a 
somewhat smaller shift in the particle 
distribution. The most probable and mean 
particle sizes in GlidCop after irradiiatiou to 
20 dpa at 350°C were about 8 nm and 8.4 
nm, respectively. 

The average panicle density in GlidCop A125 
was about 4.5 x 10%~3 before inadiation, 
with some regions containing particle 
densities as high as 8 x lG2/m3 or as low 
as 2 x 1022/m3. The measured oxide 
particle density in the GlidCop alloy after 
irradiation ranged between 1.3 x lG2/m3 
and 8.6 x 1022/m3. Figure 11 shows an 
example of the large variability observed in 
the particle size and density for different 
regions in an irradiated GlidCop specimen. 

As shown in Figure 12, the particle size 
distribution in the MAGT 0.2 alloy was 
essentially unaffected by irradiation to 
damage levels in excess of 20 dpa. The 
particle size and density in the MAGT alloy 
also exhibited significant (-50%) regiou-to- 
region variations, in a manner similar to that 
observed in the GlidCop specimens. Due to 
these heterogeneous variations in the particle 
size and density, it was not possible to 
quantitatively determine if the average 
particle density in the MAGT 0.2 alloy was 
altered by irradiation. However, in 
qualitative terms, the density was similar in 
thenouinadiatedandirradiatedspecimens. 
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which may he less susceptible to ballistic dissolution effects. Spitznagel and coworkers [ l ]  reported chat 
some of the AI203 particles were fracturcd by ballistic dissolution following high dose (>lo dpa) ion 
irradiation, but the fraction of affectcd panicles was not reponed. 

Since the oxide particles in MAGT 0.2 are relalively unaflected by high-dose ion irradiation, this suggests 
that the radiation stability and tensile propcrties should not be greatly changcd after irradiation. Barabash 
and coworkers 121 have observed that the yield strength of MAGT 0.2 mcawred at 400°C was essentially 
unchanged after fast neutron irradiation at 400°C to a dose of about 7 dpa. High-dose neutron irradiation 
studies performed on GlidCop A125 have round that iLs r w m  temperature yield strength decreased by about 
10% after irradiation at 415 to 430°C to a damage level of 16 dpa, and then remained consmt during further 
irradiation up lo dunage levels of 150 dpa [5,121. This strength decrease after neutron irradiation to 16 dpa 
may be due to a slight decrease in the mean size of the AI203 particles associated with ballistic dissolulion, 
in a manner similar 10 our observations on ion-irradiated GlidCop (Fig. 10). If the strength decrease in 
neutron-irradiated GlidCop is due to a dccreasc in the oxide-dispersion size, then lhc strength decrease 
mcasurcd at elevated lempcralurcs (e.g., 400°C) would be proportionately greater, due 10 the increased 
importance of thermally activated bypassing of the oxide particles by dislocations for small particle sizes. 
Tensile tests perlormcd at the irradiation temperature arc needed to quanlilatively evaluate the strength 
decrease in GlidCop alloys associaled with ncutron irradiation at clevatcd tcmpentures. 

CONCIIJSIONS 

Microstructural examination of two commercial oxide dispersion-strengthened copper alloys after thermal 
annealing and io11 irradkitioii rcve;ilcd the following features: 

1. MAGT 0.2 and GlidCop A125 are both resistant tu microstructural changes during annealing at high 
temperature and high-dose ion irradiation. GlidCop A125 is slighUy more rcsistant to rccrystallization 
than MAGT 0.2 during thcniiel annealing, app:ucntly because of its slighlly larger inili;il oxide particle 
size (10 nm vs. 6 nm). 

The most probable parlicle size in GlidCop A125 was reduccd fmm 10 nm to 6 nm after 3 MeV Ar+ 
ion irradiation to damage levels greater than 20 dpa, and the oxide particle morphology changed from 
triangular platelets to circular disks. In conuasl, the particle size in MAGT 0.2 was nearly unaflccted 
by high-dose ion irradiation with a consmnt diameter near 6 nm. Radiation-induced changes in lhc 
particle density in the MAGT and GlidCop alloys were insignilicant compared to grain-to-grain 
variations in the particle density (-50% variation) in the a-wrought material. The similarity of the 
particle size, density, and morphology in the MAGT and GlidCop alloys after high dose ion irradiation 
suggests that both alloys will exhibit similar mechanical properties alter irradiation. 

2. 

The authors thank F. A. Gamer (Battellc Pacific Northwest Laboratory) for supplying the GlidCop A125 
foil used for this study, and N. D. Evans for performing the FDS measurements. 
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MASS TRANSFER IN LJTHIUM/STAINLESS STEEL TEST LOOP* 
P. R. Luebbers and 0. K. Chopra (Argonne National Laboratory) 

OBJECTIVE 

The ohjectivc of this program is to invcstigate the influcnce of a lithium environment on compati- 
bility, corrosion, and mechanical propcrties of candidate vanadium alloys for first wall/blanket systems in 
fusion rcacmrs. 

SUMMARY 

The plugged pipe removal from the cold-rap purification loop of the forced-circulation lithium sys- 
tem was examincd to study mass transfer/deposition behavior and to establish the cause of plugging. 
Several intermetallic compounds wcrc idcntificd in residuc collcctcd from the plugged cold-trap pipe. 
Plugging was caused by dcposition of calcium/zinc/nickcl crystals in thc pipe sections within the pump 
coil and flow-mcter magnet. Addition of calcium as a gcttcr to rcducc the concentration of nitrogen in the 
lithium lcads to formation o f  (Cd,Zn)Ni5 crystals and suhscqucnt plugging of the cold-trap loop. Dcposits 
of manganese/iron/nickcI glohulcs and mangancsc//.inc/nickcl dcndrites, as well as LiyCrNg and possibly 
Ca3N2. were also identified in thc rcsiduc. Thcsc phases may havc rcduccd now through thc cold-trap loop 
but were not abundant enough 10 plug thc loop. Thc rcsulis indicatc that the use of a dissolved gettcr, such 
as calcium, to reduce nitrogcn content in an austenitic stainless steel loop may not be effcctive. Elements 
in the lithium from structural alloys (c.g., due to corrosion) and thosc added (c.P., calcium) to reduce thc 
concentration of nonmclallic impurities (c.g., nitrogcn) play an important rolc in thc mass trans- 
fer/deposition behavior in circulating lithium systems. 

PROGRESS AND STATUS 

Compatibility of structural materials with liquid melals has a major influence on material selection 
and operating limitations for liquid-mcral hlankels. Corrosion in Ihc form of uniform or sclcctive dissolu- 
tion, intergranular attack, and transfer o f  intcrstitial clcmcnts to and from the liquid metal can reduce the cf- 
fectivc section thickness of structural components. Radioactive mass uansfer/dcposition of corrosion prod- 
ucts may cause sevcrc flow rcsuictions and cxccssive accumulation of rddioactivc material in unshieldcd rc- 
gions. Corrosionldissolution can rcducc mechanical integrity, and mass lranslcr/deposition phcnomcna can 
increase pumping-powcr rcquircmcnts, dccredsc cncrgy conversion clficicncy, and complicatc system main- 
tenance. 

Mass transferldcposition occurs in noniso(hcrma1 systcms becausc or tempcrature and concentration 
gradients. Alloy elcmenB dissolvc in the hot rcgions of a liquid-mclal loop bccause thcir conccnuations in 
the liquid metal are lower than their solubilitics, and thcy deposit in cold regions of the loop where their 
concentrations in the liquid mew1 arc grcater than thcir solubility limits. Severity of the corrosion and 
mass transfer varies with different combinations of containment material and liquid meld and depends on 
many variables. These include the liquid metal and its purity (i.e., conccnuations of nitrogen, carbon, oxy- 
gen, etc.): composition and microstructurc of the containment material; time and temperature of exposure; 
and system parameters such as flow vclocity (including magnctohydrodynamic cffccts), AT (diffcrencc of 
temperature across the circulating systcm), surfacc arca and tempcraturc profile of the systcm, and material 

* Work supportcd by Office of Fusion Energy, U . S .  Uepartmcm of Energy, under Conaact W-31-109-Eng-38 
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combination (i.e., bimetallic or monometallic system). Several studies have been conducted to evaluate the 
influence of different material and system parmeters on corrosion bchavior of candidate smctural materials 
in lithium.’,* Most studies have been conductcd in circulating lithium systems such as thermal-convec- 
tion or forced-circulation Imps. 

The present invcstigation was undcrtakcn in an attcmpt to bcttcr understand the process of mass trans- 
ferldeposition in circulating lithium systems. Since 1981, corrosionlcompatibility studies at Argonne 
National Laboratory have bccn conductcd in a test facility consisting of a forccdxirculation lithium loop 
and an MTS servohydraulic fatigue machine for performing mechanical tests in the liquid metal environ- 
ment. A schematic diagram of the lithium loop is shown in Fig. I .  Thc lithium system, which is con- 
structed of Type 304 stainless stecl, consists of a primary loop with thrce test vessels and a secondary cold- 
trap purification loop. The quantity of lithium in the loop is =20 L which is circulated at -16 cm3/s in the 
primary loop. The concentration of interstitial elemenls in the lithium is controllcd by maintaining the 
cold-trap temperature at 200-220°C. In addition, thc nitrogen lcvcl in the lithium is reduced to levels of 
<lo0 wppm by hot-trapping with Ti foils and by dissolved gcttcrs such as calcium. Nitrogen content is re- 
duced by formation of TiN or Ca3N2, which are more stablc than L k N .  In the latter casc, Ca3N2 is 
trapped in cooler regions of the loop, e.&. the cold trap. 

T o  H, m e t e r  h 

TEST EQUIL. 
VESSEL VESSEL 

PI IMP . _ .  .. 
f A  
k7 

FLOWMETER 

FLOWMETER 

MAGNET~C TRAP 

Figure I .  Schematic diaxram of the lithium loop 
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During the initial six months of operation. the lithium syslcm was shut down several times because 
of plugging of the flow metcr and pump section of the cold-trap loop. Nitrogen concentration in the 
lithium during these early phases of operation incrcased to -1200 wppm due to contamination from the fix- 
ture used for performing mcchanical tests. Examination of the plugged pipe sections indicated an accumula- 
tion of MnNi and MnNi3 compounds, which arc paramagnetic below 360°C. inside the pipe sections within 
the pump coil and flow-mekr magnet? Panicles of pure iron and imn/nickel compounds were also detected 
in metallic residue collected from the plugged sections. Chromium was present as a ternary nitride 
(LigCrNg) that decomposed into ammonia and lithium chromate when the lithium was dissolved in a solu- 
tion of methyl alcohol and water. Subsequently, a magnetic trap (Fig. I) was installed upstream of the flow 
meter and pump section of the cold-trap loop. The lithium loop has operated with few interruptions for 
-10 yr after installation of the magnetic trap. 

At present. the lithium loop is being used to study the stability of various nitride and oxide coatings 
on vanadium-base alloys. Nitrogen content in the lithium has occasionally increased to >IO00 wppm: 
consequently, calcium was added as dissolved getter to reduce the nitrogen concentration. The cold-trap 
loop plugged up within 24 h of the calcium addition. The magnetic trap, flow meter, and pump section of 
the cold-trap loop were removed for examination, and the results are presented in this report. 

Results and Analvsis 

The plugged pipe removed from the cold-trap loop was cleaned by dissolving the lithium in a solu- 
tion of methyl alcohol and water. The solution and residue collected from different sections of the pipe were 
examined to study mass transfer/deposition behavior and to establish the cause of plugging. 

Cleaning solutions from those sections of pipes not within the pump coil or flow meter magnet. 
were relatively clean. Solutions collected after dissolving lithium from the center of these pipes had a 
milky-white appearance and were free of particulates. Solutions collected after cleaning the surfaces of these 
sections turned muddy gray or yellow and contained particulates. Cleaning solutions from inside the pipe 
sections within the pump coil or flow meter magnet formed a dark yellow or green sludge. A strong odor of 
ammonia was detected while cleaning these sections. Spectrographic analysis of the yellow/green solutions 
indicated a high concentration of chromium and small amounts of iron and calcium. These results indicate 
the presence of LigCrNs and possibly Ca3Nz. both of which decompose in alcohol or water. 

Several intermetallic compounds were identified in the residue of the cleaning solutions. Sludge col- 
lected from inside the pipe sections within the pump coil or flow meter magnet consists primarily of large 
rectangular plates of a calcium/zinc/.iickel compound (Fig. 2): Energy-dispersive X-ray (EDAX) analyses 
indicate that the crystals are most likely (CaZn)Ni5. The surface morphology of the panicles varies from a 
perfectly smooth surface to an etched and pitted appearance. depending on the composition. Other major 
constituents in the sludge were long dendritic crystals of a manganese/zinc/ nickel compound and small 
globular particles of a manganese/imn/nickel compound (shown in Fig. 3). The latter is most likely the 
cubic (Mn,Fe)Ni3 phase that had been identified earlier in the particulate collected from plugged sections of 
the cold-uap loop? 

*The source of zinc in the lithium is a Korloy (Zn-11Al) clamp that accidentally fell into the test vessel of the 
loop. 
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Figure 2. Photomicrographs of calciumlzinclnickel compound collected from pluggedflow meter and 
pump sections of cold-trap pipe 

Figure 3. Photomicrographs of metallic residue collected from pluggedflow meter andpump sections of 
cold-trap pipe. Phases at the left are (a)  (CaZn)Ni5 and (b) (Mn,Fe)Ni3. 

Large pieces of what appear to be broken ferrite layers were also detected in the residue. Austenitic 
stainless steels exposed to lithium develop a very porous ferrite layer because of preferential dissolution of 
nickel and, to some extent, chromium from the steel. The large metallic chunks are most likely spalled fer- 
rite layer from the loop material. 

A photomicrograph of the surface of the pipe section within the flow-meter magnet is shown in 
Fig. 4. The surface has the etched appearance typical of austenitic stainless steels exposed to lithium and is 
covered with globular deposits that are enriched in nickel and manganese. EDAX analyses indicate that the 
deposits are globular particles of the manganese/iron/nickel compound shown in Fig. 3. The pipe surfaces 
do not show preferential dissolution of nickel or chromium from the steel; the composition of the pipe sur- 
face is the same as that of the base metal. 
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Figure 4. 
Surface of pipe section within flow meter magnet. 
Region (a) is pipe swface; Region (b) and (c) are 
globularporticles of manganese1 ironhickel 
compound shown in Fig. 3. 

CONCLUSIONS 

Metallographic examination of the cold-trap pipe indicates that plugging was caused by napping of 
calcium/zinc/nickel crystals within the pump coil and flow-meter magnet sections of the pipe. The addi- 
tion of dissolved calcium to reduce the nitrogen in the lithium leads to formation of (CaZn)Ni5 crystals and 
subsequent plugging of the cold-trap loop. Deposits of manganese/iron/nickeI globules and man- 
ganese/zinc/nickel dendrites, as well as LigCrNg and possibly Ca3N2, were already present in the pipe sec- 
lions prior to the calcium addition. These other phases may have reduced the flow through the cold-trap 
loop but were not abundant enough to plug the loop. 

The results indicate that the use of a dissolved getter, such as calcium, to reduce the nitrogen content 
in zn austenitic stainless steel loop may not be effective. The calcium may react with dissolved nickel in 
t k  lithium to form a calcium/nickel compound rather than Ca3N2. Elements in lithium from structural 
alloys (e.g., due to corrosion) and those added (e.g., calcium) to reduce the concentration of nonmetallic 
impurities (e.g.. nitrogen) play an imponant role in the mass transfer/deposition behavior of circulating 
lithium systems. 

FUTURE WORK 

The contents of the magnetic trap removed from the cold-trap loop will be examined. X-ray diffrac- 
tion and microprobe analyses will be used to identify the various phases. 
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Table 1. Corrosion behavior of materials cxposcd with gallium in sealed alumina capsules 

Exwsure Before Exoosure Chanee A flcr Exwsure Metal Reaction Material 

Specimen (“c) Q (mg) (mm) (mp/cm2) W) W) 
and Temp. Time Weight Thickness Weight Thickness Losg Layer 

Tvoe 316 SS 
21.3 90.2 SS4A 400 24 860.6 0.5405 31.2 137.8 

SS-4F 400 48 854.1 0.5135 19.8 80.1 -3.0 37.1 
SS-4B 400 100 900.1 0.5405 36.5 439.6 60.5 280.3 

834.2 0.5675 362.6 980.4 130.0 620.2 ss4c 400 300 
770.0 0.5675 394.5 1284.1 160.1 802.2 SS-4E 400 1076 

375 300 893.9 0.5135 169.3 
30.7 

2.1 
2.7 
0.3 
4.7 
8.4 
- 
- 
0.1 

61.5 
69.9 
59.1 

451.8 48.3 
3.7 

274.2 
68.3 
- 

SS3C-D 
ss-3c-c 
SS-3C-B 

~~ 

350 
320 

300 
300 

931.3 
899.7 

0.5135 
0.5135 

129.1 
23.2 -11.6 

-11.4 
4.1 

-7.4 
9.6 
9.0 

-13.9 
11.5 

300 
300 
300 
3 00 
200 
200 
200 
200 
200 
200 

100 
300 

1008 
3000 
300 

1000 
3000 
300 

1008 
3000 

806.7 
792.5 
845.5 
820.1 
743.2 
870.1 
742.0 
856.5 
928.6 
792.6 

0.5135 22.7 SS-3B 
SS-3C-A 
SS-3D 
SS-3E 
ss-2c 

0.5405 
0.5135 

-8.1 
32.5 
27.3 

8.9 
23.3 0.5405 

0.5540 
0.5135 
0.5675 
0.5540 
0.5135 
0.5540 

-17.9 
27.7 

-23.0 
160.4 
208.6 
176.1 

SS-2D 
SS-2E - 

113.0 
122.7 
122.4 

ss-24cb 
SS-24Db 
SS-24Eb 

32.8 
18.4 
34.4 

400 24 2515.2 1.3696 17.4 23.7 -3.9 8.0 
l l lmmua 
1N4A 
IN4F 400 4R 2465.4 1.3825 2.9 11.6 3.8 9.6 

~~ ~~ .. . 
6.6 11.0 IN4B 400 100 2441.1 1.3825 4.1 8.9 

83.3 14.3 56.0 IN4C 400 300 2471.0 1.3696 27.9 
E i 4 E  400 1076 2508.0 1.3567 82.9 293.8 56.5 203.4 
IN-3B 300 
IN-3C 300 
N-3D 300 
IN-3E 300 

NB4F 400 
NB-4B 400 
NB4C 400 
NB-4E 400 
NBJB 300 

- 100 
300 

1008 
3000 

2114.5 1.3825 
2447.7 1.3825 

4.6 
0.0 

0.5 -0.3 - 
-0.5 0.3 - 

-17.5 8.8 - 
11.5 -5.8 - 

10.6 5.3 - 
-2.4 -1.2 - 

6.3 3.2 - 
7.1 3.6 - 

-5.8 2.9 - 
1.8 -0.9 - 

-0.2 0.1 - 
12.4 -6.2 - 

2443.3 1.3825 
2427.8 1.3825 

1.8 
1 .o 

24 
100 
300 

1076 

1560.7 0.8602 
1750.2 0.8602 

1 .O 
3.9 

1746.2 0.8736 
1704.7 0.8602 
1550.7 0.8602 
1701.7 0.8602 
1714.2 0.8602 
1874.7 0.8602 

-0.1 
-5.1 

0.8 100 
300 

1098 
3000 

~ ~ ~~ 

NBJC 300 
NB3D 300 

3.1 
1.2 
0.6 NB3E 300 

Armco Iron 
F W F  400 24 744.1 0.4594 reacted completely to form F e G q  
FE3B 300 100 765.0 0.4594 150.9 406.4 47.1 250.3 

346.4 1167.9 129.5 713.5 FE3C 300 300 758.2 0.4594 
FE3D 300 1008 785.5 0.4594 reacted completely to form F a n 3  

NI4B 100 1320.3 0.7155 277.1 925.3 201.2 663.9 

S&cimens expos;d at 400T for 24 h to ensure wmplete wetting prior to the exposure at 200OC 
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Figure 4. Metal loss for canddate structural alloys and pure metals exposed to gallium af 300 and 4009: 

conducted at 375.350, and 32OoC to better establish the temperature dependence of the corrosion rate of 
Type 316 SS. The results show excellent agreement with 3 W h  tests at 400 and 300'C. 

Photomicrographs of cross sections of Type 316 S S ,  Inconel 625, and Nb-5 Mc-I Zr alloy exposed 
to gallium at 400T are shown in Figs. 5-7. Type 316 S S  and Inconel 625 develop a thick and porous re- 
action layer similar to those of pure iron or nickel specimens. The Nb-5 Mo-1 Zr alloy shows little or no 
reaction with gallium. The reaction layer on Type 316 SS consists primarily of FeGa3 and gallium and 
also some CrGq in the region next to the steel surface; nickel-gallium compounds were not detected. The 
reaction layer on Inconel 625 contains CrGq and gallium across the entire thickness, and also Ni~Ga3 in 
the region next to the steel surface. The overall corrosion rate of these alloys is most likely controlled by 
the rate of formation of these compounds. Corrosion rates of the alloys are lower than those of pure metals 
because of differences in the morphology of reaction layer and/or differences in the rate of formation of these 
multicomponent compounds. Microprobe and X-ray diffraction analyses of the specimens are in progress to 
establish the mechanism of corrosion. 

The results also indicate that cold work has no effect on corrosion of Type 316 SS and Inconel 625. 
However, cold-worked &e., bent) regions of Nb-5 Mo-1 Zr alloy show some corrosive attack at 400°C 
(Fig. 7). Entire grains seem to have broken from the surface. These are the only specimens that showed 
weight loss after exposure. Metallographic examination of the specimens indicate that weight loss is due to 
corrosive attack in cold-worked regions of the specimen. 

An Arrhenius plot of the corrosion rates of various metals and alloys is shown in Fig. 8. In all 
cases, linear metal-loss behavior was assumed to determine the corrosion rates. These values may represent 
a conservative estimate of corrosion. Results for high-alloy steels Kh18N9T (Fe-18 Cr-9 Ni-0.6 Ti) and 
KhN77TYu (Ni-21 cr-2.6 Ti-0.8 AI) exposed to gallium under dynamic conditions (0.15 4 s  flow ve- 
locity) at 250 and 4 W C  are also included in the figure? Corrosion rates of Inconel 625 and Type 316 SS 
at 400OC are comparable to those of Kh18N9T and KhN77TYu but show lower values at 250°C. The dif- 
ferences are most likely due to velocity effects. 
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Figure 5. Cross section of Type 316 stainless steel exposed IO gallium at 400°C for 300 h 

Figure 6. Cross section of Inconel 625 exposed to gallium at 400°C for 1076 h 
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Figure 7. Cross section of N b S  Mo-I Zr alloy exposed to gallium at 400 OC for 1076 h 

Figure 8 can be used to establish the maximum temperature limit for gallium/structural alloy sys- 
tems. A maximum corrosion rate is first defined on the basis of either the allowable change in section 
thickness of the component or allowable mass transfer in the liquid metal system. The maximum operating 
temperature corresponding to the maximum corrosion rate is then obtained from Fig. 8 for a specific al- 
loy/gallium system. For example, the maximum surface temperature of a Type 316 SS component must 
be c35O'C to keep the conusion rates below 250 pm/y. The niobium alloy can operate at higher tempera- 
tures for the Same corrosion criterion. It should be noted that Fig. 8 does not include the effects of system 
variables such as velocity and AT on corrosion mass transfer. 

CONCLUSIONS 

Scoping tests have been conducted on the compatibility of gallium with candidate structural maten- 
als, e.g., Type 316 SS, Inconel 625, and Nb-5 Mo-1 Zr alloy, as well as Armco iron, Nickel 270, and 
pure chromium. The pure metals react rapidly with gallium. In contrast to earlier studies, pure iron shows 
greater corrosion than does nickel. The corrosion rates for Armco iron and Nickel 270 at 400°C are and 
17 mm/y, respectively. The results indicate that at temperatures up to 400°C. corrosion occurs primarily 
by dissolution accompanied by formation of metal/gallium intermetallic compounds. The growth of inter- 
metallic compounds may control the overall rate of corrosion. Corrosion of iron-base Type 316 SS is 
greater than that of nickel-base Inconel 625. The Nt-5 Mo-1 Zr alloy is most resistant to corrosion in 
static gallium. At 400'C. conusion rates are -4.0.0.5, and 0.03 mm/y for Type 316 SS, Inconel 625, and 
Nb-5 Mo-1 Zr alloy, respectively. 
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Figure 8. Corrosion rates of candidate alloys andpure metals 
in gallium 
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AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS FOR ITER 
STRUCTURAL APPLICATIONS' - W. K. Soppet, D. M. Frcnch, and T.  F. Kassner 
(Argonne National Laboratory) 

OBJECTIVE 

Austenitic stainless steels are being considered as a slructural material for first-wall/blankel systems 
in the International Thermonuclear Experimental Reactor (ITER).l Information on stress corrosion 
cracking (SCC) susceptibility of several candidale stainless steels under ITER-rclevant conditions will help 
to identify an optimal combination of structural matcrial, coolant chemistry, and operational conditions for 
ongoing ITER dcsign work. The objcctivc of this task is to provide baseline information on SCC 
susceptibility of candidate stainless steels in oxygenaled water that simulates many important paramelers 
anticipated in ITER first-wall/blanket systems. SCC tests will also be conductcd under off-normal water 
chemisuy conditions and at higher temperatures to establish the performance limirs of the materials. 

SUMMARY 

Susceptibility of crevice-weldmcnt spccimcns of Typcs 316L and 316NG stainless stccl (SS) 10 
SCC was investigated in slow-strain-rate-tcnsilc (SSRT) tests in  waler that simulales important 
parameters anticipatcd in first-walliblankct systcms. The SSRT tcsts wcre performed in oxygenated waler 
containing O.Of&10 ppm chloride at tcmpcraturcs of 95 to 225°C to cstablish the effects of water punty and 
lemperature on SCC resismce. These stcels, including weldmcnts. exhibit good resistance to SCC under 
crevice conditions at temperalures of <150"C in water containing 50.1 ppm chloride. It appears that Type 
316NG SS is somewhat more. resistant to SCC than Type 316L SS at tcmpcrdtures >150"C in oxygenated 
water containing 0.1-10 ppm chloride. Most specimcns fractured in thc base metal, and sevcral others 
fractured in the heat-affected -/one (HAZ) of h e  weld, but nonc failcd in the wcld metal. 

PROGRESS AND STATUS 

The rcscarch and development nccds2 of [he ITER with respect to aqueous corrosion include 
establishing a reliable data base on reference materials (viz., Types 316, 316L. and 316NG SS in the 
solution-annealed, cold-worked. and weldcd conditions). A nominal ITER water chemistry would most 
llkely be high-purity watcr containing stablc radiolysisiclccuolysis products, e.g., dissolvcd 0 2 ,  H 2 0 2 ,  and 
HZ at  ppm levels, and ionic species at pph levels, namcly, soluble corrosion products and impurities in the 
makeup water and Crom rclcasc by ion-exchange rcsins in watcr purificalion systems. Higher 
conccnuations of ionic impuritics (c.g., CI-, SO:-, H+, ctc.) in thc coolant may be present during off- 
normal operating and cxtendcd lay-up conditions of thc system. 

Previous work3a4 focused on devcloping criccria to define thc simulated ITER water chemistry and 
establishing experimental methods for SSRT tesis on noncrcvicc and crcvice specimens. Rcsults from 
experiments to cvaluatc SCC susceptibility from SSRT tests on Typcs 316NG. 316, and 304 SS have been 
reported previously5-'" No indication of  SCC was obscrvcd in tcsts on noncrcvice specimcns of Type 
316NG SS' in oxygenated watcr conmining 0.1-1.0 ppm SO$- at tcmpcraturcs of 95 and 150°C and a 
swain rate of 3 x s-'. Crcvicc specimcns wcre also rcsiswnl 10 SCC in oxygenated watcr conwining 
0.1 ppm S O P  at tcmperatures S.15OoC9 Predominantly ductile fracturc (with a minor amount of 
transgranular cracking, TGSCC) was observed in crevice spccimcns of Type 316NG SS at higher 
temperatures. Intergranular failure occurred in Type 304 SS crevice specimens heat treated to yield 
scnsitizadon values or2  and 20 C-cm-2 by elccuochcmical potentiokinctic r e a c t i ~ a t i o n . ~ , ~  Initial tests on 

* Work supported by !he US. Dcpartment of Encrgy. under Contract W-31-109-Eng-38. 
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temperatures. Intergranular failure occurred in Typc 304 S S  crevice spccimens heat ueated to yield 
sensitization values of 2 and 20 C.cm-2 by elccuochemical potcnuokinctic r c a c t i v a t i ~ n . ~ ~ ~  Initial Lests on 
wcldment specimcns of Type 316L SS with matching fillcr metal, under crevice conditions in oxygenated 
water containing 0.0M.O ppm chloridc at 150-225"C. revealed that most specimcns fractured in the base 
metal and that scveral othcrs fractured in thc HAZ of thc weld, but that none failed in the wcld metal.1° In 
this report, rcsulls from SSRT tess at 95 and 225°C on crcviceweldmcnt specimens of Type 316NG SS 
in air and in watcr conlaining 0 2 .  H202,  and CI- arc comparcd with similar data on wcldmcnt specimens of 
Type 316L SS. 

Cylindrical tensile specimens with a 6.35 mm diameter and a 36.0 mm gage length wcre fabricated 
Crom Types 316NG and 316L S S .  The chemical composition of the matcrials used in these cxperimcnts is 
givcn in Table 1.  The experimental methods havc bccn descrihcd in previous papcrs.6,"10 Crevicc- 
wcldmcnt spcciincns wcre created by drilling threc small-diamctcr (=0.8-0.9 mm) through holes in the gage 
section of the spccimcns. Le., in the hasc mcral, thc HAZ of thc  weld (cdge of the hole =1-2 mm from the 
Cusion line), and in the weld mctal, and placing austenitic SS pins in the holes to Corm tight crevices 
(Fig. 1 j. Thc location of thc holc in the HA2 was selcctcd on thc basis of experimental measureinens and 
model predictions of variations in dcgrcc of scnsitization across this rcgion in welds of 24-in.-diiunctcr 
Type 304 and 316 SS pipe.ll This location corresponds to maximum sensitization ( k . ,  Cr depletion and 
carbide prccipitation at grain boundaries). Although sensitization docs not occur in low< grades of Types 
316NG and 316L SS, this location may bc synonymous with othcr thermal segregation processes involving 
alloying elements and impurities in the steel. The weldmcnt specimens were testcd in the as-rcceivcd 
condition wihout any heat treatmcnt. Tcsts werc carried to failure at strain rates of 1 x IF5 s-l in air and 
3 x s-' in water in small-diameter autoclaves with a once-through water system. 

Water chemistry was established by bubbling a 20% 02-80% N2 gas mixturc through 
deoxygenated/dcionized fcedwater (conductivity <0.2 @S.cm-'j conwincd in a 130-litcr S S  wnk to producc 
a dissolvcd-oxygcn concentration oC=8.0 ppm. H 2 0 2  (5.0 to 8.0 ppm) and NaCl (0.06 to 10.0 ppm CI-) 
were added to thc fccdwater bcforc sparging with thc gas mixturc to ensure adcquate mixing. An external 
0.1M KCI/AgCI/Ag rcfcrence electrcdc, a thermccouplc, and Pt and Type 3W SS electrodes were located at 
the autoclave outlet 10 eswblish redox and open-circuit potential, respectively. Thc electrochemical 
poccnlials measured during the experiments wcre converted to [he standard hydrogen clccvode (SHE) scalc by 
using thcrmoccll and liquid-junction potentials.12 

LOCATE EDGE OF THIS HOLE 
APPROX. 1 m m  FROM WELD. 

LOCATE THIS HOLE 
IN CENTER OF WELD 

Figwe 1. Weld specimen fabricared from gas-meral-arc-weldedplate 
of Type 316L SS wirh marchingfiller meral. Crevices were 
formed by inserring righr-fiirring SS pins info rhe holes. 



382 

The tests providc information on time-to-failurc, ~ o t a l  strain, milximuin stress, and appearance of 
fmclurc surfaccs. Thc load applied to cach specimen wils rccordcd continuously as a function uf time, and an  
engincering-sucss-vcrsus-strain curvc was produccd for each spccirncn. Total clongation and rcduclion in 
area werc dctcrmincd from iiicuurcnicnts on thc fraclurcd spccirnens. Thc fracture surfaccs were cxamincd 
by both optical microscopy and scanning clcctron microscopy (SEM) to dctcrminc Ihc fractions of rcduccd 
cross-scclional arras with ductilc, transgranul;u. and inlcrgmnulx morphologics.l3 

Results and An;ilvsis 

Cracking susccptibility can bc asscsscd lrom various paramckrs. Total clongation, rcduction in area, 
and maximum sucss arc often uscd, as arc fracture suriacc morphology and maximum crack lcngth (cither un 
thc fracturc surface or on the scctioncd su r fxc  aftcr tcst inlcrruption). Bccausc of thc high SCC resistance 
of Type 316NG SS rcladvc to that of scnsitizcd Type 30.1 SS, i t  is difficult to quantify SCC behavior of 
Type 316NG SS in tcrins of crack growth ratei4 from SSRT lcst rcsults. An altcrnative, cmployed hcrc, is 
evaluation of SCC susccptibility in tcriiis of the ratio of the strain at failure (ecnv/cair) from companion 
tcsts on identical rpcciincns in  ULitcr arid in air. V;ilucs of the strain r : ih < 1 . 0  indicate environmentally 
assisted cracking. 

RCSU~LS o f  SSRT tests at tcmpcraiurcs u f W  to 28YC on crcvicc and nuncrcvicc spccimcns of Types 
316NG and 3(W SS were pr iitcd p r c v i i ~ u s l y . ~ ~ ~ ~ ~ ' ~ ~  Ttic SSRT rcsults i n  Tables 2 and 3 wcrc obwincd 
from thc cnginccring-strcss (based on ii cro\s-scctioiial iura uithoui subuacling the x c a  associated with Lhc 
hole) vcrsus enginccring-strain curvcs in a i r  arid watcr on idcntical qxciincns. Although thc air tcsts wcrc 
pcrfurrncd at a higher strain ratc (e-g.. 1 x 10-5 s-I). the yield m d  ultiniaic sircngths, total clongation, 
rcduction in area, and fracture imorptinlogy can be coniparcd i n  the two cnvironnicnts to assess SCC 
susceptibility. Bccausc Ihc tests wcrc pcrfiirmcd at two strain ratcs, he-to-lXlurc is not a uscful 
pararnctcr. Total clongation at fiiilurc appears to be tlic 1110s~ promising measure of SCC susceptibility. 
Conscquenily. Ihc dara in Tables 2 and 3 wcrc iinalyicd on thc biisis of a strain-ratio pararnetcr, namcly, 
Sr  = ecnv/cair at liiilurc for identical specimen geometries. Thc strain ratios as a function of lcmpcrature 
and chloridc conccnu;ilion in oxygcnstcil wiwr lire given in Tables 4 arid 5 Cor Types 316L and 3lhNG SS, 
rcspcctivcly. 

I t  is wcll known that chloridc co~icciitriltioii i n  oxygcnatcd walcr significantly affccls SCC and 
pitling of austcnitic sl;iinlcss s t c c l ~ . ~ ~ - ~ ~  Miisi availcihlc SCC dm pcrtiiin to slandard-gradc steels (c.s., 
Typcs 316 and 304 i n  thc scnsiiizcd arid solutioii-a~incalcd condilionsj undcr noncrcvicc conditions. As 
tcmpcralurc and chloridc and/or iIissolvcd-~,xygc~i co~~cc i i t l a t i i~n  in tlic walcr incrcilsc, thcsc stccls hccomc 
susccplihlc !o SCC, px!iculxly in thc scrisi!izcd condiliiin. Typcs 31hL and 316NG SS. both with !ou' C 
contcnl and the Iattcr with a controllcd N COIILCIII (O.O~tO.lO%,), arc cxpcctcd to he more rcsistmt lo SCC 
in oxygcnatcd u'atcr containing low I 

The cifccts of chloridc coiicciiviiiion nr id tcmpcr:iturc on tlii. ztriiiii ralio ai failurc lroin SSRT LcsLs on 
crcvicc-wcldiiicnl spcciincns 01 Types 3 l h L  and 3 l 6 N G  SS arc \hewn in Figs. 2 and 3 .  The results 
indicate that low-C-conlcnt Types 3 16L arid 315NG SS arc susccptihlc to TGSCC undcr crcvicc condilions 
in high-tcrnpcraturc oxygcnatcd watcr conuiiiing chloridc at low c i ~ ~ i c c n ~ a ~ i i i n s  ( < I O  ppm). Thc curvcs i n  
Fig. 2 indicate that as thc lcinpcrlilurc iiicrc:iscs (Iron1 95 to 225°C). thc critical chloridc conccntriltion i n  
water for lhc onsct of SCC (a swain ratio 01 < I  .Oj is 4 1 .  I ppm Tlic actual valu I icmpcraturcs >15o"C 
for Typc 316L SS can only be approaimatcd Iroin (he results i i i  Fig. 2.  Howcvcr, lor chloridc 
concentralions M . 6  ppm in  thc hulk u'atcr, SCC is significant, iis indicalcd by valucs of lhc strain ratio 
between -0.3 and 0.7. The curvcs lor Typc 316NG SS :it 95 and 225°C rcvcal that this malcrial is 
somewhat rnorc rcsistant to SCC, c.g.. at 225°C. thc strain ratios x c  bctwccn 4 . 9  and (1.6, in contrasl Lo 
between =0.5 and 0.3 Tor Typc 31hL SS. Strain r;itIos ior Typc 31hNG SS were -1.0 at W C ,  which is 
indicativc of no SCC i n  ihcsc cnvironiiicnts. Figurc 3 also illuswatcs the marked clfcct of temperature o n  
SCC of the stccls. 
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1 F 
g 0.8 

0 '= 0.6 
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k b l e  4. Influence of temperature on SCC susceptibility of Type 316L SS 
crevice-wcldmenr specimenP in oxygrnared water conraining various 
chloride concenrrarions. based on sirain raiio (~enJ&ai,J a[ failure 

Tcsi Tcmp. Ci- Strain Tcsi Tcrnp. Ci- Strain 

No. (4 (ppm) Ratio No. ("0 (ppm) Ratio 

82/80 150 0.06 1.03 90188 200 0.06 >0.4 

87/80 150 0.6 0.68 89/88 200 0.6 0.47 

83/80 I50 6.0 0.66 91/88 200 6.0 0.41 

86/84 175 0.06 0.89 94192 225 0.06 0.57 

85/84 175 0.6 0.57 93/92 225 0.6 0.35 

Ticvice SSKT spcciincns from a ga-mcial-arc weldmcni or Type 31hL SS 
plalc (Hcal No. 166SO) and fiilcr rneial (Heal No. 4H3367j. 

Table 5 .  influence ofrcmperafure on SCC suscepribiliry of Type 316NG SS 
crevice-weldmeni specimenP in oxygenaled wafer containing various 
chloride concenrrarions. hased on sirain rafio (&e,v/& at failure 

Test Tcmp. CT Strain Test Temp. CT Strain 

No. (4 (pprnj Ratio No. ("0 (pprn) Ratio 

l0l/ l00 95 0.1 0.93 104192 225 0. I 0.89 

102/100 95 1.0 1.01 I05192 225 1 .0 0.70 
103/100 95 10.0 1.00 106192 225 10.0 0.60 

~~~ - 

Trcvicc SSKT spccimcns from a weiiimeni in a 2R-in-diamcicr Type 316NG SS 
pipe (Heal No. NDE 28). 

g 0.8 

316L SS 
316NGSS 

C 0 150'C Crev. Weld __ 
0 175% 
A 200'C 
X 225% x 225-C 

0 150'C 
0 175% - 
A 200'C 
X 225% 

- Crev. Weld 

0.2 - 
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100 

Chloride (ppm) Chloride (ppm) 

Figure 2 .  Strain raiio at failure vs. chloride concenrrarion in oxygenuied wafer ai several temperatures 
for SSRT crevice-weldmenr specimens of Type 316L SS and Type 316NG SS 
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Figure 3. Struin rat io  at fa i lure vs. temperalure for SSRT crevice-weldment specimens of 
Types 316L und 316NG SS in oxygenored wuier containing 0.06-10 ppm chloride 

As indicated in Tables 2 and 3 ,  most of thc spccimcns failed i n  thc base incwl and three specimens 
failed in the H A Z  of thc wcld, but no failurcs occurrcd in the wcld mctal. Fracture surfaces of the 
spccimens have been cxamincd by SEM to dcicrminc thc modr, o f  cracking and to cstablish whcther the 
cracks initiated in the crcvicc as cxpccicd. Photomicrographs showcd that thc cxicnt of TGSCC incrcased 
with tcmperalurc at a conswnl chloride IcvcI in  Ihc u'atcr arid wiih chloride concentration at a constant 
temperature. 

CONCLUSIONS 

Types 316L and 316NC SS crcvicc-wcldmcnt spccimcns exhibit good resistance to SCC in SSRT 
tests in oxygenated water conlaining SO.1 ppm CI- at Icmpcralurcs S150"C. This environment is 
representative of a nominal coolant chctnisuy for an ITER first wall/blankct system, exccpt for short-lived 
radical species from radiolysis of water. Most of thc Typcs 316L and 316NG SS crcvicc-wcldmcnt 
specimens fracturcd in lhc base mctal rathcr ihan in  the HAZ of tlic wcld or in the wcld mctal. From the 
prescnt results, i t  appcars thal thc puriiy of bulk coolant water (e.g., CI- and SO$- conccnuations) will 
have to be maintdincd to a high swndard to mitigate SCC o f  l o w 4  gradcs of austenitic SSs, particularly at 
temperaturcs of >150"C. Prcscnt guidclincs for the dcsign and operation of walcr purification systcms for 
light-waterxoolcd fission reaciors can be employc,d to cnstirc h a t  impurity lcvcls in an ITER coolant are 
maintained at levels that will limit corrosion and SCC o f  system inatcri;iIs. 

FUTURE WORK 

Additional SSRT tests will be conducted on crcvicc-wcldnicnl spccimcns of Type 316NG SS in  
water conlaining dissolvcd 0 2 ,  H202, and CI- to dclinc thc critical chloridc conccntiiltion in oxygenated 
water that is requircd for thc onset of SCC. Thcsc data, whcn couplcrl with ihc prcscnt resulls, will be used 
to determine the regime of tempcraturc and chloride conccnmtion at which thcsc matcrials %e resistant to 
SCC under crcvicc conditions, and ihcrcby cswblish ihc margin ol  pcrformancc of the matcrial undcr off- 
normal or poor lay-up water chcmisuy conditions at tcmpcraturcs 01 95 to 22S"C. 
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FORMATION OF ELECTRICALLY INSULATING COATINGS ON ALUMINIDED VANADIUM- 
BASE ALLOYS IN LIQUD LITHIUM. - J.-H. Park and G. Dragel (Argonne National Laboratory) 

OBJECTIVE 

The magnetohydrodynamic (MHD) force and its subsequent influence on thermal hydraulics are major 
concerns in the design of liquid-metal blankets for magnetic fusion reactors (MFRs). The objective of this 
study is to develop in-situ stable electrically insulating coatings at the liquid-meta~structural-material 
interface to prevent adverse MHD-generated currents from passing through the smctural walIs.l9 

SUMMARY 

Aluminide coatings were produced on vanadium and vanadium-base alloy&5 by exposure of the 
materials to liquid lithium that contained 3-5 at.% dissolved aluminum in sealed capsules at temperatures 
between 775 and 880°C. Reaction of the aluminide layer with dissolved nitrogen in liquid lithium provides 
a means of developing an in-situ electrical insulator coating on the surface of the alloys. The electrical 
resistivity of A N  coatings on aluminided V and and V-20 wt.% Ti was determined in-situ. 

INTRODUCTION 

Corrosion resistance of structural materials, and the MHD force and its subsequent influence on 
thermal hydraulics, are major concerns in the design of liquid-metal cooling The objective of 
this study is to develop in-situ electrically insulating coatings at the liquid-metal/structural-material 
interface. The electrically insulating coatings should be capable of forming on various shapes such as the 
inside of tubes or on irregular shapes during operational conditions to prevent adverse MHD-generated 
currents from passing through the structural walls. The coatings could also improve general corrosion 
resistance and act as a diffusion barrier for hydrogen isotopes, viz., deuterium and tritium. Aluminide 
coatings on vanadium and vanadium-base alloys can react with nitrogen in lithium to form a thin 
electrically insulating AIN film. 

COATING METHODS 

Nitride coatings (e.g., AIN, TiN, etc.) on aluminide layers and Ti can be produced in an Li + Li3N 
mixture, based on thermodynamic considerations6 and the Li-Li3N phase diagram. The melting points of 
Li and Li3N are 180.6 and 815°C. respectively. The liquidus temperature increases monotonically as the 
nitrogen concentration increases? However, an Li-Li3N mixture at a given temperature provides a means 
of establishing a fixed nitrogen partial pressure that corresponds to the thermodynamic equilibrium for the 
t w v h a s e  mixture. 

EXPERIMENTAL PROCEDURE 

A nitride coating (TiN) on Ti was produced in an Li-Li3N mixture at temperatures betwwn 200 and 
807T. Aluminized V and V-20%Ti capsules from previous experiments were tilled with liquid Li that was 
enriched in AI and N by adding AI powder and Li3N. The capsules were heated to 7W850"C for B-72 h. 

Work supported by the US. Department of Energy under Contract W-31-109-Eng-38. 
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The AI powder and Li3N facilitated the formation of AUi on the aluminide surface layer on the capsules. 
Electrical resistivity of layers that formed was monitored ak a function of time during the exposure. 

RESULT AND DISCUSSION 

Figure la  is an SEM micrograph of a TiN layer on the surface of a Ti tube (l/&in. outer diameter) 
that formed in liquid Li containing Li3N. The TiN surface was bright in appearance after rinsing with 
water. EDS analyses were performed to determine the N concentration after exposure to Li.' Figure. l b  
shows that a significant amount of N was detected in samples exposed to Li at temperatures XXWC. 

Thermally Grown TiN 
(775"C, 97 h in Lini,N) 

1 I 
Figure 1. (a) SEM photograph of surface of thermally grown layer of TiN on Ti in liquid lithium 

containing N. and (b) N content of surface layers as a function of exposure temperature 

To determine the in-situ electrical conductivity of nitride layers, an aluminide coating was applied to 
the inside surface of V and V-20%Ti capsules, as described previously. The aluminide layer was then 
nitrided in an Li-Li3N mixture in a system that also allowed measurement of electrical conductivity during 
formation of the AIN layer. Electrical resistance was determined from the slopes of potential drop vs. 
current curves when the current through the coating layers was passed in the positive and negative directions 
(Fig. 2). Because of the open-circuit potential across the coating layer (without supplying current), the 
ohmic resistance across the coating layer was determined by Ohm's law, i.e., 
R (0) = [aE(Volt)/ai(Amp)]. 

Results of in-situ electrical conductivity measurements are shown in Fig. 2, and the dependence of 
the ohmic resistance on temperature over the duration of the experiment is shown in Fig. 3. The coating 
area (surface of the tube in contact with liquid Li) was 20 cm2. If we assume that the thickness of the AIN 
film is -1 mm, the electrical conductivity at 700T  is consistent with literature values8 However, thermal 
cycling tends to decrease the resistivity, as shown in Fig. 3 for the second cycle. Ohmic resistance dropped 
from -1.5 to 0.43 R and remained constant after the temperature was increased to 8oO°C, where we expected 
that the reaction between the aluminide layer and N would proceed at a higher rate and thereby show an 
increase in resistance over the previous value of -1.5 R. This trend, if it had occurred, would indicate that 
nitriding of spalled regions or defects (e.g., cracks or open boundaries) in the film occurs rapidly. However, 
an ohmic resistance of ~ 0 . 4  R may be adequate for an insulator coating in MFR applications. 

* Because the positions of the n(1) and N(W peaks are very elase to one another. the N concentra 
tlon was determined by subtraction of the n(l) peak area from the EDS spectrum of TIN. 
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Figure 3. Ohmic resistance vs. temperahue during heating cycles 
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Figure. 4 shows SEM micrographs of an AIN film and a spalled area on an aluminided surface of 
V-20%Ti, along with e.ecuon-energy-dispersiv~spec~scopy (EDS) spectra from the two regions. The 
EDS results indicate a relatively high concentntion of AI, N, and 0 in the coating compared to the spaed 
area. Electrical resistivity of the AIN film was measured at mom temperature after the cell was dissembled. 
The ohmic resistance was a, which indicates that it is a good electrical insulator. 

Figure 4. (a) SEM micrograph of surface of AIN on aluminide layer on V-2O%Ti. 
(b) AlN and spalled area of coating, and (e) EDS spectra from AlN layer 
and spolled area in (b) 

To rationalize the present conductivity measurements. the thermodynamic stability of several simple 
oxides and nitrides has been considered. Figure 5a shows calculated equilibrium partial pressures of and 
N2 in the Li-AI-Y system as a function of temperature? and Fig. 5b shows a schematic thermochemical 
diagram for the M-N-0 system, where M denotes AI. Li, and Y. In these experiments, it is difficult to 
exclude interactions with the gas-phase environment, especially 0 2  contamination. When 0 2  interacts 
with liquid .Li and the 0 solubility limit is exceeded, Li20 will form. Because Liz0 is the most stable 
oxide in the Li-AI4 system, it is not likely that AI203 will form. Similarly, an AIN layer is not likely 
to react with dissolved oxygen in Li to form AI203 because the latter is not stable in 0-saturated Li. 
Consequently, AIN can be a stable phase in liquid Li with a relatively high N2 partial pressure. Figure 5a 
indicates that the stability of AIN is greater than that of Li3N over a wide temperature range. , 
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Figure 5. (a) Culculured equilihrium purriul pressures of 0 2  und N 2  in Li-AI-Y system and (b)  
schemurir rhermochemicul diugrum for M - N - 0  .sysrcm, where M represenis A1 or Li 

Formation of an AIN film on an aluminidc layer follows the rcaction 

Li3N + AI = 3 Li + AIN, (1) 

where the free-encrgy changc, AG, is -25 kcal/molc at 500°C. If the AIN film cracks or spalls. thc rcaction 
(Eq. I) should lake place and rcpair thc film, providcd that N is prcscnt in Li and the AI activity in the alloy 
is sufficient for spontaneous rcaction to occur. Thc main rcquirement is that the N level in Li be high 
enough. I f  this is not thc case, wc must also considcr thc possibility of dissolution of thc AIN film bascd 
on the solubilitics OS AI and N in liquid Li, i.c., 

AIN = AI + N (in Li). (2)  

The AG for this reaction is +31.2 kcal/molc; thcrcforc, thc cquilibrium consunt K for the rcaction at 
500°C is 

(3) K = 2 x 10-9 = aN. ~- 

when the activities lor Li and AIN arc assumcd to bc unity. Thc typical impurity lcvcl lor N in Li is 
=5&200 ppm. Thcrcforc, the AI concentration in Li must bc in the rangc O S  40-10 ppm at 500°C to 
maintain the AW layer. In capsulc cxperimenfs, i t  is rclativcly easy to meet these criteria for the formation 
and long-tcrm suability of the AIN phasc. In a forced-circulation loop under heat transfer conditions, the 
cffcct of the tempcraturc gradicnt throughout the system on thc conccntrations of AI and N in Li must be 
considered so that the AIN film can be maintaincd at all temperature regions ovcr long periods of time. 
This will be explored in futurc work after additional information on the stability and resistivity of insulator 
coatings is obtained in capsulc tcsts. SubscquenUy, thc rcsults will bc applied to an MFR system. 

CONCLUSIONS 

Surface modification via high-tcmpcrature liquid-phase deposition can provide intermelallic aluminide 
coatings on V-base alloys. This process is faciliutcd in liquid Li because surface contamination by 0 2  or 
oxide films is virtually eliminatcd, and the proccss to producc homogcncous coatings on various surface 
shapes can be controlled by cxposurc timc. tcmpcrature, and composition of the liquid metal. Conversion 
of aluminide layers to an clectrically insulating coating (e.g.. an AIN film) in liquid Li was demonstrated. 



394 

FUTURE STUDIES 

Result! of mechanical-property10 and irradiation4amage' '.12 studics indicate lhat V-5%Cr-5%Ti 
is chc most promising V-base alloy for MFR applications. Consequcntly, the insulator dcvelopmcnt study 
will focus on lhc V-5%Cr-5%Ti alloy. 
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CORROSION FATIGUE OF CANDIDATE AUSTENITIC STEELS FOR ITER STRUCTURAL 
APPLICATIONS’ - W. E. Ruther and T. F. Kassncr (Argonne National Laboratory) 

OBJECTIVE 

Austenitic stainless steels are being considered as a suuctural material for first-walblanket systems 
in the International Thermonuclear Expcrimcntal Reactor (ITER).’ Information on the corrosion fatigue 
properties of candidate stainless steels under ITER-relevant conditions will help u) identify an optimal 
combination of suuctural matcrial, coolant chcmisuy, and operational conditions for ongoing ITER design 
work. The objective of this cask is to provide basclinc information on corrosion fatigue of candidate 
scainless steels in oxygenatcd water that simulatcs many important paramctcrs anticipated in ITER first- 
wall/blanket systcms. TCSL? will also be conductcd undcr off-normal water chcmisuy conditions and over a 
range of tempcraturcs to cstablish he pcrformance limils of the materials. 

SUMMARY 

Crack-growth-ratc (CGR) tests wcrc pcrformcd on I-in.-thick ( IT)  compact-tension (CT) 
spccimcns of Typcs 316NG and 316L stainless stml (SS) in oxygcnated water containing 0 - 5  ppm CI-at 
150, 185, and 225°C. The results obtained undcr cyclic loading conditions at stress intensity factors of =27 
to 39 MPa.m’i2 indicate that cnvironmcntal enhancemcnt of the r a t a  increases with CI- conccnuations 
>0.1 ppm at 150°C in comparison with calculatcd ratcs in air under the spccific loading conditions. In 
conuast, at the highcr tcmpcraturcs lhc CGRs wcrc not affcctcd by CI- in oxygcnated water but were grealcr 
than he predicted rates in air by one ordcr of magnitudc. 

PROGRESS AND STATUS 

Rescarch and developmcnt needs2 of thc ITER with rcspcct to aqueous corrosion include establishing 
a reliable data base on reference materials, viz., Typcs 316,316L, and 316NG SS in the solution-annealed, 
cold-worked, and welded conditions. A nominal ITER water chemistry would most likely be high-purity 
(HP) water (a) containing stable radiolysis/elcctrolysis products, c.g., dissolved 0 2 ,  H202, and H2 at ppm 
levels, and (b) ionic specics at ppb Icvcls, namcly, soluble corrosion producls and impurities in the makeup 
water and from rclcasc by ion-exchangc rcsins i n  watcr purirication systems. Higher concenuations of 
ionic impurilies (e.g., C1-, SO:-, H+. CLC.) in thc coolan1 may bc present during off-normal operaling and 
extended lay-up conditions of thc system. 

Although the nominal ITER coolant operating tcmperature in an initial design was =60”C, periodic 
increases to 150°C and above were envisagcd. Mechanical loads and tcmpcrature gradienls across the lirst- 
wall structure will produce both static and cyclic stresses, which whcn coupled with residual tensile suesses 
associated with welds, can exceed h e  yield strength of the material. Tensile stresses that exceed he yield 
suess under ITER cyclic operation (=IO4 cycles) are conducive (0 crack propagation undcr corrosion fatigue 
conditions. 

Previous work focuscd on susceptibility of Types 316NG. 316L, and 304 SS to stress corrosion 
cracking (SCC) by slow-suain-rate-tcnsile (SSRT) t c s t~ .~ - ’  No indication of SCC was observed in 
tests3 on noncrevice specimens of Typc 316NG SS in oxy cnated water containing 0.1-1.0 ppm SO$- at 
temperatures of 95 and 150°C and a strain rate of 3 x IO-’s-l. Crcvicc specimens were also resistant to 
SCC in oxygcnated water containing 0.1 ppm SO$- at ~150Oc.3-5 Prcdominantly ductile fracture (a 
minor amount of uansgranular cracking, or TGSCC) was observed in crevice spccimcns of Type 316NG SS 

* Work supported by the U.S. Department of Encrgy. under Contract W-31-109-Eng-38 
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at higher tempcratures. Intergranular failure occurred in crevice specimens of sensitized Type 304 SS.6.7 
ResulLs describcd in this report are from corrosion fatigue tcsts in water containing dissolved oxygen and 
CI- at 150, 185, and 225°C on fracture-mechanics specimens fabricatcd from Type 316L and two h a t s  of 
Type 316NG SS. 

Exoerimental Procedures 

A large autoclave (=6 L) equipped with an MTS hydraulic test system was used for fracture- 
mechanics CGR tcsts on I-in.-thick compact-tcnsion (ITCT) specimens. Thc apparatus had a calibrated 
load cell and a crack-length monitoring system for in-situ mcasurcment of thc crack length of each 
specimen during the test. Crack lengths were determined by a DC potential-drop method. which can 
resolve length changes of 0.025 mm. Standard ITCT spccimens (ASTM E-399) of the same heats of steel 
used in the SSRT t c s t ~ ? - ~  viz., two specimens of Type 316NG and one specimen of Type 316L SS. all 
with machined side groovcs, were loadcd in series. All specimens wcrc solution-anncalcd for 0.5 h and then 
heat treated at 650°C for 24 h, which simulates the material condition of a heat-aflccted zone in a typical 
weld. Thc composition of the stccls is given in Table 1 .  

Table I .  Cornposirion of Types 316NG and 316L srainless sree1.s (wr.%J 

Alloy Hcat No. Cr Ni Mo Mn Si  Cu N C P S Fe 

316NG D440104 17.91 13.25 2.48 1.75 0.49 0.01 0.098 0.015 0.011 0.002 Ral 

316NC 13198 16.51 10.70 2.08 1.63 0.M 0.20 O.OX5 0.021 0.022 0.017 Ral 

316L 16650 16.50 10.39 2.09 1.7X 0.43 0.19 0.054 0.018 0.026 0.013 Bal 

Thc spccimcns wcrc Fatigue-prccrackcd in air at room tcmpcraturc to introducc a sharp starter crack. 
The tests wcrc then conductcd in watcr under a low-frequency cyclic-loading with a positive sawtooth 
waveform at a frcqucncy of 0.09 Hz, an R ratio of 0.7 (wjhcrc R is the ratio of thc minimum load to the 
maximum load of  21.24 kN), and maximunr stress intensity values, K m a x .  ranging from =27 to 
39 MPa-m'I2. Stress intensity values were computed wi th  the cnprcssion in ASTM Standard E-399, 
together with compcnsation for the side groovcs in the spcciinens. The clccuochcmical potential (ECP) of 
Type 303 SS and a platinum elcctrodc was also monilorcd during lhc CGR tests, and optical and scanning 
electron microscopes were used to evaluate thc fracture surfxc 01 thc spcciincns and measure the linal crack 
Icngth. 

Water chcmistry was established by  bubbling a 20% 02-80% N2 gas mixturc through 
dcoxygenatedideionizcd fccdwatcr (conductivity ~ 0 . 1  pS-cm-') contained in a 130-L SS wnk to produce a 
dissolvcd-oxygcn concentration of =8.0 ppm. NaCl (I) to 5.0 ppm CI-) was added to the feedwater before 
sparging with the gas mixturc to cnsurc adcquatc mixing. Influent and cffluent watcr chemistry was 
monitored @H, conductivity, and conccntration of dissolved oxygen), and an clccuochcmical mellsurcment 
system with an 0.1M KCl/AgCl/Ag external reference clccuodc for rcdox and corrosion potcntial 
measuremcnts was located at the autoclave outlct. Thc mcasurcd ECP values wcrc converted to the standard 
hydrogen electrode (SHE) scale by using thcrmoccll and liquid-junction potcntials.8 The dissolved-oxygen 
concenudtions in the feed- and effluent watcr were mcasurcd with an 0rbisphc.n: oxygen mctcr. 
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Results 

CGR tcstF have bcen complctcd on one set of three ITCT spccimcns of Typcs 316NG and 316L Ss  
at 150, 185 and 225°C. The tcsts were conductcd undcr low-frcqucncy cyclic loading with a positive 
sawmoth waveform (risc time of 10 s and h l l  time of I s) at a load ratio (R = K,in/Kmax) of 0.7. Thc 
water chemistry, loading conditions, and results of the CGR tests are given in Table 2. The CGRs 
encompass the range of -3 x IO 1 x IO-* m s l  for the various tcst conditions. Figure 1 shows the 
dependence of the CGRs on CI- concentration at 150 and 225°C. At 150°C. the CGRs incrcase with CI- 
concentration N . 1  ppm in the oxygcnatcd waler; at 225OC the rates are quite high and are not depcndent on 
either alloy composition or CI- conccnuation in watcr. 

The dependence of the CGRs on tcmpcrature is shown in Fig. 2. The rcsults indicatc that rates 
increase more slowly as thc lcmpcrature incrcascs, and in watcr conwining 5 ppm CI-, a broad maximum 
occurs at  tcmperaturcs of -170-210°C. SSRT data by Ruthcr ct a19 and Fordlo suggest that 
environmcnwlly assisted CGRs of austenitic SSs pcak at =200-225"C and that in H P  water (conductivity 
<0.2 KS.cm-'), CGRs decrease at both highcr and lowcr tcmperaturcs. In tests by Ruthcr et a19 at highcr 
impurity levels (conductivity >0.9 pS-cm-I), no dccrcasc was obscrved at higher tempcraturcs. Because the 
tests were pcrformcd only with H2S04 additions, it is not known whcthcr this cffect was associated with 
spccific chemical spccics or  dcpcnds only on thc overall impurity (conductivity) level. In fracture- 
mechanics CGR tests at R =  0.95. Rulhcr et al.9 confirmed that in HP watcr, CGRs at 320°C were much 
lower than at 288°C. Andresen* found that CGRs in fracture-mcchanics tests are typically 10-20 times 
higher at 200°C than at 288°C. His data also suggcst a sharp drop in CGRs at tempcratures of >300"C in 
HP watcr. At the cnd of the ICSE, the spccimcns wcre sectioncd for mctallographic examination. The crack 
paths and fracture surface rnorphologics of the speciincns indicatc a prcdominantly uans&pnular mode. 

Most of thc available dam on corrosion fatigue of piping and pressure vessel steels in aqucous 
environments havc becn developed in s u p p r t  of light-watr-reactor (LWR) tcchnology in thc United States 
and abroad. BCcduSe Scction XI of the ASME Codc currcntly providcs only an in-air design curve, 
corrosion fdtiguc data in simulatcd boiling-watcr-rcactor (BWR) environmcnls, obtained at Argonne 
National Laboratory (ANL) and from thc litcrature, havc bccn analyzcd to develop corrosion fatigue curves 
for S S s  in aqueous cnvironmcnls.ll The approach is basically an update of the work of Gilman et d.,I2 
incorporating additional daw that are now available. Thc modificd cquations from Section XI of the ASME 
Code for fatigue crack growth of Type 301 S S  in air (ASME air curve) and crack growth curves in 289°C 
water1 form a useful basis of comparison for our currcnt rcsults undcr spccific loading conditions at lowcr 
temperatures. 

The CGR, a , in thc cnvironment is writtcn as a superposition of a term representing the 
contribution of strcss corrosion cracking (SCC), iscc: a corrosion fatigue term, a represcnting thc 
additional CGR undcr cyclic loading duc to the cnvironmcnt; and a mechanical fatigue term aar. 
representing thc Tatiguc crack growth in air: 

* Private communication. Pcter Andrencn, Gcneral Electric Corporate R & 0 Center. to W .  J. Shack, 
Argonnc National Laboratory. May 1991 
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Figure 1. Dependence of cruck growrh rares of 7ypes 316NC und 316L SS on Cl- concenrrution 
in oxygenured wuler ur I50 and 225 *C during high-R. low-frequency loading 
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Figure 2. Dependence of crack growrh rates of Types 3l6NG und 316L SS on reciprocal 
lemperarure during high-R. low-frequency louding in IIP uxygenared waler and 
oxygenaled warer conraining 5 ppm C1F 

For the SCC tcrm, the corrclation given in the U S .  Nuclcar Kegulatory Commission Report NUREG- 
0313, Rev. 2 ,  January 1988, is used for watcr chcmistries with 8 ppm dissolvcd oxygen: 

iscc = 2.1 x 10-13 ~ 2 . 1 6 1  (m.s-1). (2) 

The air term is given by thc current ASME Section XI correlation a1 2XX"C, based on the work of James 
and Jones: l 3  

air = 3 . 4 3 ~  IOF1' S(RjAK3.3 ITR (m.s-lj 
S(Rj =1+1.18R R 5 0.8 

R > 0.8 = 4 3 . 3 5  + 51.91 R (3) 
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where TR is the risc timc of the loading wavcform. Following Shoji et 
corrosion fatigue term is ssumcd to bc rclaled to aGr through a powcr law, 

and Gilman et al.,12 the 

i,, = A iZr .  (4) 

The valucs of the coefficient A and thc cxponent m for water with X ppm dissolved oxygen at 288°C. 
obtained by an empirical power-law curvc fit to the existing data for R ~ 0 . 9  (where cyclic loading 
dominates and the stress corrosion term in the superposition model Eq. 1. can be ignored). arc 

A = 1.5 x IOA 

m = 0.5, 

for CGRs in m.s-' and K in MPa.m1/2. 

(5) 

The availablc cxpcrimcntal daw for sensitized Type 3W SS in water with 8 ppm dissolvcd oxygen at 
288°C are comparcd in Fig. 3 with corrclations based on Eqs. 1-5. In most cases, the correlations wcrc 
intendcd to be conscrvativc but not necessarily upper bounds Tor all the daw. Thc data from the ANL less 
in simulatcd BWR environmcnts arc summarizcd in Ref. 15. The othcr data wcrc obtained from the 
lilcrature (Refs. 1 6 2 2 ) .  Although i t  is clcilr that nonscnsitizcd steels such as Typcs 316NG, CF-3M, and 
solution-annealed 304 SS are much more rcsistant to SCC initiation. thcy show comparablc 
environmcnlally enhanced CGRs undcr cyclic loading. 

10-11 10~10 1 o - ~  10-8 10-7 
CGRa,,(m.s~') 

Figure 3. Corrosionfatigue data for sensirired Type 304 SS 
in  waier conruining 8 ppm dissolved oxygen ai 
2XR"C compurcd with models. Diagontil line 
corresponds 10 cruck growrh in air. 

Thc corrclations (Eqs. 1-5) and daw (Fig. 3) arc based on tests at 288°C: relatively few data arc 
available in lhe literature on corrosion fatigue CGRs at othcr tcmpcraturcs. Thc CGRs in Table 2 were 
comparcd with those predictcd by the mcdilicd ASME Scction XI htiguc crack growth correlation for Type 
304 SS in air (Eq. 3) under the loading conditions in the dirkrent tests. Thc results are plotted i n  
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Figs. 44. Almost all of the data points in Fig. 4 and 5 fall above thc diagonal line, i.e., the cxpcrimental 
CGR values in water are highcr than the Code prcdictions in air by factors of =5 to 10. Under these loading 
conditions, the cnvironmenml contribution to crack growth is significant. The rcsults at 150°C (Fig. 6) 
indicatc that CGRs in watcr containing 1 .0 and 0 ppm CI- arc eithcr consistcnt with or lowcr than the Code 
prcdictions (diagonal linc), rcspcctively, which implies that crack growth is dominatcd by mechanical 
fatigue. In oxygcnatcd water containing 5 ppm CI- at 150°C. the environmental cnhanccment compared to 
air is small (greatcr by a factor of =2). Bccause thc Code curve is drawn at a 95% confidence lcvel, it is not 
sulprising that in the abscnce of environmcnwl effects, Ihc Code prcdictions are sorncwhat conscrvativc. 

Although the prescnt data (Figs. 4 4 )  arc probably inadequate to cornplctcly quantify the effects of 
temperature on CGRs in watcr, the corrclations’l based on data at 288°C arc consistcnt with rcsults at 185 
and 225°C. but arc conscrvative for tcmpcratures 5150°C. 

ol 
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I 1 0-l0 
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, ... , 

0 0440104 

/ 0 13198 
A 16650 

Predicted / (289°C) 

1 0 ~ ”  10-10 10.9 10-8  10.7 
CGRair (m.s.’) 

Figure 4 .  Corrosion fatigue dara ut 225% in water containing 
8 ppm dissolved oxygen and 0-5 ppm Cl- compared 
wirh model. Diagonal line corresponds 10 crack 
growth in air. 

CONCLUSIONS 

CGR tests were pcrformed on a sct of three ITCT spccimcns of Types 316NG and 316L S S  in 
oxygenated water conlaining 0-5 ppm CI- at 150, 185, and 225°C. Thc rcsulu; obtained at 225 and 185°C 
at and R value of 0.7, a frequency of 0.09 Hz, and strcss intensity factors of -27 to 39 MPa.rn’/z indicate 
environmental enhancement rclativc to calculatcd rates in air under the spccilic cyclic loading conditions. In 
contrast, the dam obtained at 150°C wcre consistcnt with thc predicted ram in air, particularly at lower CI- 
concentrations (is?., <1 ppm). Prcdictions of a model (dcvcloped at ANL’I) for corrosion fatigue of 
austenitic SSs in aqueous envuonmcnts at 288°C arc consistcnt with data obtaincd at 185 and 225°C in this 
study. The model must be rnodificd to accurately predict CGRs at tcrnpcratures <170°C. 
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wiili model. Diagonal line correspundr 10 crack 
growth in  a i r .  
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FUTURE WORK 

Crack growth rate tern will be conducted on another sct of lTCT specimens from several heats of 
Type 316NG S S  in simulated ITER water chemistries under cyclic loading conditions. The tests will be 
performed at higher load ratios and lower frequencies that are more typical of rcactor loading conditions. 
The influence of temperalure on CGRs will also be investigated. This information will suppleinenl the 
existing data base developed for EWRs, as well as the ASME Boiler and Pressure Vessel Code, ASTM 
Standards, and other consensus codes and srandards. The tests will provide a technical basis for selection of 
appropnatc crack growth curves for design and analysis, and will confirm h a t  the chances of serviceinduced 
cracking of a candidate rnatcrial for ITER first-wall/blankct systems are small. 
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DEVELOPMENT OF ALUMINIDE COATINGS ON VANADIUM-BASE ALLOYS 
IN LIQUID LITHIUM' - J.-H. Park and G. Dragel (Argonne National Laboratory) 

OBJECTIVE 

The corrosion resistance of shuctwal materials and the magnetohydrodynamic (MHD) force and its 
subsequent influence on thermal hydraulics and corrosion are major concerns in the design of liquidmetal 
blankets for magnetic fusion reactors (MFRs). The objective of this study is to develop in-situ stable 
coatings at the liquid-metalhrmctur-mateMl interface, with emphasis on coatings that can be convetted to 
an electrically insulating film to prevent adverse MHD-generated currents from passing through the 
structura~ wa11s.1-3 

SUMMARY 

Aluminide coatings were produced on vanadium and vanadium-base alloy8 by exposure of the 
materials to liquid lithium that contained 3-5 at.% dissolved aluminum in sealed V and V-20 wt.% Ti 
capsules at temperatures between 775 and 8800C. After each test. the capsules were opened and the samples 
were examined by optical microscopy and scanning electron microscopy (SEM), and analyzed by electron- 
energy-dispersive spectroscopy (EDS) and X-ray diffraction. Hardness of the coating layers and bulk alloys 
was determined by microindentation techniques. The nature of the coatings, i.e., surface coverage, 
thickness, and composition, varied with exposure time and temperature, solute concenmtion in lithium, and 
alloy composition. Solute elements that yielded adherent coatings on various substrates can provide a 
means of developing in-situ electrical insulator coatings by reaction of the reactive layers with dissolved 
nitrogen in liquid lithium. 

INTRODUCTION 

The corrosion resistance of structural materials and the MHD force and its subsequent influence on 
thermal hydraulics are major concerns in the design of liquid-metal cooling This study focuses 
on the development of in-situ stable corrosion-resistant coatings at the liquid-metavsuuctur-material 
interface. The coatings should be capable of (a) forming on various shapes such as the inside of tubes or on 
irregular shapes during operational conditions, (b) improving general corrosion resistance, and (c) acting as a 
diffusion barrier for hydrogen isotopes, viz.. deuterium and tritium. 

COATING METHODS 

Aluminide coatings that form on srmcwral alloys during exposure to liquid Li that contain dissolved 
Al suggest a means f a  producing stable electrical insulator layers, such as AN, by subsequent nihidation 
of the intermetallic layer in the liquid-metal environment? The formation of several aluminides (VxAly) 
that contain >40-50 at.% of AI on V-base alloys can be predicted from the V-AI phase diagram5 The Al- 
Li phase diagram5v6 indicates that AI is soluble in liquid Li, whereas V is not soluble in Li.' These phase. 
relations make up the underlying basis for the formation of aluminide coatings on V and its alloys in liquid 
Li. Aluminide coatings were produced on V and V-base alloys by exposure of the materials to liquid Li 
that contained 3-5 at.% AI in sealed V and V-2O%Ti capsules? The nature of aluminide coatings formed 
on V, Ti, and V-base alloys containing Ti and Cr at 7754380°C is described in this repon. 

Work supported by the US. Department of Energy under Conhact W-31-109-Eng-38. 





407 

90 . I I I I I I 

-. x.-- 
,' 880°C 

80 .................................. ............... r! ................. x ............ 1 

g70 

8 60 
2 
; 50 

4 m - 
L m 
40 

30 

20 

Figure 2. Aluminum content of aluminized surfaces formed 
on several V-base alloys and Ti at several 
temperatures between 775 and 8809: 

--..-...-....-.; . ~ -  , .......... 8sOQ.c~ .... : . -x' 
0 7  

800°C 

\ ,- , 
! ........ : y e -  --...r' 

- - ......................... ...................................................... 

_ ........................... 
- ........................... 

I I I I I I 

Figwe 3. SEM photographs of a cross section of an aluminide 
layer on a V-208Ti alloy specimen: (a) brightfield 
and (b) back-scatter electron image 



408 

'-20%Ti: aluminized at 860°C = loom 

5' ; 10 
b 
3 

Vanadium: aluminized t I at 860°C 

I 

1 10 100 0.1 1 10 100 
Depth (pm) Depth (pm) 

hemical composition as a function of depth for aluminide layers on (a )  V-2O%Ti and (b) V 

iardness measurements of the aluminide layers and the underlying V and V-2O%Ti alloy were 
-and 50-g loads. The aluminide layers were harder than either V or V-'ZO%Ti, which can be 
iterstitial AI atoms in the cubic lattice of V. Because the distribution on nonmetallic 
, C, H) between V-base alloys and Li favors the Li, the alloys tend to become depleted in 
nu during exposure to high-temperature Li. Consequently, the hardness increase is most 
ly diffusion of AI into V and V-20%Ti. Our experience indicates that V becomes more 
mure to liquid Li. 

illustrates the high degree of coverage of an aluminide layer on a weld joint between a 
and a V disk, as well as in the crevice region where fusion did not occur. Figure 5a shows a 
' the capsule containing the weld zone; it reveals shallow penetration and a crevice between 
: disc. Figure 5b shows this region in higher magnification. The aluminide coating is not 
the surface of the tube and the face of the disk, but also penetrates the 1- space between 
ibe and V disk. The thickness of the coating in this region is similar to that on the inner 
]be and the disk exposed to liquid Li. Figure 5c shows that the gap region between tube and 
disk (denoted by the arrow in Fig. 5a) has also been coated. The coating behavior suggests 
ion is the main process. 

IS 

nodification via high-temperature liquid-phase deposition can provide intermetallic aluminide 
ious alloys, namely, V, V-S%Ti, V-2O%Ti, V-S%Cr-S%Ti, V-15%Cr-S%Ti, and Ti. This 
tated in liquid Li because surface contamination by 0 2  or oxide films is virtually eliminated 
to produce homogeneous coatings on various surface shapes can be controlled by exposure 
re. and composition of the liquid metal. Coating integrity does not appear to be sensitive to 
?en pores, fissures, or microcracks) present in the alloy substrate. Conversion of aluminide 
:mica1 insulator coating (e.& an A N  film) in liquid Li is being investigated. 

XES 

if mechanical-umuerty8 and irradiation+Iarna~e~*~~ studies indicate that V-5%Cr-5%Ti is . .  - I 

ring V-base alloy for MFR applications. Consequently, the coating develdpment study will 
S%Cr-5%Ti alloy. 
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Figure 5. (a )  Cross section o f  weld zone between V-ZO%Ti tube and V disk, (b) aluminide coating on 
nuface oftube and disk and in crevice region betneen tube and disk, and (c) coating of gup 
region between tube and disk, denoted be arrow ir: (a )  
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CERAMICS RADIATION EFFECTS ISSUES FOR ITER--S. J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

To review the key radiatiou effecL5 issues associated with the use of ceramic insulators in near-term fusion 
reactors. 

SUMMARY 

The key radiation effects issues associated with the successful operation of ceramic materials in 
components of the planned International Thermonuclear Experimenlal Keactor (ITER) are discussed. 
Radiation-induced volume changes atid degradation of the mechanical properties should not be a serious 
issue for die Iluences planned for ITEK. On the other hand, radiation-induced electrical degradation 
effects may severely limit the allowable exposure of cer;mic insulators. Degradation of the loss tangent 
atid thermal conductivity may also restrict the location of some componens such as ICRlI fceddirough 
insulators to positions far away from the first wall. In-situ measureinents suggest Ulat the degradation of 
physical properlies in ceramics during irradiation is greater than that measured in postirradiation tests. 
Additional in-situ &ita during neutron irradiation arc needed before engineering designs for II'ER can tc 
finalized. 

INTRODUCTION 

Ceramic insulators are integral parts of iiumcrous components esscnlial for the heating, control, and 
diagnostic measurement of fusion plasmas. The proposed International Thermonuclear Experimental 
Reactor (ITER) will be the fxst fusion plasma machine to receive significant amounts of ndiation damage 
due to the anticipated extended periods of operation wilh a deuterium-tritium fuel mixture, which 
generates 14 MeV neuuons and intense ionizing radiation fields. As shown schematically in Figure 1,  the 
anticipated radiation fields to be experienced by ceramic components in ITER range from ionizing and 
displacement damage fluxes of < I  Gy/s and <IO-" dpds at the neutral beam insulators located several 
meters outside of the vacuum vessel to -IO4 Gyls and dpds for diagnostic component insulators 
located near the first wall (Clinard 1979, Scott et a. 1985, Zinkle axid Hodgson 1992). Most of Ulesc 
ceramic insulators will have moderate elecuic fields (10 to loo0 Vhnm) applied during thek operation. In 
addition to maintaining adequate dimensional stability and mechanical properties through their design 
lifetime, ceramic insulators must also maintain acceptable physical properties during irradiation. The 
physical properties of greatest interest for fusion applications are electrical conductivity (dc and ac), 
dielectric loss tan&ent at frequencies from SO MIIz to 200 GHz, and thermal conductivity. 

ORNL DWG 912-15776A , .. 
Siiperconducling 
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Fig. 1 .  Range of ionizing and displacivc radiation fluxes anticip:ited for ceramic components in ITER 
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As discussed by Zinkle and HwJgson (lY92), radiation-induced swelling a i d  mechanical property 
degradation of ccnmics typically become significant after damage levels greater than 1 dpa. This damage 
level is in excess of the anticipated lifetime dose of many of the ceramic components in II'EK. 
Unfortunately, recent data suggesLF that significant degradation in the physical properties of ceramic 
insulators may occur during irradiation to doses much less than 1 dpa. A particularly important point 
regarding the experimental measurement of the physical properties of ceramics is that the value measured 
during irradiation can he significantly different from the postirradiation value (Zinkle and Hodgson 1992). 
This highlights the importance of ohlainirig data in-situ during irradiation, since the anticipated physical 
property changes that occur during operation are the relevant parameters for fusion design purposes. 
Unfortunately, with the exception of measurements of the transient radiation-induced electrical 
conductivity in ceramics (with little or no displacement damage), there has been only a handful of in-situ 
physical property measurements ohtruned on ceramics during irradiation. In the following sections, the 
available data on in-situ measuremem of changes in the electrical conductivity. loss LvlgcnL and thermal 
conductivity are summarized. 

ELECTRICAL CONDIJClIVITY 

Ionizing radiation excites hound electrons from the valence band of  insulators into the conduction hand. 
l h e  resultant lrec clcctron-hole pairs are very mnhile and can produce a large enhancement in  the 
ClecLTiCdl conductivity of iiisulators. 'l'lic clecuical conductivity during irrxliation is given by: 

o = 0, + KP (1) 

where so is the conductivity in die absence of a radiation lield (hase coiiductivity), and the second tenn 
represents the radiation-induced conductivily (KIC) where K is the ionizing dose rate and K and d are 
constants which depend on material and irradiation conditions (Kose 195.5. van Lint et al. 1957, 1980, 
Pells 1991b). It  is generally observed that the RIC is proportional to the ionizing radiation f lux  (d = I),  
although the specific relation between RIC and flux depends on the details of electron-hole trapping and 
recombination (and hence on experimental variables such as tcmperature aiid impurity content). Most 
studies have found that the KIC is only weakly dependent o n  irradiation temperature (Zinkle and Ilodgson 
1992). Figure 2 summarizes some RIC d m  t h t  has been ohuiiicd on liigli-purity oxide insulators during 
irradiation nenr room temperature (vao Lint et al. 1968. KI:llfky et al. 1980, Pells 1986, 1991h, Ilodgson 
and Clement 19R6). The ronm temperature couiluctivity in the ahseiicc of rxliation wiis <10-12/W-m i n  

ORNL DWG 93M-5WOR 
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Fig. 2. Radiation induccd conductivity of pure oxide ceramics meaured during irrdiation near room 
temperature. 
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these materials. The RIC for the three oxides shown in Fig. 2 is directly proportional to the ionizing dose 
rate over a wide range (10 orders of magnitude) of flux.  Since the maximum ionizing dose rate associated 
with a fusion reactor is -IO4 Gy/s, Fig. 2 indicates that the associated maximum RIC expected in pure 
ceramic oxides in fusion reactor components would be -10-6/W-m. Although this conductivity is a 
significant increase compared In the nonirradiated room temperature value of<10-'2/W-m, it is too low to 
he of concern for fusion reactor insulator applications. The maximum conductivity allowable in fusion 
insulators ranges from -lW4 to I N - m ,  dcpcnding on the application. Hence, based on prompt RlC 
measuremeiits alone, one would anticipate that ccrarnic insulators should operate satisfactorily in a fusion 
irradiation environment. 

Recent in-situ studies have determined that there is an additional, potentially more serious, degradation of 
the electrical resistivity of ceramic insulators that only occurs when displacement damage and an electric 
field are simultaneously present (along with ionizing radiation) during the irradiation (Ivanov et al. 1981. 
llodgson 1989, 1991, 1992a, 1992h, Pclls l99la, Shikama et al. 1992). Figure 3 shows the dose- 
dependent electrical conductivity of AI203 measured in-situ during 1.8 MeV electron irradiation at 450°C 
with an applied electric field of 130 V/mm (flodgson 1989). The conductivity rapidly increased to a 
plateau regime at the beginning of the irradiation due to ionization-induced RIC effects. However, 
accumulated displacement damage it1 the presence of an applied electric field eventually caused the 
conductivity to increase above this plateau level. llodgsoo (1989, 1991, I W a ,  19926) has shown that the 
conductivity increase associated with accumulated displacement damage represents a permanent 
degradation in the base conductivity so (Eq. I )  of the ceramic. As showii in Fig, 3, the hase conductivity 
measured in the absence of radiation (so) steadily increases with increasing dose and can become much 
larger than the KIT component. Of particular importance is that, unlike KIC, this radiation induced 
electrical degradation (KED) rcpreseiits a Frmanent dcgradation of Uie electrical conductivity and cannot 
be recovered by thermal annealing (Pclls 199la). Permaiient degradation in the electrical conductivity of 
A1203 and MgA1204 above 10-4N-m has been observed by Pells (199la) after light ion irradiation. 

a 2 4 
DISPLACEMENT DAMAGE I I ~ I F ~  d w  

Fig. 3. Fluence-dependent behavior of the electrical conductivity of AI203 measured in-situ by FIodgson 
(1989) during 1.8 MeV electron irradiation at 450°C with an applied dc electric field of 130 V/mm. The 
ionizing dose rate was 2800 Gy/s. 

Complete quantification of the magnitude of RIED is hampered by a lack of data on the influence of 
electric field strength. Umperature, aid irradiation spectrum. In che absence of an applied electric field, 
permanent electrical degradation apparently does not occur in imdiated ceramics. Instead, several studies 
have shown that ceramics olten hecome better insulators after irradiation if an electric field is not applied 
during the irradiation (Thitchcr et al. 1964, Klafky 1980, Zinklc and Hodgson 1992). As summarized by 
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Zinkle and Hodgson (1992), significant permanent electrical degradation can occur if an electric field > I O  
V/mm is applied during the irradiation, and the degradation process is accelerated if the electric field is 
greater than -60 Vimm. The degradation occurs for both dc and ac fields, up to at least 126 MHz 
(Hodgson 1992a). The electrical degradation process is apparently maximized a1 temperalures between 
300 and 600°C (Zinkle and Hodgson 1992, Pells 1992~1). This temperature dependence is consistent with 
suggestions (Hodgson 1991) that the R I D  may he aqsociated with the formation of merallic precipitates 
(colloids). 

There are scvcral indications that irradiation spectrum may have a significant inllucnce on the kinetics of 
RED. In particular, there is considerable evidence that llie electrical degradation process is accelerated in 
radiation environments with a high ratio of ionizing to displacive radiation. Figure 4 compares the resulrs 
of several recent RlED studies on AI203 that have been performed at temperatures of 450 to 530°C using 
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Fig. 4. Effect of extended irradiation in differcnt radiation fields oii the clcctrical conductivity of A1203 
The electric fields present during irradiation ranged from 130 Viinm (Hodgson 1991) to 500 Vinun (Pells 
1991a and Shikama ct al. 1992). Ihe figure includes unpublished dah by Zinkle and Kestemich obtained 
with an applied electric field of 500 Viirun. 

electron, light ion, and fission reactor ii~adiation sources (IIodgson 1991. Pells 1991a Shikama et al. 
1992). It can he seen Uiat the dose required to initiate signilicant pcnnancrit electrical degradation (>1 x 
1 0 - 5 / ~ - ~ )  is <io-4 dpa for e~ectroii imadiation, whereas >0.1 dpa is required to induce a similar amount 
of degradatioii during fission neutron irradiation. lhc  accclerakd degradation process found in highly 
ionizing enviroiiinenLs such as electron irradialion may be due to UIL. phenomenon of ionization-enhanced 
diffusion (Zinklc 1993). For II'ER desigii applications, the lission neutron data shown in Fig. 4 is the 
closest match to the anticipated ionizing and displacement h n a g e  radiation lields in a fusion reactor fKst 
wall or blanket. Ilowcvcr, additional data are needed over a wide rmge of temperature aid dose in order 
u) better assess the potential problems associated with KlED in ceramic insulators. I n  particular, extended 
in-situ neutron irradiation dala are needed to deknnine if the R E D  process causes the conductivity to 
significaiitlyexceed 10-4/W-m (the maximum allowable coiiductivily for some fusion insulator 
applications). 

Due to h e  inherent difficulties associated with ohraining in-situ electrical conductivity data, there are only 
a few published studies Ihat have monitored the performance of ceramic insulators during neuUon 
irradiation with an applied electric field. As summarized by Thatcher et al. (1964). no permanent 
degradation was observed in ceramic insulators or capacitors after fission reactor irradiation at 
temperatures of -250°C to damage levels of about 2 x dpa. I n  addition, little or no degradation 
occurred in A1203 or Y203 for neutron doses of 0.01 to 0.1 dpa at temperatures of 700 to 1100°C with an 
applied field of -40 V/mm (Grossman and Kaznoff 1966, Ranken and Veca 1988, Ranken 1991). 
Considering these data and other published RlED fission neutron studies (Gus'Jkov and Sachkov 1959, 
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Ivanov et al. 1981, Shikama 1992). it appears that RIED should not he a serious ITER design concern for 
damage levels less than to 0.1 dpa, depcnding on the particular ceramic and irradiation temperature. 
Further study is clearly needed to improve the data base for ITER ceramic insulator engineering designs. 

DIl?LECTRIC PROPERTIES AT RADIO FREQLENCIES 

The p w e r  ahsorkd by a low-loss dielcctric from an incident electromagnetic wave is given by 

where w is the angular frequency of the ac electric field with root mean square amplitude E, e$ is the 
dielectric permittivity, and tan d is the loss tangent (Kingery et al. 1976). For ITER applications, the 
dielecuic loss factor, e$ LW d, should he less than lo-* for ion cyclotron (-100 MIIz) heating applications 
and less than ahout for electron cyclotron (-100 GIIz) heating applications to avoid excessive healing 
in thc dielectric. The dielectric permittivity of most ceramic insulators is approximately 10 eo over a wide 
rangc of temperature and frequency, whcre eo is the permittivity of free space. The value of tan d for low- 
loss dielectrics is dcpendcnt on temperature and frequency (Ilcidinger 1991). Typical unirradiated loss 
tangent values for a low-loss dielectric such as single cryslal alumina at a frequency of 1M) MHz are 
at r m m  temperature and -10-6 at 77 K. 

Radiation-induced changes in the dielcctic properties occur mainly in the loss tangent; most studies have 
found that the dielectric constant remains within S% of its nonirradiated value (Zinkle and Hodgson 
1992). The radiation-induccd changes in the loss tangent can he described by two main components 
(Kingery et al. 1976, Pells and llill 1986): 

The first term rcpresenls electrical conductivity (s) joule heating losses associated with RIC and R I D .  
The second t e n  represents polarization losses associated with the accumulation of displacement damage 
in the form of point defects or defect clustcrs, where c5 is the imaginary part of the elcctric susceptibility. 
From Eq. (3) the loss tangent increase at a frequency of 100 MIIz associated with RIC or R E D  during 
irradiation is simply: 

(Atan6), z 180 ( 4 )  

where s is measured in units of (W-m)-’ and assuming a typical dielectric constant of e$/% = 10. It can be 
seen from Eq. (4) that an electrical conductivity of - 5 xlO-s/W-m in the dielectric produces an 
unacceptable loss tangent increase of 10-3 in c e m i c  components at frequencies relevant for ion cyclotron 
heating (100 MHz). Similarly, an unacceptable loss tangent increase of also occurs at electron 
cyclolron heating frequencies (-100 Glfz) for a ccramic electrical conductivity of -5 x 10-s/W-m. Hence, 
considerations of RIC and RIED are even more important for diclecuics in radio frequency heating 
component.% than for dc fusion insulator applications. 

Postirradiation measurements have generally found that neutron doses in excess of 0.1 dpa are required to 
increase the room temperature loss mgent  of low-loss ceramics to (Heidinger 1991, Zinkle and 
Hodgson 1992). Ilowcver, i t  should he recognized that these postirradiation measurements did not detect 
the electrical conductivity contribution associated with RIC or RIED (Eq. 4), since an electric field was 
not applied during the irradiation. In-situ measurements during extendcd irradiation with an applied 
electric field must he perfonned to assess thc magnitude of this cornpone~lt of thc loss tangent degradation. 
In addition, Buckley and Agnew (19x8) have shown that a significant amount of the loss tangent increase 
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that is present immediately after irradiation is recovered by annealing at room temperature for several 
hours. Postirradiation rneasurerncnlS on neutron irradiated ceramic specimens are typically not performed 
until weeks or mnnths after the end of the irradiation. Ilence, much of the displacement-induced loss 
tangent degradation may have recovered prior to the measurements. 

Figure 5 shows the loss tangent at 100 MHz meawred in-situ for six differcnt ceramic insulators during 
pulsed fission neutron irradiation at room temperature (Stollcr et al. 1992, Goulding et al. 1993). A large 
transient increase in the loss tangent was observed in all six materials during the -30 ms pulse length, and 
the loss tangent rapidly recovered to near the unirradiated value after the pulse. The in-situ loss tangent 
increaqes during the irradiation pulse were correlated with the ioniLing radiation flux, and it was determined 
by Pb shielding expcrirnents that the trwisient loss tangent increases were due to RIC effects, as described 
by Eq. (4). Thcre was no correlation between the prcirradiation (or post- irradiation) loss tangent and the 
loss tangent mcawred during the irradiation pulse, which underscores the importance of in-situ 
measurements for ITER design purposes. In a scparatc study, in-situ measurements made at higher 
frequencies (1 to 10 GIIz) did not rccord any significant increase in the loss tangent of several ceramics 

sapp,,l,o 9 9 8  % 97 Tr Splnrl A l l 4  S i , l I a  
A1,03  A120, 

Loss tangent o l  ceramic insulators inc;isurcil in-situ hefore and during pulsed fission neutron 
irradiation at r m m  temperature (Goulding et al. 1993). 

during pulsed neutron irradiation above their nonirradiatcd room temper;ilure viilucs of (Edelson et 
al. 1969). The expected conlribution of ioiii~;~lion-i~iduccd electrical conductivity (RIC) to the loss tangent 
at these higher frequencies is small (- lO~s) compared to the room temperature pnlarization losses (Eq. 3 ) .  
However, prompt KlC effects could still he sigiiilicant at lliese fiequcncies, since Uie m,uunurn loss migent 
that could be tolerated in a high power plasma licatiog system operating at 1 to IO GlIz (lower hybrid 
regime) would be -lo-? which corresponds to ai RIC of S x10~5/w-n~. 

There is only one known in-situ study Uial examined the cllect of extclldcd irradiation on the loss kulgent. 
Bucklcy and Agnew (1991) found Iliac llic dielectric loss factor (e$ tan d) of A1203 increased above an 
unacceptable level of lo-* at 60 MIIz duriiig rmm temperature proton irradiation alter a displacement 
dose of only dpa. An r l  electric field of -10 V h n  was applied during the irr a d', ration. In view of 
the apparent strong inlluencc of irradiation spectrum 011 the K E D  measurements (Fig. 4). it  appears 
essential for ITER design purposes Uiat extended in-situ IICU~~OII irradiation experiments must be 
performed to confinn if a similar rapid degradation of  the loss kingent occurs during neutron irradiation 
with a fusion-relevant applied r l  field. 
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THERMAL CONDUCTIVITY 

A high thermal conductivity is desirable to minimize thennal stresses tliat could lead to mechanical failure 
of ceramic components such a$ rf windows and insulating feedthroughs. Postirradiation measurements 
have found that the ream temperature thermal conductivity of ceramics is reduced to 10 to 50% of the 
unirradiated value after neutron irradiation to doses of -0.1 dpa, and that further irradiation produces an 
apparent saturation in the conductivity degradation (Wullaert et al. 1964, Wilks 1968, Sandakov et al. 
1984, Rohde and Schulz 1990, Heidinger 1991, Yano and Iscki 1991). The rate of degradation of the 
thermal conductivity for ceramics irradiated or measured a1 cryogenic temperatures is proprtionally much 
greater (Berman et al. 1955, McDonald 1963, Pryor et al. 1964, Sake and de Goer 1988). 

These postirradiation results must he considcred lower limits to Uie amount of thermal conductivity 
degradation that would occur during irradiation, since suhstantial annealing of point defects and small 
point defect clusters may occur at room temperature during the time interval between the end of the 
irradiation and the start of the postirradiation measurements (typically several months). The limitcd 
amount of published in-situ thermal conductivity data indicates that post- irradiation mnealing at mom 
temperature may induce a significant (>30%) recovery of the thennal conductivity degradation in some 
cases (McDonald 1963, Keilholtz et al. 1964. Davis 1966). Postirradiation annealing effects hecome 
insignificant for ccramics irradiated at temperatures well above room temperarure. 

In contrast to the electrical conductivity and loss tangent behavior, there does not appear to he any prompt 
degradation in the thcrmal conductivity of ceramics associated with ionizing radiation; no instantaneous 
changes in the thermal conductivity occurred during low flux (-1 Gy/s, dpds) fission reactor 
irradiations as the neutron source was turned on and off (McDonald 1963, Davis 1966). Figure 6 shows 
the calculated degradation in the thermal conductivity of ,41203 at 400 K due to increased phonon-electron 
scattering associated with RIC (White 1993). It can he secn Ihat RIC valucs as high as 10-2/W-m produce 
a negligible (~0.1%) degradation in the thermal conductivity. 

c 
U 1 10.’ 1 o - ~  1 0 ~ 3  10.1 

Radiation Induced Conductivity ( ohm-m )-’ 

Fig. 6. Calculated fractional decrease in the thermal conductivity of AI203 due to radiation induced 
electrical conductivity (electron-phonon scattering) at 400 K. 

Point defecb and small defect clusters are effective phonon scatterers, and hence can cause large 
degradations in the thennal conductivity of ceramics (Klemens ct al. 1976, White 1993). Calculations by 
White (1993) indicate that a point defect concentration of 1 at. % can produce -40% degradation in the 
thermal conductivity of ,41203 at 400 K. Such point defect concentrations have been indirectly observed 
from lattice parameter and density measurements on ceramics after neutron irradiation near room 
temperature to dunage levels of about 0.1 dpa (Wullaert et al. 1964, Thome et al. 1967, Wilks 1968, 
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Palentine 1980). Since point defects can recombine or coalesce during postirradiation annealing at room 
temperature, there is a strong need for in-situ thermal conductivity measurements to assess the amount of 
degradation that occurs during irndiation. 

In-situ measurements are generally not needed for high temperature (A00"C) applications, since 
significant defect annealing will occur during the irradiation aid subsequent postirradiation annealing at 
rmm teinpcralure would be insignificant. However, it should be recognized that Uie amount at thermal 
conductivity degradation that (xcurs as the result of high-temperature irradiation (measured in-situ or 
postirradiation) will generally depend on the irradiation flux, due to defect annealing that occurs during 
the irradiation (Keilholtz et al. 1964). Ilence, application of postirradiation thermal conductivity data 
must take into consideration the irradiation flux along with the accumulated amount of displacement 
damage. 

A final concern is the possibility that different radiation-induced defect microstructures may develop in 
ceramics irradiated under fusion-relevant electric fields and mechanical stresses. In particular, the 
possible formation of colloids (metallic precipitates) in ceramics in-adi;ited i n  the presence of an electric 
field would introduce an additional component to Uie thermal conductivity degradation since these 
colloids would he effective phonon scatterers (Klemens et ad. 1976, White 19%). 

DISCUSSION AND CONCISJSIONS 

Due to their relative ease and lower cost, postirradiation measurements have beell used almost exclusively 
over in-situ measurements in radiation effects studies on  materials. Although a large amount of 
postirradiation physical property daw has been accumulated on ceramic insulators, this data pool is not 
directly relevant for ITER design purposes since it  is generally an improper measurement of the in-situ 
degradation. There are two rezsons why in-situ measurements are needed for an accurate awxsment of 
the pokntial pcrformance of ceramic components in a radialion environment. Fis t  in-situ measurements 
can detect transient property changes that occur &mg irradiation that either vanish quickly (e.g., RIC) or 
gradually recov~r (e.g., point defect annealing) after irradiation, and hence would not be fully detected in 
postirradiation measurements. Second, the recent discovery of new radiation-induced phenomena such as 
RIED demonsuatcs that the microstructural development during irradiation will, in general, depend 
strongly on the electro-mcchaniail environment in addition to the iiradiation spectrum. This consideration 
requires that irradiations be performed with applied clecu-ic fields and mechanical stresses that are 
comparable to the intended fusion component operating condition. For example, the possibility that 
applied mechanical loads during irradiation might iiccelcrate Uie mechanical property degradation of 
ceramics beyond that observed in conventional post- iiradiation tests (due to radiation-enhanced crack 
initiation or stress corrosion cracking) should bc invesligated. 

It appears at the present time that Ihc useful lifetime of cer:unic iiisulators in fusion reactor components 
will k controlled by dcterioratinn in  their physic:ll propcrties (e.g., eleclrical conduclivity or loss tangent) 
rather than by structural degradation (c.g., swelling or flexure strength). Unacceptable degradation in Ihe 
physical properties of ceramic iiisulators may occur after Lamage lcvels as low as m3 dpa, depending on 
temperature, radiation spectrum, dose rate, and the elcctro-mechanical environment. This corresponds to 
less than one hour of fu l l  power opcration in the first wall region of Il'EK. 

In-situ studies at ITER-relevant radiation fluxes (ionizing and displacive) are urgently needed before the 
ITER engineering designs can be finalized. NED effects associated with microstructural chanses during 
irradiation with an applied electric field may cause unacceptable degradation in b t h  the electrical 
resistivity and rf loss tangent of ceramic insulators at very low doses. There is some encouraging 
evidence from the limited number of published in-situ studies that operation of ceramic components at low 
(<200"C) or very high (>700"C) tempcratures may suppress the development of RIED. A comparison of 
in-situ data obtained from various irradiation sources suggesu that highly ionizing radiation sources such 
as electrons or light ions produce an acceleration of the R l l D  process compared to neutron irradiation 
resulu (Fig, 4). Ilowever, in recognition of the present lack of cornprchensive in-situ neuron irradiation 
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studies, the electron and ion irradiation results should he considered to he more appropriate for ITER 
design purposes ban conventional postirradiation data ohkined on neutson irradiated specimens. 
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EFFECT OF IRRADIATION SPECTRUM ON T I E  MICROSTRUCTURAL EVOLUTION IN OXlDE 
CERAMICS -- S.J. Zinkle (Oak Ridge National Laboratory) 

OBJECTIVE 

To summarize recent microsuuctural evidence for ionization enhanced diffusion obtained on ion-irradiated 
oxide c e d c s .  

SUMMARY 

Cross section uansmission electron microscopy was utilized to examine the radiation-induced 
microstructural changes in oxide ceramics after irradiation with a wide variety of ion beams. The 
microstructure showed :I strong dependence on ion mass and energy. The microstructural results have k e n  
correlated with the calculated depth-dependent partitioning between ioni7;ltion and displacement &una&e. 
This correlation indicates that defect clusters do not form in MgA1204 if the ratio of energy deposited into 
clcctronic ioniz~lion tu atomic displacements is grcstcr d ~ a n  ahout 10. l h e  corresponding ratio needed to 
suppress defect cluster formation in MgO and A1203 is 500 lo 1000. Additional microsuuctural evidence 
obtained on the ion irradiated ceramic specimens suggests that the physical mechanism responsible for the 
lack of defect clusters in highly ionizing radiation environments is aqsociated with ionization-enhanced 
diffusion (ED), which promotes annihilation of the point defects a e a W  by displacement damage during the 
irradiation. The most important parameter for IED is the ratio of ionizing to displacive radiation, since this 
is roughly proportional to the amount of ionization per dpa. However, the absolute magnitude of the 
ionizing radiation flux is also important. 

INTRODIJCTION 

In a previous report 111, microstructural evidence was presented which showed that irradiation of  oxide 
ceramics such as A1203 and MgAI204 with light ions caused ii suppression in the nucleation of dislocation 
loops compared to heavy ion or neutron irradiation. It was proposed that the suppression in dislocation 
loop formation was associated with the high proportion of energy lost to electronic ionization events 
compared to displacement damage events during light ion irradiation. I n  the present report, additional 
microsuuctural evidence is prescnlcd which indicates dial the suppression in dislocation loop nucleation is 
due to enhanced point defect diffusion (a$ opposed to a modification in the production of point defects). 

FXI’EKIMENTAL PROCEDURE 

Polycrystalline blocks of A1203 (GE 1.ucalox or Wesgo AN%), MgO (Uhc) and MgAl204 (Ceredyne) 
were sliced into foils of 0.5 mm thickness, and 3-mm-dianeter E M  disks were cut from the foils. The 
disks were mechanically polished wiUi 0.5 p n  diamond paste, and then bombarded in a 3 x 3 array at room 
temperature or 650°C in the triple ion heam accelerator facility [2] at Oak Ridge National Laboratory. 

Table 1 IisLs the ion beam conditions which have been studied to date. The TRIM-90 [31 computer code 
was used to calculate the depth-dependent ionizing and displacive radiation doses for an AI203 target. A 
threshold displacement energy of 40 eV was used to calculate die displacements per atom (dpa) in A1203. 
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This displacement energy is intermediate between thc measured [4] threshold displacement energies of 24 eV 
and 78 eV for fhe AI and 0 sublattices, respectively. The near-surface (0.5 p depth) ionizing radiation 
dose rate ranged from 0.1 to 10 MGy/s, wheres the ionizing to displacive absorbcd dose (IDAD) ratio 

Table 1. Swni 
Ion Beam 

1 MeV I F  

1 MeV Ilc+ 

3 McV C+ 

2.4 MeV Mg+ 

2 MeV AI+ 

4 MeV Zr3+ 

Temp 
"c 

650 
650 
650 
650 

650 
650 
650 
650 

25 
25 
650 
650 
650 

25 
25 
650 

25 
25 
650 
650 
650 

2s 
25 
25 
650 

- 

6.50 

1 Beam Conditions 

60 
60 
6 
8 

40 
40 
4 
4 

1 .s 
1.5 
0.8 
0.2 
0.2 

20 
15 
15 

11 
11 
11 
11 
11 

0.3 
0.2 
0.2 
0.2 

170 
20 
15 
3 

100 
10 
10 
1 

4 
0.4 
0.5 
0.3 
0.04 

22 
14 
14 

30 
12 
40 
15 
5 

2.2 
0.3 
0.1 
0.2 

0.2 10.02 

Dose at O S  pn 
depth (dw) 

0.09 
0.01 
0.008 
0.002 

1 
0.1 
0.1 
0.01 

0.3 
0.03 
0.03 
0.02 
0.003 

14 
10 
10 

30 
10 
30 
14 
4 

20 
3 
1 
2 
0.2 

Peak 
dose (&a) 

3.2 
0.4 
0.3 
0.06 

21 
2.1 
2.1 
0.2 

5 
0.5 
0.6 
0.4 
0.05 

54 
40 
40 

90 
35 
100 
45 
14 

34 
S 
1.5 
3 
0.3 

MGy/s 
0.5 pm 

3 
3 
0.3 
0.4 

10 
10 
1 
1 

1 
1 
0.7 
0.1 
0. I 

14 
10 
IO 

I 
7 
7 
7 
7 

0.3 
0.2 
0.2 
0.2 
0.2 

DAD 
e 0.5 pnl 

2000 
2000 
2000 
2000 

800 
800 
800 
ROO 

250 
250 
250 
250 
250 

20 
20 
20 

13 
13 
13 
13 
13 

2.4 
2.4 
2.4 
2.4 
2.4 

ranged from 2.4 to 2wO. Figure 1 shows the calculated depthdependent IDAD ratios for several of the ion 
beams used in this study. The IDAD ratio for ion irradiations is simply obtained from the depth-dependcnt 
ratio of the electronic stopping power to the nuclear stopping power. 

Some of the C+ ion irradiated specimens were coated with a thin layer of conductive carbon prior to 
irradiation to ensure that specimen charging did not occur. The microsuucture of these carbon-coated 
specimens was found to be identical to that of uncoated specimens following irradiation. 
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ORNL-DWG-91-X357 " 

2 h lev  N' 

~ ~ 2.4 M e V  Mg* 

1 MeV t ie *  

1 M e V  I" 

,~ ~ ~ - ~ ~ L ~ ~ p - p ~ ~ ~ l  

4 6 8 1 ,1 

DEPTH i u m l  
Fig. 1.  Depth dependent ratio of ionizing to displacive 
absorbed dose (IDAD) for various ions incident in 
~ 1 ~ 0 3 .  

Cross section transmission electron 
microscopy ( E M )  specimens were prepared 
using techniques that are described elsewhere 
[51. The microstructure of the cross section 
specimens was examined with a Philips CM- 
12 electron microscope. operating at 120 
keV. 

RESIJI.TS 

The dominant microstructural feature 
associated with ion irradiation of the three 
oxide ceramics was the formation of 
nterstitid dislocation loops. The size and 
density of the loops was dependent on the 
damage level and irradiation spccuum (IIIAII 
ratio). For a given dose, the size of theloops 
increased and the density of the loops 
decreased with increasing IDN)  ratio. Most 
of the spectrum-dependent changes occurred 
near a sharp threshold IDAD value. The 
threshold IDAD ratio was about IO  for 
MgA1204, and 500 to 1000 for MgO and 
A12Oj. 

Threshold Dose for Dislocation I.cxm I:ormation 

Figure 2 shows the typical microstructure h r  MgA1204 irradiated with 4 MeV Zr+ ions, which have a low 
D A D  ratio. A very high density of small dislocation loops were uniformly distributed throughout the 
irradiation region. Microstructural analysis of spinel spccimens irradiatcd with Zr+ ions at low doses, and 
analysis of spinel specimens irradiated with 4 MeV Ar+ ions (61 indicates that the threshold dose for 
observable dislocation loop formation in MgAl204 is 20.1 dpa. This result is in agreement with 
observations on spinel irradiated with Xe+ ions [7] and fission neutrons [ X I .  

Figure 3 shows the cross section microstructure of A1203 after 3 MeV C+ ion irradiation to a fluence of 3 x 
IOi9 C+/m*. This produced a displacement Lamage level of ahout0.4 dpa at the dwnage peak (2 p n  depth) 
and a damage level of about 0.02 dpa at a depth of 0.5 pm. Small dislocation loops were observable 
between depths of about 0.5 pm xid 2 pin, which suggests that I I I ~  threshold dose for observable 
dislocation loop formation in AI203 is about 0.02 dpa. 

In a previous study [9], the threshold dose for dislocation loop formation in MgO was determined to he less 
than -0.1 dpa for 2.4 MeV Mg+ ion irradiation. 

Effect of Irradiation Snectnr m on Dislocation  loo^ Formation 

Figure 4 shows the cross section microstructure of MgO following 1 MeV H+ ion irradiation to a fluence of 
1.7 x 10Z2/mZ, which produced a peak damage level of about 3 dpa. A high density of dislocation loops 
were present near the ion implantation region (11 p n  depth), where the IDAD ratio approaches unity. 



0 0.8 1.0 1.5 2.0 
DEPTH (pm) 

Fig. 2. Microsrmchlre of MgAl204 after 4 MeV $+ ion irradiation to a peak damage level of 
5dpaat25T. 

~ P I I O T O  1212-93 

U I c R o s T R t I ~  OF Al IPSADIATELi WITH 3-IteV C' IONS 
AT 1.6X10" E*&-. &% FTAX D m G E  LEVEL OF 0.4  DPA 

. 
Fig. 3. Mianstructure of AI203 hadiated with 3 MeV C? ions to a peak damage level of 
0.4 dpa at 6500C. 
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Fig. 5.  Microsbructure of MgO irradiated with 1 MeV He+ ions to a peak damage level of 
21 dpa at 650°C. 

OWL-PHOTO 5826-92 

DENUDED ZONE ADJACENT TO A DEFECT S I N K  
I N  2-MeV A I +  ION IRRADIATED S P I N E L  

Fig. 6. Def&-free mnes adjacent to the surface and 
an internal defect sink in MgAl204 irradiated with 2 
MeV AI+ ions 10 a fluence of 1.5 x 1021 Al+/m2 at 
650°C. 
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CONCLUSIONS 

The microstructural changes in oxide ceramics induced by ion irradiation are dependcnt on the mass and 
energy of the incident ion. The microstructural evidence suggests that ionization enhanced diffusion (ED) 
promotes long range diffusion and recombination of point defects. The results are most closely correlated 
with the ratio of ionizing to displacive absorbed dose (IDAD). The absolute magnitude of the ionizing 
radiation flux is also an important parameter. 
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FUTURE WOKK 

Specimens of A1203, MgA1204, and Si3N4 will be irradiatcd with varying dual-beam fluxes of 4 MeV 
Fe++ and 1 MeV He+ ions in order to further investigate the importance of the IDAD ratio, ionizing flux, 
and irradiation spectrum on microstructural evolution in insulating ceramics. 
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ELECTRICAL CONDUCTIVITY OF CERAMIC INSULATORS DURING EXTENDED ION 
IRRADIATION WITH AN APPLIED ELECTRIC FIELD -- S.J. Zinkle (ORNL) and W. Kestcrnich 
(Forschungszenflum Juelich) 

OBJECTIVE 

The objective of this study is to examine whether ceramic insulators suffer radiation-induced electrical 
degradation (RED) during irradiation with an applied electric field. 

SUMMARY 

The initial results are presented from a cyclotron ion irradiation program investigating radiation-induced 
conductivity (RIC) and radiation-induced electrical degradation (RED) of cenmic insulators. Polycrystalline 
specimens of 121203, MgA1204, A N  and Si3N4 were irradiated with either 28 MeV He++ or 20 MeV H+ 
ions at temperatures between 150 and 600°C with an applicd dc clectric ficld of 100 to 500 "/nun. A large 
prompt increase in the eleclrical conductivity was ohserved in all of the specimens during irradiation. 
However, there was no evidence for permanent electrical degradation in any of the specimens for damage 
levels up to a b u t  s x 10-3 displacements pcr atom. 

INTRODUCTION 

Insulating ceramics are essential for the successful operation of numerous components in a fusion reactor, 
including radiofrequency heating systems, the breeding blanket and first wall (as a current break), and 
numerous diagnostic systems [l-31. It ha$ long been known that the electrical propcnies of insulating 
materials are dramatically altcred by energetic radiation, due to the excilalion of valence electrons into the 
conduction band [4-7]. The high mobility and capture cross sections of electrons and holes in the 
conduction band generally results in recombination of the electron-hole pairs within s 171. Hence, the 
magnitude of this radiation-induced conductivity (RIC) can only he determined by in-situ expcriments 
conducted while the specimen is being irradiated. I t  has generally been ohserved that the electrical 
conductivity of the ceramic revens to a value very near its preirradiation value immediately after the 
irradiation source is turned off [7,8]. One notable exception is the class of alkali halides, which can suffer 
permanent displacement damage associated with ionizing radiation alone [9]. 

Most studies have found that the increase in the electrical conductivity of insulating materials during 
irradiation is nearly proportional to the ionizing radiation dose rate [6,7,10-141: 

o = o o  + K RS (1) 

where o,, is the conductivity in the absence of radiation, R is the ionizing radiation dose rate, K is a 
pmpnionalily conslant, and 8 is the dose rate exponent, which is on the order of 1.0. 

According to fusion design studies, the maximum conductivity that is allowable in ceramic insulators 
during operation is between IO4 S/m and 1 S/m, depending on the particular application [l]. Fortunately, 
the prompt RIC associated with fusion-relevant ionizing radiation levels (1 to 10 Gyls) is generally lcss 4 
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than I @ @  S/m in oxide ceramic insulators. Figure 1 shows the measured KIC in several oxide ceramic 
insulators a a function of ionizing dose rate [1@-14]. It can be see11 that the KIC is proportional to the 
ionizing dose rau: over a very wide range of ionizing dose rates (10 orders of magnitude). Wherea? the 
prompt RIC can he very significant at fusion-relevant ionizing dose rates compared to the typical 
nonirradiated room temperature conductivities of IO-'* Slm, the conductivity is still well below the 
practical upper limit for fusion insu~ator applications of 10-4 to I Sim 

! I l iP, I  , ) W < ,  9.w ,,,wm,, 

RADIATION ~ INDUCED CONDUCTIVITY IN OXIDE CERAMICS 
IRRADIATED NEAR ROOM TEMPERATURE 

102 ry - '  , r 

MqO [ M HODGSI?N R CLEMFNT 119061 J 
MqAI2Oq &A PELLS/1941/ 

I I - I 
i n  I4  

i o '  i o 7  i o o  lo2 lo4 lo6 loR l o i o  
DOSE RATE (Gyis) 

Fig. 1. Effect of ioniLing dose rate on the electrical 
conductivity of oxide ceramics irradiated near rmm 
temperature [10-141 

Recently, several studies vc found lhat severe pennruieot increases in Uic electrical con ctivity of ceramic 
insulators may occur during extendcd irradiation if an electric field is applied during the inadiation [15-22]. 
Most of the data available on this new phenomenon are due to tlodgson [16-18,221, who used elecuon 
irradiation to show that radiation-induced electrical degradation (IIIED) did tint occur unless the radiation 
produced atomic displacements in addition to Ihe ever-prcxnt ionizing ndiation component. tlndgson also 
demonstrated that application of an clccuic field during thc irradiation was necessary to produce KIEII, and 
that the degradation stopped as so011 as the elcctric lield was turiicd off. OII tlie other hand, irradiation 
without an applied electric field typically causes a slight improvement in Uic clcctrical resistivity of 
ceramics, due to an increase in the uap concetitration at..sociated wilh displacemmt damage [1.8,231. R E D  
has k e n  observed to occur for electric fields as sinall as -20 Virmn [181. This phenomenon is a more 
serious technological issue thaii the well-known RIC hecause the observed elecuical degradation is 
permanent [16,17] (Le., it is relaincd even after the specimen is removed from the radiation field). In 
addition, the degradation appaireiilly cannot he removed by Utermd anncaling 1191. The magnitude of the 
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permanent RIED observed to date has exceeded S/m [19,211. Permanent increases in the electrical 
conductivity of AI203 and MgA1204 above S/m have been observed after exposure to damage levels 
of 0.01  to 0.1 dpa, and there is no definitive evidence of any saturation in the RIED [16-20]. There is 
limited evidence that the electrical degradation is maximized at irradiation temperatures near 450°C. with 
relatively little degradation occurring at temperatures p O 0 T  or >65OoC [1,18,19]. 

Observations of R E D  reported to date have been limited to 3 oxide ceramics, A12O3. MgO, and MgA1204 
[15-22]. The microstructural alteration responsible for the large permanent increase in the electrical 
conductivity has not yet been identified, although there are several indications that it may he due to the 
formation of metallic precipitates (colloids). The evidence in support of colloid formation includes optical 
Observation of large opaque features [22], reduction of the activation energy for conduction to values 
wparable to metals 11,191, and the temperature dependence ofthe R I D  process [1,191. 

The present study was initiated in order to generate additional data on this intriguing physical process, and to 
determine by postirradiation analytical electron microscopy whether colloid formation had occurred. Since 
materials with ionic bonding are generally thought to be more susceptible to colloid formation [91, two 
types of nitride ceramics with predominantly covalent bonds were included in the experimental matrix in 
order to assess the importance of bond type on R I D  susceptibility. 

EXPERIMENTAL PROCEDURE 

Four commercial polycrystalline ceramics were used for this study: AI203 (Wesgo AIAWS), MgA1204 
(Ceredyne), AIN (Cercom), and Si3N4 (Kyocera SN733). Wafers of thickness 0.25 nun were cut from the 
hulk material using a low-speed diamond saw, and disks of 3 mm diameter were ultra$onically cut from the 
wafers. The 3-mm diameter disks were mounted on a steel stub with a low-melting wax and were precision 
ground on a diamond wheel to a final thickness of 0.15 to 0.16 mm with the aid of a commercial precision 
grinding tool. The final 15 pm of material was removed in 3 passes of 5 pm each. 

Disks of the four ceramic materials were brazed to a nickel SubSlIdte. Pure nickel was chosen as the 
substrate material due to its relatively high thermal and clectrical conductivity and also because its 
coefficient of thermal expansion was comparable to that of the four ceramics (which thereby minimized 
temperature-induced stresses on lhe thin ceramic disks). Attempts to diffusion bond the ceramic disks to a 
Ni substrate using a thin (10 Km) Au foil produced poor adhesion for the AIN and Si3N4 specimens. 
Satisfactory adhesion of all 4 ceramic TEM disks was achieved by brazing the specimens onto a 5-nun thick 
Ni base using a 60 pm thick Ag-19.5%Cu-5%In-3%Ti brazing foil. The braze cycle consisted of heating 
slowly to 820°C, holding at temperature for 20 minutes, then heating at 5°C per minute up to 920°C 
holding for 5 minutes, then cooling at IO to 20°C per minute to room temperature. The ceramic disks were 
precisely aligned on the Ni substrate during the brazing process with the aid of a ceramic alignment fixture. 
The brazed surface of the ceramic disks served as the back (ground) electrode, and ensured that there was good 
thermal contact between the ceramic disks and the Ni substrate. This latter feature was important because 
the specimen thermocouple was located in the Ni substrate approximately 2.5 mm beneath the specimens, 
and the high beam currents utilized in our irradiations would have produced an unacceptable temperature 
gradient between the specimens and the thermocouple if there was poor thermal contact. The specimen 
temperatures given in this paper have been corrected for the temperature gradient between the thermocouple 
and the specimens ( 4 0 ° C  for the highest flux irradiations). 

The center and guard ring electrodes were attatched to the top of the brazed ceramic disks by sputter 
deposition. Sputterdeposited platinum did not have good adhesion to spinel or the nitride ceramics. Good 
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adhesion of the electrmks to all of the specimens was obtained by first depositing 0.3 pm Ti and then 3 p n  
R using a 2-source vacuum sputter deposition system. The guard ring geometry was prixiuced by attatching 
with silver paint a small steel ring of inner and outer diameter 1.6 mm and 2.0 mm, respectively, to the top 
surface of each ceramic disk prior to the sputter deposition. The steel ring was removed from the specimens 
after the Pt deposition by soaking in acetone, and the excess silver paint was removed by rubbing with a 
cotton tip applicator. Figure 2 shows the final geometry of the guarded specimens. The specimen 
geometry was in conformance with the applicable ASlM standards on 3-terminal volume resistivity 
measurements [28]. The resistance between the guard ring and the Ni base was typically very low (- 1 n) 
after the brazing and electrode deposition processes due to the presence of a thin film of melallic impurities 
on the ceramic disk surfaces. This metallic film around the edges of the disks was removed by a small 
dental abrasive drill. The resismce between the center and guard-ring electrodes and the guard-ring and base 
electrodes was > 20 M (2 afkr this cleaning procedure. 

CERAMIC SPECIMEN GEOMETRY FOR IN-SITU 
ELECTRICAL CONDUCTIVITY TESTS 
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Fig. 2 Specimen and electrode geometry used for the 
in-situ electrical conductivity me&wrements. 

Figure 3 shows schematically how the electrical leads were attached to die center and guard ring surfaces. 
Initial attempts to attach 100 p n  diainctcr Pt wires to the electrode surfaces with a parallel-electrode spot 
welding machine produced mixed results. Excellent wire adhesion wa.s generally obtained for the AI203 
specimens, but Pt wires could not be welded to the Si3Nq specimens. In addition, attempts to ultasonically 
band thin PI wires to the Pt electrodes were also unsuccessful. Satisfactory results were obtained by 
employing a spring-loaded tungsten wire contact system. The signal from the center electrode of each 
specimen was proteclcd against leakage currenU to ground by incorporating a guarded pedestal configuration 
for the W spring supports, a$ shown in Fig. 3. 
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, /--- -.. 

loaded guarded 
electrical leads 

_ _  ,I _ ~ ~ - ~  .--- 

Fig. 3. Specimen configuration for the cyclotron in- 
situ conductivity masuremenu showing the spring- 
loaded W wire conlacIs and the guarded wire suppott 
pedestals. 

The irradiations were performed using either 20 MeV 11' ions or 28 MeV He'' ions at the 
Forschungszenhum Juelich compact cyclotron. The r a g e  of these ions in A1203 of ideal density is 0.21 
mm and 1.3 mm. respectively, according to a TRIM-YO [24] calculation. The calculated displacement 
damage and ionizing dosc rates at a depth of 0.08 mm for a beam currcnt of 1 A/m2 incident on an AI203 
target are 1 . 2 1 ~ 1 0 - ~  dpds and 2.2 x IO6 Gy/s for 20 MeV H+ ions, and 6.7 x dpds and 1.2 x lo7 
Gyls for 28 MeV He++ ions, Typical fluxes mainrained during the irradiation were 0.05 to 0.1 N m 2 .  The 
TRIM calculations were performed using a binding energy of 2 eV and the measured c24.251 threshold 
displacemcnt energies for AI203 of 20 eV and 78 eV for the aluminum and oxygen sublattices, respectively. 
Identical results for the nuclear and electronic stopping powers were obtained from TRIM calculations 
performed with a threshold displacement energy of 40 eV for both sublattices. The conversion from damage 
energy (nuclear stopping power) to NRT dpa [27] assumed an average displacement energy of 40 eV. Figure 
4 shows the calculated displacement damage and ionizing radiation profiles for 20 MeV H+ and 28 MeV 
He++ ions incident on AI203. The calculated variation in the damage rate between the front and back 
surfaces for an A1203 specimen of thickness 0.16 mm was 4% for the 20 MeV proton irradiations and 
-50% for the 28 MeV IIe++ ion irradiations. 

A schematic of the target chamber used for the cyclotron irradiations is shown in Fig. 5. The target 
chamber was evacuated during lhe irradiations with a 270 Vs turbomolecular pump, which produced a base 
pressure of about 1 ~ 1 0 . ~  torr in the chamber. The specimcn temperature was controlled with a cylindrical 
(S mm d im. )  mineral-insulated elcctrical resistance heater that was controlled by the specimen 
thermocouple. The target chamber was electrically isolated from the cyclotron beam line and target stand by 
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Fig. 5 Schematic of the target chamber used for the 
in-situ electrical conductivity measuremenll. 



443 

polyvinyl chloride insulation. A set of electrically isolated concentric cylindrical steel sheets surrounding 
the specimen pedestal served as both a heat shield and to suppress the emission of secondaty electrons during 
the irradiation. The suppressor voltage was set at the same (negative) value as the voltage applied to the 
specimens during the irradiation. This feature effectively guarded the specimen leads as they passed through 
the steel heat shields inside of Macor ceramic-insulated feedthoughs. Floating coaxial vacuum feedthroughs 
and triaxial cables were used to connect the guard and ccnter leads from the target chamber to the 
experimenters area outside of the irradiation target room. 

A Keithley Model 480 picoammeter was used to measure the specimen currents. A dc potential of either 15 
or 75 V was continuously applied during the irradiation. which produced an electric field of 100 and 500 
V/mm, respectively. A switching circuit was built that allowed the current through each individual cenler 
electrode or guard ring circuit to be monitored one at a time, while continuously maintaining the potential 
on all 8 leads. Due to the small size of the specimens used in this study, the resolution limit for electrical 
conductivity changes was about 5 x 10-8/Q-m. In addition, the spinel specimens were generally found lo 
have anomalously high leakage currents compared to the other specimens. It is believed that the low 
strength of the spinel caused it to be susceptable to microcracking during the specimen grinding on the 
diamond-impregnated metal platen. Improved performance has recently heen observed in spinel specimcns 
that were ground with diamond paste on a standard nylon polishing pad. 

ESULTS AND DISCUSSION 

Table 1 summarizes the irradiation conditions that have been studied to date on the 4 ceramic insulators. 
The electrical conductivity of all four ceramics was observed to increase immediately at the starl of the 
irradiation. and then remained constant or decreased slightly as the irradiation proceeded. Tflical RIC values 
observed during irradiation with 28 MeV He++ ions at 600°C at a beam current of 0.06 Almz (0.7 MGy/s) 
ranged from I x 10-6 to I x 10-5/n-m for the different ceramics. These prompt RIC measurcments were in 
reasonable agreement with previous meawremcntS (Fig. 1) reported for oxide ceramics. The ion beam was 
turned off at regular intervals of about 2 hours during the irradiation so that the conductivity in the absence 
of radiation could be measured. This "beam off' conductivity did not show any  significant change compared 
to the nonirradiated values for any of the irradiation conditions studied so far. The present results indicate 
that significant amounts or RIED dues not occur in any of thc four ceramic materials during cyclotron 
irradiation with lighl ions for displacement damage levels up to about 5 ~ 1 0 - ~  dpa. 

Figure 6 compares the results of several studies on the effect of electron. ion, or neutron irradiation at 450 
to 530°C on the elecuical conductivity of AI203 [1,16,17,19,201. Irradiation with an applicd elecuic field 
eventually produces significant RIED in all three types of irradiation spectra. However, the dose required to 
produce a significant permanent degradation in the electrical resistivily appears to vary considerably 
depending on the irradiation source. In particular. irradiation sources such as electrons which produce 
isolated point defects (low energy primary knock-on atoms, PKAs) and have high ionizing to displacive 
radiation ratios appear to exhibit accelerated NED kinetics compared to fission neutrons. A similar large 
dependence on irradiation spectrum is evident when the NED results are plotted versus absorbcd ionizing 
radiation dose (Gy). According to the results by Pells [19], significant RIED begins to occur in A1203 
during light ion irradiation for displacement damage levels greater than about 5 x 

This is equal Lo the maximum dose obtained in our cyclotron studies so far, and may explain why we have 
not yet observed measureable amounls of NED. 

dpa. 
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Table I. Irradiation conditions for Ihe in-silu electrical conductivity experiments. The beam curren(s were 
at 0.06 lo 0.1 N m 2  for all irradiations. Two of the 28 MeV I k + +  ion irradiations maintain1 

were ped 
Material 

MgA1204 

med using multiple 
Ion 

28 MeV IIe++ 

28 MeV He++ 

28 MeV He++ 

20 MeV Hi 

mperatures and/or e 
Electric Field 

100 v/mm 

loo v/mm 

loo v/mm 
+so0 v/mm 
+so0 v/mm 

so0 v/mm 

:tric fields, as indicated. 

215°C 1 x IO-' dpa 
+150"C +I x dpa 

4 x I O 3  dpa 

500°C 
+SOOT 
+ m c  

500°C 

5 x dpa 
+1 x dpa 
+ I  x dpa 

3 x 1 0 ~ 3  dpa 

EFFECT OF EXTENDED IRRADIATION WITH AN APPLIED ELECTRIC FIELD 
ON THE CONDUCTIVITY OF A1203 
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Fig. 6. Effect of extended irradiation wiIh an applied 
electric field on the electrical conductivity of A1203 
[1,16,17,19,201. The data by Pells was obtained 
while the ion beam was turned off, whereas the data 
shown from the other sludies was taken during 
irradial ion. 

Transmission electron microscopy was used l o  invesligate the microstructure of one of the MgA1204 
specimens irradiated with 28 MeV He+ ions at 300°C to a damage level of aboul I x I O - ~  dpa. There was no 
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evidence of observable (>2 nm diameter) colloids or other defect clusters. We are planning to perform 
higher dose irradiations at the Juelich cyclotron to further investigate the RIED behavior of ceramics. 
Microstructural analysis of additional ceramic specimens irradiated with 28 MeV He++ ions to damage levels 
of ahout 5 x loJ dpa is in progress. 

Recent microstructural observations on oxide ceramics irradiated with a wide range of different ions have 
found similar evidence for a strong spectral effect on the microstructural evolution [291. A useful parameter 
for correlating the microstructural response with irradiation spectrum was found to be Ihe ratio of ionizing 
IO displacive radiation, S&d. where S, is the electronic Component of the stopping power and Sd is the 
nuclear (atomic displacements) component of the stopping power. The microstructural observations indicate 
that highly ionizing radiation environments greatly enhance defect mobilities. This ionization enhanced 
diffusion mechanism may explain why irradiation sources such as electrons that have high ratios of &/Sd 
exhibit accelerated RIED kinetics compared to neutron irradiation sources. The ratio of S,/Sd in AI203 is 
about 10,OOO for 1.8 MeV electrons, 4000 for 20 MeV protons, and about 100 for mixed spectrum fission 
neutrons [30]. The calculated ratio of S,/S,j appropriate for ceramics in a fusion reactor depends on their 
location. At the first wall, this ratio for AI203 is about 20. The corresponding ratio at depths further away 
from the plasma depends strongly on the particular choice of coolant and hlanketkhielding material in a 
fusion reactor. Typical ratios of s,/s,j for ceramics at the superconducting magnets vary from 40 to 350, 
depending on the coolant and blanket/shield material [30] 
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FLJTURE WORK 

Specimens will be irradiated with 28 MeV He++ ions to damage levcls in excess of 0.01 dpa in an attempt 
to initiate RED.  This future work will be part of the thesis research of F. Scheuermann. The 
microstructure of the ceramic apccimens will he analyzcd hy analytical electron microscopy 10 investigate 
the possibility of colloid formation. 

REFEWSCES 

1. S.J. Zinkle and E.R. Hodgson. J.  Nucl. Mater. 191-194 (1992) 58. 

2. F.W. Cha rd ,  Jr., J. Nucl. Mater. 85&86 (1979) 393. 

3. J.L. Scott, F.W. Cha rd ,  Jr. and F.W. Wiffen, J. Nucl. Mater. 133&134 (1985) 156. 

4. W.C. Roentgen and A. Joffe, Ann. Physik 41 (1913) 449; 64(1921)1. 

5. R. Hofstadter, Nucleonics 4 (1949) 2. 

6. A. Rose, Phys. Rev. 97 (1955) 1538. 



446 

7. V.A.J. van Lint, T.M. Flanagan, R.E. Leadon. J.A. Nabor, and V.C. Rogers, Mechanisms of Radiation 
Effecb in Electronic Makrials, Vol. 1 (Wiley mid Sons, New York, 1980). 

8. E.H. Famum, J.C. Kennedy, F.W. Clinard and 1I.M. Frost, J. Nucl. Mater. 191-194 (1992) 548, 

9.  A.E. Hughes, Rad. Effects 74 (1983) 57. 

IO. R.W. Klaffky, B.H. Rose, A.N. Goland and G.J. Dienes, Phys. Rev. B 21 (1980) 3610. 

11. E.R. Hodgson and S. Clement, Rad. Effects 97 (1986) 251. 

12. G.P. Pells, Rad. Effects 97 (1986) 199. 

13. V.A.J. van Lint, J.W. Hmity and T.M. Flanagan, IEEE Trans. on Nucl. Science. Val. NS-15, No. 6 (1968) 1 9 ~  

14. G.P. Pells. J. Nucl. Matcr. 184 (1991) 183. 

15. V.M. Ivanov, G.M. Kalinin, V.F. Kuzovitkin, S.P. Sklizkov, N.V. Markina, V.V. Sarksyan, and 
V.A. Skobeleva, Inorganic Mater. 17 (1981) 1203. 

16. E.R. Hodgson, Cryst. Latl. Def. Arnorph. Mater. 18 (1989) 169. 

17. E.R. flodgson, J. Nucl. Mater. 179-181 (1991) 383. 

18. E.R. Hodgson, I. Nucl. Mater. 191-194 (1992) 552. 

19. G.P. Pells, J. Nucl. Mater. 184 (1991) 177. 

20. T. Shikama, M. Narui, Y. Endo, ‘I. Sagawa, and 11. Kayano, J. Nucl. Matcr. 191-194 (1992) 575. 

21. E.H. Famum, private comm. (I.ASKEF irradiation ufAl2O3). 

22. E.R. Hodgson, Rad. Eff. Del. Solids 119-121 (1991) 827. 

23. R.W. Klaffky, in Special Purpose Materials Ann. Prog. Rcp., DOE/ER-0048/l ([J.S. Dept. of Energy, 
Washington D.C., 1980) p. 19. 

24. J.F. Ziegler, J.P. Biersack and IJ.L. Litmark, The Stopping and Range of Ions in Solids (Pergamon 
Press, New York, 1985). 

25. G.P. Pells and A.Y. Stalhopoulos, Rad. Effects 74 (1983) 181. 

26. P. Agnew, Phil. Mag. A 65 (1992) 355 

27. M.J. Norgett, M.T. Robinson and I.M. Torrens, Nucl. Eng. Des. 33 (1975) 50. 

28. ASTh4 Standard Test Melhods for DC Resistance or Conductance of Insulating Materials, D-257-91. 

29. S.J. Zinkle, Fusion Rcactor Materials Scmiann. Prog. Rep. ending March 31. 1993, DOE/ER-0313/14 

30. S.J. Zinkle and L.R. Greenwood, Fusion Reactor Ma~erials Semiann. Prog. Rep. ending March 31, 1993, 
DOUER-03 13/14. 



447 

:~H:D:,?TI3:4 O f  Mq4,I ,O SPINEL lli IF7F-! . 'OTR ~ F .  d .  Garner. and G .  'd. t i o l l e n b e r g  l ? d c ~ f , c  % r t h w s t  
~ + b n r a : o r ~ I ' .  i. A .  ~ B i d c k  a n d  R .  C. B r a d t  lUnlversi!j o f  N e v a d a ~ R c n o )  

:SLECTI'IE 

T h e  Qb3ec t ;ve  o f  t h i s  e f f o r t  1 8  t o  d e t e r m i n e  t h e  response o f  MgAl:O, s p i n e l  t o  h i g h  f l a e n c e  n e u t r o n  
, r r a c ~ a ! ~ o n  a t  e l e v a t e d  t e w e r a t u r e s .  

SEYIMbRY 

' y A l  0: s p i n e l  ipec,me?r i r r a d i a t e d  i n  IFT I -MOTA a t  temperatures b e t w e e n  3 8 5  and 750.C t o  flirencei ranging 
i - 0 m ~ 2 . 2  t o  2 4 . 9  x 1 0 ~ ~  n c f '  ( E ~ 3 . 1  M e V )  darken s i g n i f i c a n t l y ,  b u t  do n o t  d e v e l o p  any l o s s  ~n w e i g h t  o r  
r n a n g e  ~n dlmenrlons. 
v e u t r o n  f l u e n c e  and i r r a d i a t i o n  t e n p e r a t u r e  are ~n p r o g r e s s .  Neasurements  o f  e l a s t i c  p r o p e r t i e s  are a i i o  

Measurements  o f  knooo h a r d n e s s  and  i t s  dependence  on c r y s t a l l i n e  orientation, 

"ea r lng  completion. 

?::TUS 4110 ACCOMPLISHMENTS 

: I t m Q a  

" ~ Q ~ C I I U I  a i m i n a t e  s p i n e l  i s  a n  e l e c t r i c a l  i n s u l a t o r  t h a t  h a s  been c n n s i d e r e d  a s  a p o t e n t i a l  f u s i o n  
IE~C!OI c a n d i d a t e  m a t e r i a l  f o r  service as d i e l e c t r i c  w i n d o w s  for  r a d i o  f r e q u e n c y  h e a t i n g  s y s t e m s  or  a s  
l m s u l a t o r s  f a r  magnetic coil~.[l] P r e v i o u s  i r r a d i a t i o n  s t u d i e s  have  shown t h a t  t h e  d i m e n r i q n a l  s t a b i l i t y  
,of t h l s  r n a t e r l a l  i s  r e m a r k a b l y  i n s e n s i t i v e  t o  n e u t r o n  damage a t  e x p o s u r e s  u p  t o  2 x !O"n:cm'.[2~5] 

\.rice 1985. P a c i f i c  N o r t h w e s t  L a b o r a t o r y  h a s  been c o n d u c t i n g  a c o l l a b o r a t i v e  pro jec t  w i t h  P r o f e s s o r  R .  c 
G r a d t  ( U n i v e r s i t y  o f  N e v a d a -R e n o ) ,  i n v o l v i n g  i r r a d i a t i o n  i n  FFTF/MOTA o f  v e r y  h i q h  p u r i t y  MgAl:O, s p i n e l  
j i c e  T a b l e  1 ) .  The various i r r a d i a t i o n  sequences  are now COmple te  and a n a l y q i s  o i  t h e  r p e c i m e h s  i s  in 
; I roqre i i .  

E x p e r i m e n t a l  D e t a i l s  

iilree spec imen t y p e s  and two specimen g e o m e t r i e s  are employed  ~n t h i s  e x p e r i m e n t .  The three t y p e s  a r e  h o t  
.ressed ( H P )  p o l y c r y s t a l s  a t  100% o f  t h e o r e t i c a l  d e n s i t y .  ( 1 0 0 ) ~ o r l e n t e d  s i n g l e  c r y s t a l s  and ( 1 l l ) ~ o r i e n t e d  
illqle c r y s t a l s .  B o t h  o f  t h e  l a t t e r  are  oriented w i t h  t h e  s p e c i f i e d  c r y s t a l l i n e  d i r e c t J o n  1 3  t h e  a x i a l  o r  
+ e i g h t  d i r e c t i o n  o f  t h e  specimen. M o s t  o f  t h e  spec imens  are in !he f o r m  o f  -0 .19 ' '  f 4 . 8  mm)  d i a m e t e r  
cjiindrlcal p e l l e t s .  The h e l g h t  o f  t h e  p e l l e t s  v a r i e s  w l t h  s p e c i m e n  t y p e .  a i  shown ~n Piclure I .  The 
% n i g h t s  were -0 .23 ' '  ( 5 . R  mm)  '0, HP. - 0 . 1 7 ' '  ( 4 . 3  mm)  f a r  (lil) and  - 0 . 1 1 ' '  !2.8 m m l  f a r  il00)-or!ented 
5 ,pet 1 men i 

-!le o t h e r  spec imen geo-etrv i s  ~n t h e  f o r m  o f  - 0 .5"  ( 1 2 . 7  mm) s o u a r e  p l d t P S  'w>!h t h i c k n e s i c r  c o m p a r a b l e  t o  
l h o i e  o i  t h e  h e i g h t s  o f  t h e  pcllet ioeclmenr. l h e  p l a t e s  were  p r o d u c e d  b y  d i n a n d  nnrdllel s u r f a c e  
: r l n d l n o .  and  t h e  p e l l e t s  b y  d iamond core d r i l l i n g  o f  t h e  p l a t e  m a t e r i a l .  L a s e r  n t C h l n 9  w a s  employed  t o  
- a r k  t h e  clrcumierence o f  t h e  p e l l e t s  and t h e  s i d e  o f  t h e  s q u a r e s  w i t h  an  i n d i v i d u s i  l d e n t l f i c a t i a n  c o d e .  

?.lor t o  I r r a d i a t i o n  t h e  specimens were w e i g h e d  and t h e i r  d i m e n s i o n s  measured t 3  0.0001 i n c h e s  u s i n g  a ZIGO 
! l o  l a s e r  T e l e m e t r i c  System. 
- i a i u r e n e n t s  a t  t h r e e  Orientations a p p r o x i m a t e l y  6 0 ~  a p a r t  on  t h e  p e l l e t s .  The h e l q h t  o f  t h e  p l a t e s  w a s  
i e t e r m l n e d  b y  a y e r a g l n g  s i x  measurements  across  b a t h  d i a g o n a l s  o f  t h e  square p l a t e s .  l h e  spec imens  were 
+ ? e n  u l t r a s o n i c a l l y  washed ~n d ; s t i l l e d  water. a i r  d r i e d .  u l t r a s o n i c a l l y  washed i n  e t h y l  a l c o h o l  and  then 
: r l W  in air a t  200.C f a r  2 4  h o u r i  b e f o r e  b e > n g  s e a l e d  i n  a hermetlc s t o r a g e  C o n t d l n e r  t o  remove a d s o r b e d  
, l i t C l  

D i a m e t e r s  o f  t h e  p e l l e t s  were m e a s u r e d  u s i n g  t h e  average  o f  t h r e e  

, C  S D ~ C I ~ C ~ S  were l a t e r  re"10ve0 f r o n  t h e  s t o r a g e  container and p l a c e d  i n  i r r a d l a t l c n  C ~ P S U I ~ S  f l l l e d  w l t h  
h:l!wm gas a t  ! a t m  and r o o m  t e n p e r a t u r e .  Each c a p r u i e  w a s  c l o s e d  b y  e lec tron  beam welding under h e l i u m  
2.10 t h e n  h e l l u r n  l e a k  c h e c k e d .  The c a p s u l e s  were c o n s t i u c t e d  o f  09 t i t a n i u m - m o d i f i e d  s t e e l .  i a c h  O f  t h c  
- m ; l c t ~ c o n t a i n i n q  c a ~ s u l e i  c o n t a i n e d  a molybdenum s p r i n g  and f i v e  specimens: s p e c i f i c a l l y ,  one HP i p e c i a a n  
and t w o  c a c h  o f  t h e  single c r y s t a l  t y p e s .  a s  shown i n  F i g u r e  1. 

- ,  

P a c i f i c  N o r t h w e s t  l a b o r a t o r y  i s  o p e r a t e d  f o r  t h e  U . S .  D e p a r t m e n t  O f  E n e r g y  b y  B a t t e l l e  M e m o r i a l  
: - r t i ! u ? e  : )?der C o n t r a c t  Di-GC06~iERlO 1330. 
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after irradiation. the specimens were removed from the capsules, cleaned, and their weights and dimensions 
measured using the same techniques employed prior to irradiation. 

Resultr 
Due to their high purity. the specimens were only mildly radioactive and could be easily handled. 
irradiation, the single crystal specimens were transparent and the hot-pressed specimens were white. In 
regular light the irradiated specimens all appear to be very dark, as shown in Figure 2, but placing them 
in front of a strong lamp showed that some light was transmitted, with colors ranging from yellow to dark 
red. 

The weights of the specimens remained essentially unchanged, with all measurements ranging from 0.0 to 
-0.2'A loss in weight. 
either to different levels of adsorbed moisture before and after irradiation or to small chips lost during 
hand1 ing. 

A l l  post-irradiation measurements fell within +I% of the preirradiation measurements, with most below 
tO.5%. Combining the point-to-Point variations observed in thickness and the reoroducibility of the 
measurements, it appears that the measured variations in preirradiation dimensions should be ~ 1 % .  
were no discernible trends of these small differences with respect to orientation, irradiation temperature, 
neutron fluence or specimen type. The obvious conclusion is that no significant irradiation-induced 
changes occurred in the dimensions of these specimens. 

Measurements at room temperature of the orientation dependence o f  microhardness on the, jrradiated specimens 
are proceeding for comparison with measurements made earlier on unirradiated specimens.' . 
unirradiated condition. the (100) plane exhibits a maximua microhardness in the 0011 direction and a 
minimum in the [Oll] direction, consistent with a primary slip system of {lll)<l!O>. The microhardness of 
the ( I l l )  plane is independent of indenter orientation, also consistent with such a primary slip system. 
With increasing irradiation, the hardness increases somewhat and the orientation dependence tends to 
disappear, as the primary slip system becomes blocked. 

Prior to 

The loss, i f  any, was always in the fourth significant figure and may be related 

There 

In the 

Fig. 1. Contents of typical irradiation capsule for pellet specimens. 
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I I I S H ~ T L W P E R A T U R E  P R O P E R T i E S  O F a S ~ C i S ~ C  FOR F U S I O N  APPLICATIONS - R .  H .  Jones a i d  C .  ii. t ienager ,  J I  
: I ' a C i f i C  No r t hwes t  L a b o r a t o r y )  

O R J E C T I V E  

The o b j e c t i v e  o f  t h i s  s t udy  i s  t o  e v a l u a t e  t h e  h i g h - t e m p e r a t u r e  mechan ica l  p r o p e r t i e s  o f  S i C / S i C  compos i te  
m t e r i a l s  f o r  f u s i o n  s t r ~ c t ~ r a l  a p p l i c a t i o n s .  

SIJMMARY 

8iS;SiC compos i tes  e x h l b i t  n o v e l  mechan ica l  p r o p e r t i e s  relative t o  t h e i r  m o n o l i t h i c  c o u n t e r p a r t s .  The 
crack v e l o c i t y  ( d a / d t )  versus s t r e s s  i n t e n s i t y  ( K )  r e l a t i o n s h i p  for r m o l i t h i c  ceramics can be d e s c r i b e d  by  
a s i m p l e  power law r e l a t i o n s h i p  where S i C / S i C  w a s  found t o  e x h i b i t  d r n u l t i ~ s t a g e  d a - d t  versus  K 
r e l a t i o n s h i p  i i m l a r  t o  t h a t  f o r  s t r e s s  corrosion o f  m e t a l s .  A K independent  s t age  I /  w a s  f o l l o w e d  by a 
s t r o n g l y  K dependent stage I l l  wh ich  p a r a l l e l e d  t h e  m o n o l i t h i c  b e h a v i o r .  Experiments t o  d e t e r m i n e  t h e  
t h r e s h o l d  K or s tage  I were n o t  conducted;  however,  i t  i s  expected t h a t  t hey  e x i s t  f o r  t h e s e  m a t e r i a l s .  
There  i s  a l s o  evidence t h a t  t h e  f r a c t u r e  r e s i s t a n c e  o f  t h e r e  m a t e r i a l s  i s  greater i f  c r a c k s  are produced by 
s u b c r i t i c a l  g row th  p r o c e ~ s e ~  r e l a t i v e  t o  machined n o t c h e s .  Oxygen was found t o  increase da /d t  and decrease 
t h e  K f a r  t h e  stage I 1  t o  s t age  III t r a n s i t i o n  w h i l e  c y c l i c  l o a d s  produced little damage a t  l o w  K v a l u e r  
!,tit t h e r e  w a s  some ev idence  f o r  incrcaiinq damage w i t h  i n c r e a s i n g  number o f  C ~ L ! P S  and K .  

' R O G R E S S  AN0 STATUS 

i , * p e r i n e n t a l  Procedures  

Composites c o n s i s t i n g  o f  N i c a l o n  f i b e r  c l o t h  ( 0 . / 9 0 . )  and C Y 1  p~SiC w i t h  c d r h o n  (C) i n t e r f a c e s  were t e s t e d .  
The composites are & p l y  m a t e r i a l .  4 mm t h i c k .  f a b r i c a t e d  by R e f r a c t o r y  Composites.  I n c .  o f  W h i t t j e r .  CA. 
l n t e r f a c e r  o f  1 . 0  pm C were d e p o s i t e d  on t h e  Nicalon f i b e r s  b e f o r e  t h e  @ - S i c  CY1 f a b r i c a t i o n  s tep .  S i n g l e -  
edge-notched bend b a r  (SENE) specimens w i t h  d imens ions  o f  4 mm x 5 . 5  mrn x S O  mm w e r e  p repa red .  The SENE 
specimens were t e s t e d  i n  & p o i n t  bend ing  u s i n g  a f u l l y  a r t i c u l a t e d  SIC bend f i x t u r e .  O the r  t e s t  d e t a i l s  
have  been d i scussed  p r e v i o u s l y  ( 1 , Z ) .  

Tbe s u b c r i t i c a l  crack growth i S C G 1  s t u d i e s  were pe r fo rmed  u s i n q  constant l o a d  t e s t s  f o r  t i m e s  ue t o  7 Y I O '  
I .  and us ing  s tepped l o a d  t e s t s  w i t h  l o a d  h o l d i n g  c a r r i e d  out at IIOO'C i n  A r  and P I  p l u s  v a r y i n g  PO.. 
coecinens were t y p i c a i l y  l oaded  at an  a p p l i e d  S t r e s s  i n t e n s i t y  o f  7 ~ 8  M P d m  t o  S ~ g i n  t n e  t e s t .  
c o n t i n u e d  u n t i l  a l o a d  d rop  w a s  observed.  Specimens t h a t  were t e s t e d  i n  Ar o l i i s  0 WCIE b r o u g h t  up t o  
t s y e r a t u r e  ~n piire A r .  

t a c h  Sic t e s t  c o n s i s t e d  o f  p i t h e r  a i e r l e s  o f  1 0 0 0 ~ s  c o n s t a n t - l o a d  i ? s t i  o r  a i m U . t e r : i  h o l d  a t  c o n s t a n t  
h iad  i n  4 - p o i n t  hend ing a t  d COPStant temDelL tUre .  The dirp1acewent~;;me c i i r ~ r s  f t ; ? ~  :he 1 0 0 0 - r  exposures  
,i: ~ o n i t a o t  i o a d  i n  Ar i n d i c a t e  t h a t  t h e  specimen disD!acernent. ard t hus  ?l ie  c r a c k  o p < ' ~ ~ n n  d i sp l acemen t .  
i tnderaoes a t r a n s i e n t  o e r i a d  o f  d i i o l a c e m ~ n t  t h a t  I S  ioaarrthmic !n t i m e  and does  s o t  a c h i e v e  s t e i d v ~ s t d t r  

The 
The t e s t  

'*where V. i s  t h e  c r a c k  r e l o c ? t y  and k' i i  t h e  spec imen  thlcknesi. P q  c x p r e i i i ~ n  w a s  de te rm ined  f o r  t h e   mid^ 
p o i n t  c b m p l i a n c e  o f  a SENE i p e c i ~ e n  i n  & p o i n t  bend ing and w a s  used t o  c a I c u ; a t e  c r a c k  l e n g t h  and C ' ( u )  
1 2 ) .  :he s l ope  o f  t h e  d i i p l d c e m e n t - t > m e  curve a t  a g l w n  l o a d  I S  i 6 i ; t .  

P a c i f i c  No r t hwes t  L a b o r a t o r y  i s  ooe ra ted  f o r  t h e  U . S .  Depar tment  o f  Energy Qy E d t t e l i e  Memorial 
I . . s t i t u tC  m d e r  C o n t r a c t  DE~f iCO6~76RtO ! B O .  
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S d t i g u e  c rack  growth t e s t s  were per formed n m i l a r l y  t o  t h e  s t a t i c  l o a d  SUOcr i t lCd l  c rack  g r o w t h  t e s t s  w i t h  
t h e  l o a d  c y c l e d  5 o r  25  t i m e s  a t  each o f  t h e  c o n s t a n t  l oads  used for t h e  s t a t i c  l o a d  t e s t s .  The l o a d  w a s  
h e l d  f o r  1000s between each  l o a d  c y c l e  and t h e  l o a d  r a t i o .  R .  was 0.1 .  Tes t s  were conducted in b o t h  AI and 
Ar p l u s  2000 ppm 0,. 
c;cles and compared t o  t h e  c r a c k  velocity o b t a i n e d  w i t h  t h e  s t a t i c a l l y  loaded samples  

F x o e n m e n t a l  R e s u l t s  

The d a t a  f o r  t h e  C ~ i n t e r i a c e  m a t e r i a l s .  when 

The  c r a c k  v e i o c i t y  w a s  de te rm ined  d u r i n q  each o f  t h e  1000s h o l d  o e r i o d s  bet ieen  l aad  

p l o t t e d  a s  c r a c k  v e l o c i t y  versus d o p l i e d  s tress  
I n t e n s i t y  ( V ~ K  curves) ,  reveal a S t a g e ~ I I  r e g i o n  
h e r e  t h e  crack v e l u c i t v  1s essentiallr 
Independent  o f  t h e  a p p l j e d  s t r e s s  i n t & s i t y  
iilqure I ) f a l l o w e d  by  a stage-i:l, o r  p o w e r ~ l a w  
c r a c k  g r o w t h  r e g i o n ,  a t  h i g h  s t r e s s  i n t e n s i t i e s .  

;he power - l aw  r e g i o n  e x h i b i t s  a s t r o n g  
dependence, b u t  t h e  r t a g e ~ l l  region e x h i h i t s  a 
weak dependence, on t h e  a p p l i e d  stress 
i n t e n s i t y .  The d a t a  reveal  a pronounced 
i n c r e a s e  i n  r t a g e ~ l l  c r a c k  v e l o c i t y  because o f  0. 
7 2  t h e  g a r .  The c r a c k  v e l o c i t y  i n c r e a s e s  w i t h  
.ncrearing 0, c o n t e n t  o f  t h e  Ar { F i g u r e  1 ) .  
,Also. t h e  s t r e s s  i n t e n s i t y  r e q u i r e d  f a r  t h e  
onse t  o f  s t a g e ~ l l l  1s s h i f t e d  t o  a l owe r  v a l u e  
q f  t h e  d o p l i e d  i t r e s r  i n t e n s i t y .  

'd i ien  t h e  c r a c k  v e l o c i t y  i s  p l o t t e d  a i  a f u n c t i o n  
- f  t i n e  [ V - t  c u r v e s ) .  t h e  e f f e c t s  o f  0. became 
aore  pronounced ( f i g u r e  2 ) .  The t ime~dependence 
o f  V i n  Ar s h o w  a d e c r e a s i n g  i e l o c i t y  w i t h  t i m e  
w h l l k  V. ~n t h e  v a r y i n g  PO, env i r onmen ts  show 
e i t h e r  c o n s t a n t  V or increasing V .  w i t h  t i m e .  
r he  curves COT 10,000- and 20.000~pom 0 i n d i c a t e  
r h d t  t h e  c r a c k  v e l o c i t y  increases q w t e - r a p i d l y  
and t h a t  t h o s e  t e s t s  were much s h o r t e r  111 
, !o ra t ion  t han  t h e  5 0 0 0 ~  and 2 0 0 0 ~ p p m  0 ,  t e s t s .  

1 1PK . 
IO' 

F i g .  ! .  ' K K  curves  d s  a f i r n c t i o n  o f  0. p a r t i a l  
pressure dnd a p p l i e d  S t r e ( (  Intensit.!. Curve I a Q e I i  
Indicate PO. i n  units o f  10' porn. 
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These e f f e c t s  are r a t i o n a l i z e d  u s i n g  d Z O ~ m i c r a m e c h a n ~ c a I  model  o f  a c r a c k  in a CMC m d t e r 1 a l  (1.2) .  The 
model  p l a c e s  a s e m i ~ i n f i n i t e  c r a c k  i n  d l i n e a r ~ e l a s t i c  body and s i m u l a t e s  t h e  b r i d g i n g  f i b e r s  by c r a c k  
c losure  f o r c e s  p l a c e d  a l o n g  t h e  crack face .  The f o r c e s  applied by :he f i b e r s  t o  t h e  crack face  are  
c a l c u l a t e d  o s ~ n g  a n  e x p l i c i t  f r i c t i o n a l  b r i d g i n g  model  t h a t  c a l c u l a t e s  t h e  f i b e r  l o a d  t r a n s f e r  a s  a 
f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  c r a c k - t i p .  *I baric r e s u l t  o f  t h e  model  i s  t o  p r e d i c t  c r a c k - t i p  screeninq 
o v e r  a range o f  c r a c k  e x t e n s i o n  ( R -c u r v e  b e h a v i o r )  when h i g h - s t r e n g t h  f i b e r s  and weak i n t e r f a c e r  a m  
p r e s e n t  ( 1 . 2 ) .  

r h e  model I S  u s e d  t o  e x p l o r e  t h e  ? m e 4 c o e n d e o c e  o f  crack g r o w t h  by ailowin4 t h e  c r a c k ~ c l o s u r e  f o r c e s  t o  
undergo t ime~dependent  r e l a x a t i o n .  A v a i l a b l e  c r e e p  d a t a  fo r  Nlcalon f i b e r s  a t  IIOO'C in p u r e  Ar ( 8 )  were 
(used t o  c o n s t r u c t  a c o n s t i t u t i v e  e o u d t i o n  f o r  t h e  i t r e s i ~  and t i m e - d c p e n d e n c e  o f  creep i n  N i c a l o n  f i b e r r  a t  
1 I S O " C .  Based on t h i s  a p p r o a c h ,  t h e  C r e t e  m i c r o m e c h a n i c s  model i s  :!sed t o  C a l c u l a t e  t h e  c rack  v e l o c i t y  
i i s i n g  a q u a s i ~ s t a t i c  a p p r o a c h  ( 2 1  

Using a d e f i n i t i o n  f o r  the S t r e s s  i n t e n s i t y  for an e q u i l i b r i u m  b r i d g i n g  zone .  an  e x p r e s s i o n  was d e n v e d  f o r  
t h e  v e l o c i t y  o f  a c r a c k  in a Composite a t  r q u i l i b r i u m ,  w h i c h  g i v e s  a q u d s i ~ s t d t i c  a p p r o x i m a t i o n  t o  t h e  
c r a c k  v e l o c i t y .  F o r  t h i s  a p p r o x i m a t i o n ,  , t  1 s  assumed t h a t  t h e  b r i d g i n g  zone  i s  ~n e q u i l i b r i u m  by v i r t u e  
o f  a b a l a n c e  between c r a c k  advance and relaxation o f  b r i d g i n g  Znne s t r e s s e s .  A s  t h e  c r a c k  a d v a n c e r .  i t  
b r i d q e r  a d d i t i o n a l  f i b e r s .  w h i c h  re ta rd5  i t s  g r o w t h .  A s  t h e  stresses i n  !he b r i d g i n g  z o n e  re lax .  t h e  
c r a c k - t l p  i c r e e n ~ n g  i s  r e d u c e d ,  and t h e  c r a c k  t e n d s  t o  advance .  

The q u a s i - s t a t i c  aDproximation a s s u m e s  t h a t  K , . p  i s  a constant ,  such t h a t  

~ . , ~ , ' a ,  i :  = (: - ,-xu = n 

r h r e f a r e ,  one can  write t h e  t o t a i  differential o f  K , . .  a i  .. 

dK., c K .  "*. = .-.A"& + - - 2 d C  
.1D sa at 

w h i c h  w a s  u s e d  t n  der ive  a n  expression f o r  c r a c k  v e l o c i t y .  v ~ .  d s  

w h e r e  t h e  c r a c k  v e l o c i t y  i s  e x p r e s s e d  a s  t h e  r a t i o  b e t w e e n  t h e  t i l e - d e p e n d e n c e  o f  K . .  due t o  s t r e s s  
r e l a x a t i o n  o f  b r i d g i n g  f o r c e s .  &. ,.;cT. and t h e  change in X . . ,  d u e  t o  c r a c k  advance .  .?a. Q e d u c i n g  
t h e  crack -c lo sure  ( f i b e r  b r i d g i n g ) . f o r r e r  a i  d f u n c t i o n  o f  t i m e .  due t o  e i t h e r  s tress  r e l a x a t i o n  I "  t h e  
f i b e r s  ( f i g u r e  7) o r  removal o f  t h e  interface. allows t h e  crack t o  e x t e n d  d u r i n g  t h e  l o a d  s t e p .  The 
agreement o f  t h e  p r e d i c t e d  v e l o c i t i e s .  a s  w e l l  as t h e  t i m e - d e p e n d e n c e ,  i i iggests  t h a t  f ; b e r  c r e e p  i s  
c o n t r o l l i n g  SCG i n  t h e  p u r e  Ar e n v i r o n m e n t  a t  11OO'C. O t h e r  r e l a x a t i o n  p r o c e s s e s .  such a s  i n t e r f a c e  
r e m o v a l .  w o u l d  be  e x p e c t e d  t o  o c c u r  i n  0,. T h i s  r e l a x a t i o n  p r o c e s s  w o u l d  be  f a s t e r  t han  fo r  f i b e r  c r e e p  
a lone  b e c a u s e  t h e  f i b e r / m a t r i x  l n t e r f a c e ~  i s  s i m u l t a n e o u s l y  b e i n q  removed  by o x i d a t i o n .  l h i i  p r o c e s s  would 
reduce t h e  f i b e d m a t r i x  i n t e r f a c i a l  s h e a r  s t r e n g t h  3s a f u n c t i o n  o f  t i m e .  4 f a r t c r  s t r e s s  r e l a x a t i o n  
s h i f t s  t h e  o n s e t  o f  d c c e i e r a t e d  C r a c k i n "  1 i t . a ~ e ~ i i i )  t o  l o w e r  K .  v a l u e s  and ~nc'edses t i l e  r e l a t i v e  c r a c k  
' v e l o c i t i e s  i n  t h e  s t a g e - 1 1  r e g i o n  

The c r a c k  v e l o c i t y - t i m e  d a t a  i n  0 (figure 2 1  i n d i c a t e s  t ' l a t  v c l o c c l t l e c  are  increasing w i t h  t ime,  w h i c h  
c a n n o t  be a c c o u n t e d  f o r  by u s i n g  i l o o a r i t h m i c  f u n c t i o n  f u r  h . i t ) .  i u c n  a s  t h a t  ,use0 f ~ r  f i b e r  c r e e p .  A 

-eouired t o  a c c o u n t  f i r c r c a s i n q  ielacitier w i t h  t i m e .  h d r e s u l t  w o u l d  ' la,ie t o  come f rom d model  o f  
~ n t c r f a c e  ~ r e n o v d l  and s u b s e q u e n t  b r i d q i n g  z o n e  r e l a x a t i o n .  w h i c h  r e w i n s  t o  be  dccomDliihe3 

i i b e r / m a t r i x  I n t e r f a c e s  w i t h  i m p r o v e d  h i g h - t e m p e r a t u r e  s t a b i l i t y  r e l a t i v e  t o  C are  b e i n g  d e v e i o p e d  b y  t h e  
CMC industry. Roron n i t r i d e  i s  one swch m a t e r i a l  b e i n g  rnnsiderea t o  ~ r p r o v e  t h ?  h i g h ~ l e m r e r a t u r e  
s t a b i l i t y .  However .  compar1sor! b e t i i e e n  S i C / : I C  w i t h  BN and C I n t e r f a c e s .  i i~ i l l ' i i  1 and 3 i n O W S  l i t t l e  

: , n e a r l y  ,ncreai;ng Y t )  w 1 1 1  g i v e  c c o n s t a n t  c r a c k  'veio y ;  w h i l e  a p a w e r ~ l a w  f m i t i o n  would be 

Improvement. k EN i n t e r f a c e  i s  a l s o  r a t  a good c h o i c e  for  f i i i i o n  a p p l i c a t i o n s  ? "cause  o f  neu t ron  
a c t i v a t i o n  o f  nitrogen and h e l i i i m  generation f r o m  t h e  6 .  l a r b o n  i n t e r f a c e s  c o i i l l i  have  s u i t a b l e  l o n g ~ t e r m  
S t a b i l i t v  ~n h i o h - o u r i t v  He or I i a u i d  l i t h w m :  however .  r e a c t i o n  w1t.h ii o r  i i s  a m a l o r  concern.  The 

i .  , .~~~ 
5 : i i t a b i l ; t y  o f  5IC:SiC w i t h  a ca rbon  i n t e r f a c e  for f u s i o n  a p p l i r a t i a n s  must be evaludted I n  t h e  p r e s e n c e  o f  
t i .  ,? t r i t  He w i t h  varlable 11 p a r t i a l  p r e i i i i r e s  w o i i l d  be  one r i i t h o d  o f  e v d l u a t i n q  t h e  s t a b i l i t y  o f  
i i C , ' S , C  r i t h  C i n t e r f a c r i  i n  P, b ~ d r i n g  c ' w l r o n n e n t i  
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h - g n ~ . r m p e r a t u r t  m e c n a n i c a l  C r o g e r t l e s  o f  S I C  r e i n f o r c e d  w i t h  c o n t ~ n u o u s   bars e x h l b l t  n o v e l  
p , m c e r t l e s  r e l a t ~ v e  t o  w n o l i t h i c  c e r v n ~ c s .  
g f  :he L M C  m a t e r i a i .  R second i s  t h e  d c ~ a r e n t  s h i f t  i n  K. 13r c r a c k s  p r o d u c e 0  DY s u b c r i t i c a l  g r o w t h  
. - m l a t l v e  t o  v c h i n e d  n o t c h e s .  T h i s  e f f e c t  !i o e m o n s t r a t e d  by c o m p a r i n g  t h e  t r a n s i t i o n  i rom s t a g e  I 1  t o  

I "  flqurei 1 and 3 t o  t n e  f r a c t u r e  t a u g h n e i i  curves  shown ~n figure 4 f a r  t h e s e  l i a t e r l a l s .  

2 lncreasing f rom a b o u t  1 5  X P d m  t o  2 7  t o  30 M P a f m .  :g m a s t  m a t e r l a l i .  :h.s t r a n s i t i o n  I S  l e s s  

The p r e s e n c e  o f  : ? E  i 1 - c e p e n d e n t  it.dge I: i s  one novel a s p e c t  

n o f  t h e  r e s u l t s  :n A r  show t h a t  t h e  t r a n s i t i o n  f r o m  s t a g e  I 1  !o i t a g e  I 1 1  .exceeds K. by a f a c t o r  

!',an Y.. c u r t h e r  e x p e r i m e n t a l  w o r k  I S  i n  progress t o  v e r i f y  t h l s  e f f e c t .  

F h r t h e r  c x a r n r n a t i o n  o f  t h e  c r e e p / f a t i r r t i e  d a t a  f o r  t e s t s  c o n d o c t e a  on SIC;SIC w i t h  t h e  C i n t e r f a c e  s u g g e s t e d  
:ha t ,  c o n t r a r y  t o  our p r e v ~ o u s  c o n c l u s i o n  ( 7 )  t h a t  c y c i i c  l o a d s  producea no damage. inme damage may h a v e  
accumula:ed w i t h  1ncreas i r .g  c y c l e s  o r  s t r e s s ~ i n t e n s i t y .  
;where 1 1  3 s  e v l d e n t  t h a t  t h e  d i f f e r e n c e  in t h e  c r a c k  v e l o c i t y  i o  ow-ng t h e  f i r s t  c.!cle and t h e  
t r e n t i e f i f t h  c y c l e  d e c r e a s e s  w i t h  incredslng i t r E s S  I n t e n s i t y .  m p a r i s n n  o f  :he c r m  v e l o c i t y  versus 
a p p l i e d  i t . r c s i  i n t e n s i t y  f o r  s t a t i c  a n a  c y c l ~ c  t e s t s  c o n d u c t e d  1 ?<r .  F;gi ire 6. nay a l s o  orovide evidence 
fir f a t i g u e  damaqe. Cne c y c l i c  t e s t  W ~ S  terminated a t  t h e  stage I I  ?o i t a g e  I l l  ! r a n s i t i o n  w h i l e  t h e  
second c i c l ~ c  t e s t  w a s  s t i l l  ~n i t a q e  :I when t h e  t e s t  'was  ' e r m i n a t c n .  The results i r v  o n e  t e s t  s u g g e s t  

A n  exam e o i  t h i s  b e h a v i o r  i s  g i v e n  i n  F i g u r e  5 

c y c l ~ c  l o a d s  reduce !he s t a g e  I I  t o  s t a g e  I l l  t r d n S i ! i o n  w h i l r  :he o t h e r  iuqgesti n o  e f f e c t .  F u r t h e r  
r l - e n t s  are i n  p r o q r e s i  t o  s o r t h e r  e v a l ~ i t ~  t h e s e  e f f f c t . i .  

-0 s t i  t o  d e t e r m i n e  t h e  v a l u e  o f  K. inllawlng t h e  g r o w t h  o f  c r a c k s  st h i q h ~ t e T p e r a t o r e  w111  
: I s o .  f u r t h e r  f a t i g u e  t e s t s  and " 6 d e l i n g  w i l l  be cnmple?cd  t o  d o t e r 9 ; n e  w h e t h e r  t e n s 1 0 n - t e n s l n n  Cyclic 

Le r o n p l e t e d .  

i i - a r c n <  l n ~ t , r ~  r i a m ~ n i i  ~n t h o s e  ? d t e r l a i : .  'he t c m o e r a r u r e  d e o r n o w c e  and o x y ~ e n  reaction k i n e t i c s  w i l l  be 

a s s i s t a n c e  o f  J .  L .  ! i uma ion  i n  p e r f o r m i n g  t h e  c r a c k  g r o w t h  ~ ~ w ~ s r n e n t s  ana D i a n e  Forsyth  for  
o r e p a r a t i o n  o f  t h e  m a n u r c r l p t  are g r a t e f u l l y  a c k n o w l e d g e d .  
Energy and the  O f f i c e  o f  Baric Enerqy S c i e n c e s  o f  t h e  U . S .  
7 6 R I C  1R3n  w i t h  R a t t e l l e  l l e r n o r i a l  I n i t l t i i t e  w h i c h  ODerateS 

l h i i  w o r x  "as  s u p p o r t e d  b:i t h e  O f f i c e  o f  Fusion 
D e p a r t m e n t  o f  E n e r g y  (under c o n t r a c t  DE-ACG6-  
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MEASUREMENT OF DC m C A L  CONDUCTIVITY OF ALUMINA DURING SPALLATION- 
NEUTRON IRRADIATION -- E. H. Farnum, F. W. Clinard Jr., J. C. Kennedy 111, W. F. Sommer and 
M. D. Dammeyer (Los Alamos National Laboratory) 

OBJECTIVE 

The objective of this experiment is to determine the extent of degradation during neutron 
irradiation of electrical acd optical properties of candidate dielectric materials. The goals are to identify 
promising dielectrics for ITER and other fusion machines for diagnostic applications and establish the basis 
for optimi7ation of candidate materials. 

SUMMARY 

An irradiation experiment was carried out during the summer of 1W2 at the Los Alamos 
Spallation Radiation Effects Facility (LASREF). In situ measurements of electrical conductivity in 
alUmi~. sapphire and mineral-insulated electrical cables were ma& at 640 "C. 590 "C and 400 'C. Both 
DC and AC (100 Hz to 1 M H Z )  measurements were made to a fluence of approximately 3 x I+ n h 2 .  
Optical absorption from 200 nm to 800 nm was measured in pure silica- and OH-doped silica-core optical 
fibcrs during the irradiation. A large number of passive samples were included in the irradiation. some at 
the furnace temperatures and some at ambient temperature. This report describes preliminary analysis of the 
DC conductivity measurements. The AC measurements are analywd in the companion report. All samples 
are being recovered for post-irradiation examination as this report is being written in May, 1993. Final 
analysis of the conductivity data awaits the results of measured fluence from activation foils and will be 
published at ICEIUI-6. 

PROGRESS AND STATUS 

The basic description of the experiment wm reported in the last progress report (April 92 through 
September 92). 

Furnace Temuerature 

Each furnace had three type K thermocouples. These were located near the top. center and bottom 
of the heated Zone. The top and bottom thermowuples were located radially about half-way bctween the 
axis and wall. and the center thermocouple was located on the axis. The temperature was controlled (held at 
a conslant set point) using the center thermocouple and the other two temperatures were recorded 
continuously during the experiment. Because of gamma and neutron heating. the furnm temperature 
profile changed slightly from the bean-on condition. in which most power was supplied by the radiation, 
and the bean-off condition, in which all the power was supplied by the furnace heater. Fig. 1 shows a two- 
dimensional furnace layout with the two AC capsules on the right and the DC capsule with layered samples 
on the left. The temperature of the three thermocouples for each of the three furnaces, A, B and C, are 
plotted versus axial furnace position. This furnace temperature profile was used to obtain a better estimate 
of the temperature of the samples. From this, our best-estimate temperature of the three M3 conductivity 
capsules when the beam was on at high power was 655 "C. 615 "C and 395 "C, all ? 5 "C. 

The furnace temperatures were initially set to 300 "C, 400 O C  and 500 "C. Early in the 
experiment, when the beam power was low, these temperatures were held. However, when the beam power 
was increased. the temperatnres inaeased to their fial values and the control points were adjusted to 
mainlain constant temperahue (within 10 "C) with beam on and off. The temperature history of the 
furnaces during the early part of the experiment is shown in Fig. 2. Only the top thermocouple for the 
three furnaces is plotted in this figure. The fourth plot is a thermocouple in the temperature-uncontrolled 
capsule containing passive samples, labeled Clinard. The temperature of this capsule is directly related to 
neutron flux. 
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Figure 2. Temperature history of the top thermocouple in eacB furnace versus estimated fluence early in the 
experiment. 
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The DC e l d c a l  meaSuremenQ 

Each furnace held one DC capsule that was open to the argon furnace atmosphere. Each DC capsule 
contained two I-mm-thick and two 3-mm-thick. 1.9-an-diameter alumina disks. The disks were stacked 
with interleaved elecrrodea such that disks of equal thickness were elecaically parallel. An applied DC 
voltage of 150 V caused an electric field of 500 v i m  on the thick disks and 1500 V i m  on the thin disks. 
This voltage was applied continuously during the experiment. The alumina disks are part of the IEA round- 
robin 99.5 Wesgo alumina purchased by R. Stoller at ORNL. Each LX capsule had four electrodes, the 
high-voltage input, a thin-disk output. a thick-disk output, and a "dummy" output that entered the capsule 
and hung down beside the samples but was not comeaed to any disks. The dummy electrode, placed closer 
to the high-voltage elearode than either of the other output elecuodes. was intended to measure the 
maximum contribution to the sample ament from gas and surface amduction. The three "output" 
electrodes and one MgO-insulated d e  in eaEh furnace w a e  scanned mtinuously with a computer- 
urntrolled switch and pi-ammeter. and sample current time and protcn-beam w m t  were, digitized and 
archived. Fig. 3 shows sample current versus estimated fluewe for a sample electrode (furnace A thick 
samples) and a dummy electrode in the same fumaoe. Because of the small contribution. dummy electrode 
w m t s  were not subtracted from sample currents in calculating conductivity. 

During the experiment, the proton beam current was changed a number of times. This caused proportional 
changes in neutron flux, that in caused changes in the DC conductivity. The effect of these changes 
can be seen in Fig. 4. The LX conductivity is plotted versus estimated fluence for both proton-bean-on 
and beam-off condition. The flux was estimated from previous activation foil measurements and also from 
the temperature of the Clinard capsule as shown in Fig. 2. Using this flux data and assuming that the 
beam-on radiation-induced conductivity is directly pmportiooal to the flux. we corrected the conductivity 
data for the flux changes by increasing the conductivity of the lower-flux regions by the ratio of maximum 
flux (in the fluence region between 0.5 and 13 x loB dm2) to flux in the mrrected region. 
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Figure 3. Comparison of the electrode current for a sample set at 655 "C and the dummy electrode ~n the 
samefurnace. 
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Figure 4. As measured conductivity in a sample set at 655 "C versus estimated fluence without correction 
for flux chaages. 

The flux-corrected data for b e e  sample sets are shown in Fig. 5, a,b.c. The data taken prior to 
stabilization of the fumace temperatures at their final value is not shown because the analysis is not yet 
complete. The data for the highest temperature and highest voltage samples (655 "C, 1500 Vlcm) are not 
p-ted because we presently believe that they ipe ecro~eous and are waiting fa post-irradiation 
measurements to verify these data The data for the lowest temperature samples we shown in Fig. 6. At 
this temperature, no changes were observed in either beam.cn, bean-off or long-term conductivity. 
Therefore. no flux correction was applied to the Fig. 6 plot. The data for both the 500 Vlcm and 1500 
Vlcm sample sets were similar at the lowest temperature. The data on E€ conductivity of MgO-insulated 
cables have not yet been analyzed. 

During the experiment, when the beam was off for a substantial period. we turned off the furnace power and 
measnred electrical conductivity vs. temperature as the samples mled, then again as they were reheated 
with power on. Fig. 7 is an Arrhenius plot of the conductivity taken with bean off at an estimated fluence 
of 0.67 x IC@ dm2. Heating and cooling data were identical. The observance of two activation energies 
is cbaa~teristic of an irradiated materid.1 

http://beam.cn
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Figure 5a. Flux-corrected conductivily of the sample set at 665°C and 500 Vicm versus estimated 
fluence. Upper cuwe is bcam on, lower curve is beam off. Wesgo 995 Alumnia. 
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Figure 5b. Flux-corrected conductivity of the sample set at 615°C and 1500 V/cm versus estimated 
fluence. Upper curve is beam on, lower curve is beam off. Wesgo 995 Alumnia. 
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Summary 

The Dc data for most of the LASREF in situ irradiation experiment have been analyzed. No dramatic 
increases in conductivity were observed to the maximum estimated flux of 0.034 displacements per atom 
(dpa). Data from one DC sample set and the MI cables has yet to be fully analyzed and is waiting for post- 
irradiation measurements. The DC conductivity for two of our sample sets is compared to previous 
attempls to measure the NED effect in Fig. 8. It should be noticed that no dramatic NED effect bas yet 
been observed with DC measurements under neutron irradiation. Shikama's factor-of-three increase is. so 
far, lhe largest observed DC effect. These data would not indicate that RIED is a serious prohlem for fusion 
applications at least in the temperature, voltage. fluence ranges measured to date. 

r n R E  WORK 

The AC measuremenls we made at LASREF, described in the companion reporl. are dramatically different 
from the E€ data described here. We do not yet have a plausible explanation for this difference. We are in 
the pr-s of recovering the insert and samples and will begin post-irradiation examination in the third 
quarter. Post-irradiation electrical measurements will be compared between &e Dc and AC samples in an 
attempt to understand the differences in these two expcrimcnts. We will also conduct T E b f  examinations of 
both ac and dc samples to look for the onset of colloid formation. Steve 7inkle at ORW will collaborate 
in these mcasurcments. 

Many passive samples were included in  the LASREFexperjnien~. lhese were wntrihutul through our 
collaborations with researchers world wide. We will continue lhcse collaborations, returning sampla and 
making some post-irradiation measurements beginning in the third quarter. 

Referenoes 

1 .  G. P. Pells et. al., "Radiation nfec t s  in Electrically Insulating Ceramics. €Ianvell Report AFJW R 
13222, Septemher, 1988. 
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MEASUREMENT OF AC ELECTRICAL CONDUCTIVITY OF SINGLE CRYSTAL AL& 
DURING SPALLATION-NEUTRON IRRADIATION--, J. C. Kennedy 111, E.H. Farnum, W FY 
Sommcr and F. W. Clinard, Jr. &os Alamos National Laboratory) 

OBJECTIVE 

The objective of this expcriment is to determine thc extent of electrical insulating degradation in 
A1203, a candidate dielcctric material for fusion applications, during neutron irradiation and with an 
applied electric ficld. 

SUMMARY 

Samplcs of single crystal A1203, commonly known as sapphire, and polycrystalline AI203 were 
irradiated with spallation neutrons at the Los Alamos Spallation Radiation EITccts Facility (LASREF) 
under various tempcrature conditions and with a continuously applied alternating elcctric field1. This 
papa  describes the results of measurements on the sapphire samples. Neutron fluence and flux values are 
estimated values pending recovery and analysis of dosimetry packagcs. The conductivity increased 
approximatcly with the square root of the neutron flux at flucnces lcss than 3 x I d 9  n/m2 and at fluxes 
less than 1 x 10l6 nfm2-sec. Conductivity initially dccreascd at low flucnces with minimums near 
flucnces of 1 x 1020 d m 2 .  Incubation pcriods with a gradual increase in conductivity preceded the onset 
of an acceleratcd increasc in conductivity beginning at fluences as low as 1021 d m 2 .  The increase in 
conductivity reached saturation levels as high as 2 x 
Frcquency swept impedance measurements indicatcd a change in the electrical properties from capacitive 
to resistive behavior with increasing fluence. 

PROGRESS AND STATUS 

Introduction 

(ohm-m)-lat flucnces as low as 2 x 1022n/m2. 

The Fusion ceramics community has been concerncd with the phenomcnon of radiation-induced 
elcctrical degradation (RIED) in ceramic insulators ever since E.R. H o d g ~ o n ~ - ~  observed and reported the 
eKect in single crystal AI203 during high energy electron irradiation. 

RIED has been observed2,4 only undcr conditions of concurrent ionizing radiation, displacement 
damage, moderately elevated temperatures, and applied electric fields. Degradation has been reported2 
for single crystal A1203 undcr both applied DC and AC fields up to 126 MHz. There is little or no 
frequency dependence of degradation behavior under AC applied ficlds but the onset of degradation has 
been reported to be delayed and the degradation rate reduced compared to DC applied fields2. 
Accelerated degradation has been observed2 at fluences as low as 
applied voltages above a threshold value of about 500 V/cm during 1.8 Mev electron irradiation at a flux 
of lo6 Gyhr and a temperature of 450' C. 

displacements per atom (dpa) with 

Studies of proton irradiated4 polycrystalline MgA1204 and AI203 and electron irradiated2 single 
crystal A1203 show degradation trends consisting of an incubation period during which conductivity is 
slowly increasing followed by the onset of a supralinear increase in conductivity. The incubation period 
has been found2 to decrease with increasing dose rate and to increase with decreasing tempcrature. 

Recently, Shikama et. observed degradation in polycrystalline A1203 after irradiation with fission 
reactor neutrons near 5 0 0 T  with a 5000 V/cm applied electric field. 
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Fig. 1, Schematic diagram of AC test capsule. Guard ring electrical lead is shown in contact With the 
capsule body or electrical ground. 

S A M P L E  MEASUREMENT CONFIGURATION i- 

ix - EalZx  - ErlRr 
zx - RreslEr  

Fig 2. Wiring diagram and measurement configuration for AC measurel%?xltS. The Low side is driven 10 
0 volts at the measuring inslmment (hf 4194A Impedance Analyzer). 
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A separate, but related, phenomenon is radiation induced conductivity @IC) caused by the creation of 
excess charge carriers under ionizing radiation. RIC is a function of the ionization rate and the lifetime of 
excess charge carriers as determined by trapping and recombination p r o c e ~ s e s . ~ - ~ .  RIC is given by 
o=ao + KRF, where .so is the conductivity in the absence of ionizing radiation and R is the ionizing flux 
Studies9-l of A1203 undcr various types of ionizing radiation have generally reponed flux-dependent F 
values between 0.5 and 1.5 
by the defect or doping statcI0,ll. 

In addition, Scan have a complicated temperature dependence determined 

Expcrimental Method 

The irradiation was carried out at LASREF near the beam stop of LAMPF. LAMPF is an 800 MeV 
linear proton accelerator that generally operates with an avera e beam current of0.75 mA and a neutron 
flux ncar ex erimcntal stations Of 3.8 x IOI7 n/m2-s-mA12,1 f for neutron encrgies grcatcr than 0.1 MeV. 
Calculatcd I P  gamma flux is approximatcly 1.4 x IOl7 /m2-s-mA. The proton bcam is pulsed every 8.3 
nis with the bcam on for a period of 0.5 to 0.8 ms. Interaction of the protons with a copper beam stop 
produces spallation ncutrons with an energy distribution corresponding to a moderated fission spectrum 
plus a high encrgy tail. 

Although accurate determinations of neutron fluxes and fluences during our experiment must await 
recovery ofdosimctry foils, it is estimated that thc maximum average neutron flux (E > 0.1 MeV) at the 
samples ranged from 5.5 x IOl6 to 1.0 x IOI7 n/m2-sec. Total neutron fluences (E > 0.1 MeV) are 
estimated to range betwccn 1.2 and 2.2  x n/m2. 

Samples were individually encapsulated in stainless steel capsules [Figure 11. Based on mcasuremcnts 
outside the capsules, it is estimated the single crystal sample capsules were evacuated to less than lo4 
torr . Two samplc capsules, onc with single crystal and one with polycrystalline A1203 were contained in 
each of three separatcly controlled and DC powercd furnaces. The details of the furnacd construction has 
been previously reported1. The furnaces wcre continuously supplied with argon at atmospheric pressure. 
Approximately 5m of MgO-insulated cables with stainless steel sheaths and nickel center conductors 
provided electrical leads from the capsules out ofthe high radiation area. Another 25m of polymer 
insulated coaxial cable carried the electrical signals to the instruments. 

The single crystal sample capsules had ceramic insulated electrical feed-throughs with nickel leads. 
Platinum lcads 0.005 inches in diameter were thermosonically bondcd to the sample electrodes and spot- 
welded to thc nickel leads. The sample clectrodes wcre sputter deposited with 100 Angstroms of titanium 
followed by 2500 Angstroms of platinum. A guard ring configuration as specified in ASTM Standard 
D150 was applied using photolithography masking techniqucs. Samples were single crystal A1203 
supplied by Crystal Systems, Inc. with face orientation (1 150). Major impurities wcre 8 ppm Fe and 6 
ppm Ce. Sample dimensions were 0.216 mm thick x 12.7 mm in diameter. The guarded electrode 
diameter was 7.65 mm. 

The polycrystalline samples and sample capsules were supplied by Dr. Tatsuo Shikama of Tohoku 
University, Japan. The capsules were similar in construction to those reported by him as a 'second 
subcapsule design' in a separate irradiation experimentI4. The samples wcre manulactured by Kyocera 
Co. Ltd., and had nominal dimensions of0.15 mm thick x 8 mm in diameter. Sample electrodes were 
similar lo those for the single crystal samples. 



468 

dhplaCuImnt. p r  atom 
1E-7 1 E 4  1 E J  1 E 4  (€4 1E.2 1E-1 

?E-3, I - 
1E4 

E 

8 1E-5 E 
f 1 
A 4 

Fig's 3a-c. Averaged conductivity values measured at 100 Hz during spallation neutron irradiation of 
single cr).stal A1203 with a 1850 V/cm applied AC electnc field. Impedance measurements were made 
without the AC electric field applied. Results are presented with ('beam on'), and without ('beam off), 
neutron flux present. 
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The samples w'ere supplied with a 10 kHz voltage with a peak-to-peak amplitude of 80 volts. The 
applied electric field had a peak value of 1850 V/cm and an rms valuc of 1310 V/cm. The field was 
continuously applied to thc samples during the irradiation except for periods of 30 to 60 seconds every 1 
to 2 hours to allow frequency swept impcdance measurcments to be made. 

Electrical measurements were made with a HP 4194A impedance analyzer which uses an auto- 
balancing bridgc techniquc. Measurcmcnts were made over the frequency range of 100 Hz to 1 MHz. A 
thrcc terminal configuration was used as s h o w  in Figure 2. The impedance analyzer drives the low side 
ofthe circuit to 0 volts leaving the guard and guarded electrodes at the same potential. Measurcment 
signal voltages are a maximum of 1 volt at high impedances with a compliance of 20 mA. Since the 
source voltage applicd to the sample depends only on thc impedance of the sample, any leakage current on 
the high side has minimal effcct on the accuracy of the mcasuremcnt as long as the total current is within 
instrumcnt specifications. Separate mcasuremcnts of MgO-insulated cables during irradiation with an 
applied electric field peak strength of 1750 V/cm did not reveal any degradation in cable insulation. 

&& 

This progress report concerns data collcctcd from the single crystal samplcs. Analysis of the 
polycrystalline samples is not yet complcte and is being done in collaboration with Dr. Tatsuo Shikama. 

The irradiation initially began with Sample A (Furnace A) at 300"C, Sample B (Furnacc B) at 375°C 
and Sample C (Furnace C) at 480°C. Early in the irradiation an increase in flux-induced heating caused 
us to reverse the low and high temperaturc furnaces and to increasc the controlling temperaturc levels. 
All furnaces increased in temperaturc at 66 hours into the irradiation coincident with a factor of two flux 
increasc. Anothcr factor of two flux incrcase and coincidcnt tcmperature increase at 85 hours resulted in 
thc changes in furnace controlling lcvels rcfcrred to above. 

Samplc A increascd from 300°C to 320 C at 66 hours and from 320°C to 560°C at 85 hours. Samplc 
A averaged 580°C 5 20' C over the period of rapid degradation. Sample B increased from 375°C to 
405°C at 66 hours and from 405°C to 540°C at 85 hours. The temperalure increase in Sample B at 85 

hours, unlike Sample A, precipitated a rapid, and ncarly immediate, rise in conductivity of about two 
orders of magnitude. Sample B avcraged 550°C f IO C over the rapid degradation period. Sample C 
increased from 480°C io 490°C at 66 hours and was lowered from 490°C to 355°C at 85 hours. The 
temperature was thereaftcr increascd 10 38O0 C and Sample C avcragcd 380°C f 10°C over the 
degradation that continued throughout thc irradiation cycle. The temperature profiles arc furthcr 
described in a companion progress report on DC conductivity measuremcnts. 

Figures 3 a-c show conductivity measured at 100 Hz vcrsus estimated fluencc in n/m2 and dpa ( l ~ I 0 ~ ~  
n/m2 is estimated to induce one displacemcnt per atom ). Conductivity was calculated from the measured 
values of impedance modulus IZ/ (ohms) and phase angle 0 (theta degrees). The AC conductivity is given 
by o=oksotanfi; where o is the angular frequency, k is thc real part of the relative dielectric constant, E" 
is the permittivity of free space and tan6 is given by the equivalent series resistance Rs ( IZl cos 0 ) 
divided by the equivalcnt series reactance Xs ( /Z1 sin 0 ). k is given by Cp d/~" A, where Cp is the 
parallel capacitance, d is the samplc thickness, and A is the guardcd electrode area. Cp is givcn by 
l/o Rp tan& where Rp is the parallel resistance. Thc conductivity can thereforc be calculaled from the 
expression, o=d/Rp A, where the parallel resistance, Rp, is given by Rp=Rs[(l+ tan28)/tan26]. 
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Fig's 4a-c. Conductivity of single crystal AI203 measured at 100 Hz early in the irradiation cycle. 
Neutron flux, in the upper part of the figure, is contrasted with conductivity, shown in the lower part of 
the figure. Increases in flux are seen at 66 and 85 hours. Temperature changes are indicated at 85 hours. 



Conductivity values are initially presented here at 100 Hz since they are they arc the lowest frequency 
measured and are more closely comparable to DC measurements. Conductivity trends for higher 
frequencies are similar and will be presented in a future publication with further analysis of frequency 
dependent behavior. 

Conductivity results presented in Figures 3 a-c represent the averages of several conductivity 
measurements taken over eight hour periods of irradiation. The proton beam at LAMPF was off 
pcriodically during the irradiation for periods of a few minutes to several hours. Measurements were 
made with the proton beam both on and off. Conductivity with the proton beam on is contrasted with 
beam-off values in Figures 3 a-c. 

Figures 4 a-c show unavcraged conductivity measurements and cslimated neutron flux. The neutron 
flux was calculated from beam current measurements taken bcfore and after frequency swept impedance 
measurements. Early in the irradiation, increases in conductivity correspond to increases in neutron flux. 
Figure 5 shows conductivity as a function of ncutron flux at low fluences (<3 x 1019 n/m2 ) before any 
measurable change in the base conductivity. RIC increases as approximately the square root ofthe 
neutron flux. 

The conductivity for all samples in Figures 3a-c shows a slight decrease in the base conductivity early 
in the irradiation. Decreases in radiation induced conductivity (RIC) for Samples B and C were also 
observed in this region. The conductivity response to flux and fluencc can be scen in more detail in 
Figures 4 a-c. Thc base conductivity in all samplcs reaches a minimum value at about IOz0 n/m2. RIC 
appears to decrease relative to the base conductivity in all samples before the onset of degradation. 

Sample B, initially irradiated at 375OC, shows an immediate and dramatic response with the fastest 
dcgradation rate after a temperature increase from 405°C to 550°C. Sample A, initially irradiatcd at 
300' C, and with a large temperature increase from 3 2 0 T  to 560"C, shows a much slower response to 
temperature change and a slower degradation rate. Sample C initially irradiated at 480°C and 
subsequently lowcrcd in temperature from 4 9 0 T  to 355OC, shows thc beginning of rapid degradation 
wjhich then appears to he retarded by the decrease in temperature and proceeds at a much slower rate 
thereafter. 

Sample B reached the highest saturated conductivity w,ith a value o f 2  x (ohm-m)-l at a fluence 
ncar 2 x IOz2 d m 2 .  Sample A dcgraded to a saturated conductivity of about 6 x 
fluence of about 5 x IOz2 n/m2 . The degradation in Sample C did not reach saturation, but had a 
conductivity of 1 x 
Sample B, and to a lesser extent Sample A, show very noisy signals beginning near saturation, with the 
'beam-on' condition resulting in decreased conductivity (an inverse RIC). 

(ohm-m)-'at a 

(ohm-m)-I at the end of the irradiation cycle at a fluence of about 1 x n/m2. 

Figures 6a-c show the measured impedance modulus and phase angle values as a function of frequency 
at fluences corresponding to the unirradiated condition, approximately half way (logarithmically) to 
saturation , and near saturation. Sample C , not having reached saturation, is shown at the highest 
fluence at the end of the irradiation cycle. Changes in the impedance behavior over the frequency 
spectrum indicate the general trend of a change from capacitive to resistive behavior with increasing 
fluence . A spike seen in some of the plots at 10 kHz is caused by interference from the applied electric 
field present on the samples not being measured. 



372 

ALZ03 (FLUENCE<3E-19 nlrn”2) 
e SAMPLE A 300 C A SAMPLE B 375 C ‘7 SAMPLE C 480 C 

CONDUCTIVIM=KRA0.47 - CONDUCTIVIN=KRA0.57 CONDUCTIVITY=KR”O.53 ~ ~ 

.~ 

1E-10‘ 1 lE12 lE13 lE14 1E15 

ESTIMATED NEUTRON FLUX (nlm”2-sec) 
16 

Fig. 5.  Variation of radiation-induced conductivity with estimated neutron flux in single c stal AI 0 3  at 
100 Hz prior to any changes in the base conductivity. Data were taken at fluences < 3 x lo” dmt? 
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Discussion 

The AC data rcported here differ dramatically from the DC conductivity data reported in the 
companion progress rcport on polycrystalline alumina. We do not yet havc a plausible explanation for 
these dilrerences. The extremely rapid rise in conductivity of Sample B and very noisy signals with an 
unexpected response to the 'beam-on' condition beginning near saturation are reasons for further analysis. 
Furthcr analysis is also needed with respect to possible synergistic cffccts caused by coincidental changes 
in flux and temperature. It is expccted that some of the prcscnt uncertainties will be addressed in the near 
future with the recover?. of dosimctr?. packagcs and post-irradiation measurements. 
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IRRADIATION EFFECTS IN CERAMICS: TRANSITION FROM LOW TO IIIGH DOSE BEIIAVIOR - - 
F. W. Chard,  Jr. and E. 11. Famum c o s  Alamos National Laboratory) 

OBJECTIVE 

The ohjective of this work is to assess the changes that occur in various types of ceramics as 
irradiation doses progress from low to high levels, and to interpret those changes in terms of our present 
understanding of damage effects 111. 

SUMMARY 

Ceramics subjected to irradiation show a wide variety of damage responses, depending on 
composition, nature of bonding, cryslal structure, impurity levels, starting microstructure. number of phases, 
and type of bombarding particle. As doses reach high levels (a condition that varies in magnitude from one 
material to another) major changes in physical propcrties can occur, and atomic arrangements may even 
change fmm crystalline to disordered. However, some ceramics show marked resistance to damage, and some 
propenics may improve. More work is needed to fully understand these phenomena, but it is cumnlly 
possible in many cases to predict at least qualirntively both micmstructural damage response and observed 
pmprty changes. 

PROGRESS AND STATUS 

Introduction 

A[ low damage levels, physical property changes in ceramics are for the most part small in 
magnitude. The primary damage state and effects of low-dose damage comprise the first topic discussed here. 

As damage accumulates and larger defect aggregates are formed, major changes in physical propenics 
(not always deleterious) can be expccted. Nevertheless, in many ceramics the constituent ions are for llie most 
pui not pcmanenlly displaced, and so the damage can be characterized as isolated. Highdose isolated damage 
is the next topic addressed. 

Ceramics with primarily covalcnt bonding can, at moderate damage levels (e.&, one displacement wr 
atom) become globally disordered. This condition, which is sometimes referred to as the amorphous or 
metamict slate, is considered next 

Engineering materials are often made up of two or more phases. Since each pha$e will demonstrate a 
characteristic response to irradiation, the combined damage state can be complex. The unusual swelling 
behavior of such a material is the last topic discussed. 

The Primarv Damage State and Low-Dose Behavior 

With respect to neutron inadiation, primary damage effects are usually Visualized in tenns of cascade 
formation and post-cascade defect content. Damage cascades have been extensively studied in metals, hut little 
work has been done on ceramics. Issues that are especially important to ceramics include: 

-- The possibility of forming anti-site defects, e.g., AI ions on 0 ion sites in alumina or N ions on 
0 sites in aluminum oxynitride; 

-- The consequence of unequal numbers of cation and anion displacements; 



47 6 

-- Amorphicity in cascades and a% the p m a n e n t ,  bulk damage condition; 

-- Direct ohsewation of cascades 

At low damage levels, ceramics accommodate permanent displacement damage in the form of cation 
and anion vacancies a i d  interstiuals, as well as small clusters. Insight as to defect species present and their 
charge states can be ohmined hy employing various experimental techniques, among which the most 
commonly used is optical absorption. An example of the use of this technique is lhe work of Atok  et al. 
[21, in which various point defects and small aggregates were identified in neutrnn-imdiaed Al2O3. 

--hx D m  

Many ceramics will. after irradiation to damage levels on the order of one displacement per atom 
(ahout 1 ~ 1 0 ~ ~  n/m2) exhibit a population of defect aggregates such as cavities and interstitial dislocation 
loops. 'These aggregates, and other defecL? such as isolaW vacancies, can have a profound effect on  physical 
properties. For example, A1203 swells 4 vol. L7, at 1100 K (Fig. 1) as a result of the [onnation of 9 nin dia. 
cavities [3]. Fracture toughness of this matcrial has doubled, apparently as a result of  the iiileraclion of cracks 
with the cavity population (41. Rtnm temperature thcnnal tliffusivity is significantly reduced, an effect 
attributed to phonon scatticring both from the cavities and from point defects or  fine aggregates loo small to 
be detected in conventional transmission electron microscopy [SI. 

Figure 1 also shows swclling data for MgA1204 spillel after elcvated temperature neutron irradiation 
131. It can he seen that this matcrial is highly resistant I n  dirncnsional changes, at least in single-crystal 
form. The microstructure of irradiated spinel exhibits only faulted interstitial dislowtion loops [31, with the 
absence of cavities indicating that vacancies either remain in the dispersed slate or Cor Uie most part recomhine 
with interstitials. The lack of degradation of Lhennal diifusivity in single-crystal spinel [SI implies that mast 
of the point dclects have in fact recombined. Mawremcnts carried out on  MgAl204 after iradiatioti to 680 
and 815 K show Uiat this material is markedly strcngthcncd by irradiation to a Ilucnce of 2 ~ 1 0 2 ~  n/m2 16). 
Such strcngthcning inay result from Ihe interaction of propagating cmcks with strain fields around the 
interstitial loops. 

Ceramics with non-cubic crysfid struclurcs arc subject to anisotropic swelling, which can result in 
high intergranular stresses that markedly reduce mechanical properties. This effect can k s l  be seen in Iht: &I@ 

of Ilickman on lhc hexagonal ceramic B e 0  [7]. llcre i t  w a  found Illat hcyond a fluence oc 1 ~ 1 0 ~ ~  n/m2 at 
348-373 K the polycrysGdlinc fonn or this ceramic loses more that 90% of its strcngth. 

Electrical conductivity nf insulating ccmnics is usually not greatly affected by prior displacement 
damage. Ilowever, this propcrty has hecn shown by Klaflky et al. 1x1 to hc strongly depelldent on rate of 
absorption of ionizing energy during irradiation, with conductivity of AI203 exhibiting increases of several 
orders of magnitude. A potentially more serious problem has heen identilied by I lodgsoii [9]: when 
deposition of ionizing energy and displacement damage occur concurrently with application of an elecuic field, 
conductivity of A1203 ovcr time shows an additioiial incrc;lsc kyond  that caused by flux effecL?. This 
phenomenon appears to be related to microstructural changes in the material. 

Of particular irnpomce to the use of ceramics in fusion reactors is the role of transmutation 
products. Calculations by Rovner and Hopkins 1101 indicate that after ten years at the fust wall of a 
2 MW/m* reactor, impurity levels of gaseous and metallic transmutation prrxlum can reach concentrations on 
the order of 1 atomic percent. The cfiects oi such high impurity concenwations have not been investigated, 
hut are expected to be significant. 
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Neutron Fluence (iOZ6/m2, E, > 0.1 MeV) 

Fig. 1. Swelling of single-crystal AI203 and Mg.41204 as a function of neutron fluencc for rhrec irradiarion 
temperatures [31 
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Fig. 2. Bulk swelling of CaPul'izO7 as a function of temperature, damage dose, and storage time. Amhient 
temperature wa5 aproximately 350 K. [ I l l .  

I 1 -  
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Fig. 3. Swelling of Macor at rmm temperature as a function of fluence of 14 MeV neutrons H41. 
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Amornhization 

Some ceramics, especially those with primarily covalent bonding, accommodate displacement 
damage by formation of localized microvolumes of disordered (variously referred to as amorphous, aperiodic, 
or metamict) material. With a sufficiently large damage dose, the ceramic can become completely amorphous. 

An example of such irradiation behavior is the response of the simulated nuclear waste form 
CaPuTi207 to self-damage resulting from alpha decay of 238h [ll]. Ilcre, most of the &image results from 
recoil of the -100 kcV 234U ion. As can be seen from Fig. 2. this material exhihits significant swelling n e a  
room temperature, with saturation being reached a1 a damage level of about 1 dpa. If the materid is hcld at 
575 K during self-inadiadon, a less-disordered condition is achieved and swelling is reduced. Aging at 875 K 
resulrs in retention of the cryslalline sure, as damage is recovered concurrently with its formation. 

With respect to fusion applications, silicate-based insulators, which are specified for use in diagnostic 
applications, are most likely to undergo a crystalline-to-amorphous msformation.  For example. crystalline 
q u a m  (Si02) has been showu to convert to an amorphous condition and undergo swelling of 14 vol %) when 
irradiated near roam temperature to a fluence of 2xI0l4  n/m2 [ 121. Such a dose, although modes1 for 
ceramics such as A1203 and MgA1204, must be thought of as "high" for quartz. 

R q  -m I , ?  : r .. 

Each phase of a multiphasc malerials system will have ils ow11 chwactcristic damage respirre undcr 
irradiation. It can k anticipated that some multiphase materids will pcrform less wcll than would each phase 
separately, as relative changes in some propcrties (e.g., density) may not easily he accommo&ited. An 
example of such a system is Macor, a machinable glass-ceramic [13]. This material consists of two silicate 
phases, one cryslallinc and one amorphous; the microstructure is made up of 1 to 10 micron platelets of 
crystalline mica dispersed in a hrosilicate glass mauix, with each phase comprising approximately 50 v(iI %, 
of Ihe glawceramic. 

Irradiation of Macor to a llucnce of 1 ~ 1 0 ~ ~  n/m2 at room temperature rcsults in Lhe unusual swellin& 
behavior shown in Fig. 3 [14]: after an incubation period swelling rises to 1.5 vol %, but is thcn halved at a 
higher fluence. This hchavior has been interpreted [I41 by use of a mwkl  based on inlonnatiin in the 
literature on the swelling behavior of crystalline and amorphous silicates, along with the cxperirncnIal data (if 

Fig, 3. Thc model assumes that each phase begins to change in density after an incubation peri(xl, and swells 
or densifies cxponcnti:dly with fluence to a steady-state value. Making use of &ita showing densilicalion of 
amorphous S i02  [ 121 and swelling of mica 1151, i t  was pssihhlc to lit the experimental swelling curve for 
Macor with fair accuracy and lo  predict a sauration swellirig value for thc glass-ceramic of less Lhm 0.5 vol % 
[14]. However, it should be recognizcd Uiat this redSonably good dimensional stability may, because of 
differential swelling, be accompanied by high internal strains, micrcxncking, and significant strength loss. 

RTI'URE WORK 

Irradiation behavior of ceramics as fluence is increased from low to high doses cannot easily be 
generalized, because of the variety of b n a g e  responses that can occur. Future materials and reactor design 
studies should take into account (1) the major changes that can occur in ceramics which relain their 
crystallinity at high flucnces, (2) the possibility that Some ceramics may become amorphous under irradialion 
at relatively low doses, and (3) the likelihood that multiphaw ceramics will suffer degiadation of physical 
properties primarily because of differences in damage response between each phase rather thai from intrinsic 
damage effects in the separate phases. 
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Calculatiori 

The relaxation time given in Eq. I must be evaluated in order to use it in the thermal conduclivity 
iutrgral. KlafIky et. ai. [7] ioimd evidence of a tenipcrature indepenrleiit mobility for T <300 K,  and 
Hughes [8] reported a tcmperature independent mobility of ( 3 +  1) x 10-4m'/V - s for ati undoped 
aluininunr sample between 100 and 350 K .  hi t,he calculations presented tiere i t  is assurned that, this 
constant mobility holds to 77 K.  

Thc: specific heat, C, of those phonons up to a cut olf frequency of wc : ~ ( Z n ~ k s T ) ' / ~  is given, in 
thc Debye npproximatioii, by: 

Iu these cxpressions, n t  is the clect.ron mas, ku is the Boll.ztnann c.onst.aiit, 77, is the nuint~er o f  unit 
cells per wiit voltiirie, OD is tho Debyc tcinperahre, 0, is the I'lioiioii-c:lecLron cut (>IT teinp(:raturc 
given by 0, = irw,./ka, z 7 t w / k n T ,  where ti is Plank's constmt divided by 271, and w is the phonon 
angular freqiicncy. The rxprcssion given iri 13q  2 may be evaluated by nunicrical iutegration for 
aiiy prticiilar tempcratiirt: tu id  t,licri this value niny l i e  ~ i s d  in the rcliLxittioii t,inic of Eq. 1. l'hc 
value of the phonon vt:locity is v = 7 x 1 ~ ~ m / s .  

It is possible t o  calrulatc t.lie changc:~ in tlit: tlicrtnal condiictivity duc to rlianges in a by numerically 
evaluatirig the Callaway theniial conductivity iiitcgral iix difllercrit, valiics o in  iri the plionoii-clcctroii 
rclaxatioii time. 

O K N L D W G  9.'&8329 

10-9 10.' 
RIC (l/ohmn-iii) 

Figure 1: Fractional change in the lattice Lhcrtnal cotidiuctivity 
versus RIC at 77 K .  Each curvc corresponds to a difTerent value 
of the elcctrori mobility, covering the range of uncertainty in the 
niobility (3* 1) x lV4m' /V - s. The upper curve corrcspouds to 
/ I  = 2 x 10-4ni2/V - s, the center curve to /I = 3 x 10-41n2/V - s ,  
and the lower ciirvc to p = 4 x 1 0 - ~ r n ~ / V  - s .  
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Surface preparation Effects in Near Surface Mudulus Measurement for CVD SIC - 
M. C. Osbornc (Kensselaer Polytechnic Institute), 1.. I-. Sncad (Oak Ridge National I.ahoratory), and 
D. Srciner (Kcnssclaer Polytechnic Institute) 

OBJECTIVE 

This study w a  performed to determine the variation i n  the measured modulus resulting from the 
use of various polishing grits on CVD Sic when ulking shallow indents (20 nm) on a SiC/NicalonTM 
composite sample. When ion hornbarding the S i c  crimposilc, the ion pencuation is only a few microns. 
To measure Ihc modulus as a function of thc damage level, Nanoindcnkrm indcnu are made on the 
material in cross-section at vllrious depths below the surfacc presented to the incoming ions.1.2 The 
purpose of making shallow indents is to minimize the volume sampled at a given dcplh, which leads to a 
more accurate determination of the modulus at any damage level. 

S U M  hl A KY 

Surface preparation has an ohscrvehle clfcct on  the &ita iih~iincd from the Nanoindenrcr for shallow 
(20 nm) indents on CVI) Sic when polished with Syti)nl-M. This ohscrved effect is significantly less for 
112 micron diamond plishcd CVD SIC and lor dcep (160 rim) indents. lhcsc  cKccL~ were manilcsled by 
the relative variations in the cxpcrimcntal in(xlulus and h;udncss (lata. An analytical analysis of the 
anticipated vrlriation in the modulus and harclncss is pcrformcd ;tnd shown to correlate well wilh the observed 
trends. The ohserved variations appe;u to be the result of SiC material properties. as well as surface 
preparation, since the prcdictcd variations arc much smaller Uian the ohserved variations. 

PROGRESS and STATUS 

lntnxluction 

In this study, variations i n  cxpcrimciital ~n(nIiiIus ;ind hardncss &ita ;ire conip;ued to modulus and 
hardness varialions prcdictcd scmi-thcorcticJly ciinsidcring surkicc roughncss as thc m l y  variahle. A load 
controlled N;inoindcti~cr is employed to expcrimcntally dclcnninc modulus ;itid h;udncss values for CVI) SiC 
and Nicalon. Modulus and hardness variatioiis arc dcfincd as rc1;itire vxi:ilions given by: 

where ES and IIs arc either (1) the average mtxiulus or hardness dctcnnincd by the Nanoindenter 
(experimental) or (2) a calculated modulus or hardness for a flit (smooth) surface. & and llc are either (1) 
the average plus one standard deviation of Ihc mwlulus or hardness determind by the Nanoindenter 
(experimental) or (2) a calculated modulus or hardness for a curved (rough) surface. 
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The Nanoindenlcr deccrmines the sample modulus, E. by the following e q ~ a t i o n : ~  

where A(hp) is the cross-sectional area of the indenter associated with the contact area projected onto the 
,,lane of the surface. The area [A(hp)] is determined as a function of the platic depth (hp). This contact 
area is calculated by the Nanoindentcr software aqsuming ideal Berkovich indenter tip geometry. The 
stiffness. dlWh, is the slope of the unloading ponion of the load-displacement curve generated by aload- 
displacement experiment a% shown schematically in Fig. 1 4  The point at which the tangent line intersects 
the displacement axis is the plastic depth. 

Figure I. IndenEr Load-Displacement Curve 

The hardness, 11, is determincd by the Nanoindcnter from the following equation: 

where P is the peak load. 

muations 1 through 4 are also used to predict theoretical variations in modulus and hardness for 
either a flat (smooth) or curved (rough) surface. The calculational approaches for obtaining dP/dh, P, and 
A(hp) are outlined below. 

muations 1 through 4 are also used to predict theoretical variations in modulus and hardness for 
either a flat (smooth) or curved (rough) surface. The calculational approaches for obtaining dP/dh, P, and 
A(hp) are outlined below. 

We fist consider the evaluation of dP/dh, which can he expressed as: 

where h is the indenter depth. To determine P, h, and hp a knowledge of the volume of matend PlastidlY 
deformed by the indcntation is requircd. For a flat surface, this plastically deformed volume iS 
hemispherical, with an assumed radius of about I O  h from the indenter tip when the indenter is at the desifed 
depth.l ,6 When the indent is made on a curved surface rather than a flat surface. a volume of mated  Ishs 
not deformed by the indenter, depending on the indent location, as shown in Fig. 2. 
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1;igorc 2 . Indent Cross-section I'rofilc 

Referring to Fig. 1 .  Area 1 rcpresctil~ the work done on the inarcrial due to platic dcformatiion and 
is proportional to the product of I' and hp. Assuming that the plastic strain encrgy per unit volume is 
approximately constant, since rclatively little plastic deformation occurs in S ic ,  the plastic work is also 
proponional to the volume of matcrial plastically dcformcd. Therefore, Uie loads (P), plastic depths (hp), 
and volumes ol-plastically deformed matcri;ll for llat and  curved swfiices arc rcl;wd as follows: 

In the schematic of Fig. 2 (showing the cross-section of the indcnter and sample) Uicrc is some volume of 
material that is added or subuacted depending on the indent location. The actual volume of material 
deformed by the indenter on a curved surface would equal Ihe volume defonncd when indenting on a flat 
surface pludminus the volume hctween the true surface and the projected moss-section of the deformed 
volume onto a flat surface. Thus, 

- 
'deformed actual - 'de lwmed Hal ' "sud8ce dilference ( 7 

The deformed volume for a flat surface is related to the indcnt depth, h, and can be estimated by: 
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example, if the sample had been Syton polished, was the second sample of the group, and was subjected 10 a 
second set of indent3 on the sample. then it  would be labeled Syton 2,2. Table 1 gives the results for the 
20 nm indcnts and Table 2 gives the result. for the 160 nm indenls. 

'lahlc I Mmxllilia and hardness tor CvD SIC at an mdmt e p l h  of 20 nm 

,,I micron 
cliamond poli>hrd 

CVD sic 

1 1  
I .2 
2.1 

J micron 
diamvnd polished 

CVD sic 
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The Nicalon fibcrs were also indented. Only onc sample for each polish grit was indented for the 
fibers. ' h e  result$ for Nicalon fibcn are shown in Table 3. 

Table 3. Modulus and hardness of Nicalon fiber, at indent depths of 20 nm and 160 nm , i 

Average Relative Relative 
Pol i sh  modulus (GPa) variation Hardness variation 

Syton 
ln micron 
3 micron 

indent (150 nm) 

Syton 
ln micron 
3 micron 

191 
217 

0.0445 
0.106 

20.2 
25.4 

0.0743 
0.177 -. . . . ~ ~ ~  

216 0.206 23.9 0.247 

176 
185 
190 

0.0256 18.3 0.0273 
0.0438 20.8 0.0338 
0.0721 21.7 0.0691 

A 1R micron and a Syton sample were inspected using an atomic force microscope (AFM) to 
resolve the surface roughness. The surface profiles allowed the determination of the peak to valley height 
for the different polishes. Typical micrographs are shown in Figure 3. Figure 3a shows the surface profile 
of a Syton polished composite sample. It is obvious from the micrograph that the C M  S ic  matrix has a 
rougher surface than the Nicalon fiber. Because the Syton is a very fine (-0.05 micron) polish of silica, 
preferential removal of the matrix can take place. Figure 3a shows a radial ridge typical of the radially 
grown CVD Sic grains. The individual grains are polished at different rates and are therefore exposed along 
with the growth bundaries. Figure 3b shows an Am? image of an indent taken on the Syton polished 
CVD S ic  demonstrating that the ridge structure is on a scale which is significant as compared to the indenL 
Because the Nicalon fiber is made up of very fine S ic  crystallites (-10 nm) in an amorphous matrix of 
glass, no preferential polishing takes place, leaving a relatively smooth surface Fig. 3a). 

Figure 3c shows a micrograph of diamond indents taken on a 1/2 m i m  polished CVD surface at 
about half the magnification shown in 3b. It can be seen from this micrograph that the diamond polish has 
not left behind the fme ridge structure caused by Syton polishing. This is to be expected, as the diamond 
polishing media is harder than the CVD Sic and is also on the order of size of the grains. 
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The /\EM was able to show the surface contour of the CVD matrix for the Syton and 1/2 micron 
polishes, as well as for the Syton polished fibcr. Sample contours of each caw are shown in Figure 4. 
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DISCUSSION 

For the Nicalon fiber, the relative variations in modulus and hardness decrcaw for the finer 
polishcs. This result was expccted because the Nicalon has very small b-Sic ~ryslals (order of a few 
nanometers) and has amorphous regions? This makes the material softer (lower in hardness and modulus 
than the CVD Sic) and thercfore. easily ground and polished to make the fiber approach a flat surface 
profile. Also, for the deepcr indent% (160 nm vs. 20 nm), there is less relative variation in the modulus and 
hardness. This result was expcted for the dwpcr indents because of the larger volume sampled. The small 
(relatively) surface variations have less of an effect for the deep indents than for the shallow indents. 

As shown in Table I ,  there is greatcr variation for the Syton polished CVD Sic than for the 1/2 
micron polish. This result was not expected because the finer polish should produce a flatter smoother 
surface, but for the CVD S i c  i t  did not. The variation incrcaw for the 3 micron polished samples. This 
result is expected because the 3 micron di,mond leaves saatclies on the surface that can lead to large surface 
variations. 

As discussed earlier, the volume of material displaccd varies with elevation change on the sample 
surface. Assuming the sample surface has a sinusoidal variation, the relative modulus and hardness 
vaiations can be estimated. For the msurned sinusoidal surface, the pcak to valley height was chosen as the 
average height plus one standard deviation. This choicc of height is cxpcted to account for most of the 
height variation on the sample surface. The pcak to valley average heights were calculated from contours 
similar 10 the ones shown in Figurc 4. The pcak to valley height7 used were 20 nm for Syton and 5 nm for 
112 micron diamond polished CVII Sic.  The wavelcngth associ;itcd with the idealized sinusoidal surface 
was estimated lo be 300 nm. From lhcse values, relative r n r d u l i  and hardncss variations were calculated for 
20 nm and 160 nm indents and are shown in Tahlc 4. The platic ilepchs for flat surfaces were calculated to 
be 12.29 nm and 123.00 nrn, rcspcctivcly, using c as .75, E as 400 GPa, Pmax as .4 mN (20 nm indents), 
and 15 mN (100 nm indents). 

Table 4. Analytically determined modulus and hadness variations 

Indent in peak Indent in  valley 
Polish A E E  A1 V I  I ArEE AHIT1 

-th (20 nm) 

Syton 0.0632 -0.00046 -0.0650 0.W577 
1/2 micron diamond 0.0162 0.00074 -0.0163 -0.oooO753 

Syton 0.0145 0.oooo9 -0.01 52 O.oooO37 
112 micron diamond 0.0047 -0.00192 -0.0038 -0.000047 

The results shown in Table 4 arc consistent with the daLa fur the 20 nm indents, since there is a 
kzrger variation in the modulus for the Syton results than for the 112 micron diamond results. The 
calculations are also consistent with the results when comparing the 20 nm and 160 nm indents, since the 
variations are lower for 160 nm than for 20 nm indents. 

These analytical r e s u l ~ ~  suggest that the surface preparation has a several percent effect on che 20 
nm Syton polished samples. while for all the other calculated indentations, the effect was about 1.5% or 
less. Thus, the calculatcd variations in modulus for 20 nm indents on Syton polished CVD S i c  are at least 
four t i e s  greater than the other calculated variations. Also, the calculated variations for che 1/2 micron 
diamond polished and the 160 nm indents are much lower than their corresponding experimental values. 
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Therefore, i t  is reasonable to assume that there are other effects causing the variations, espccially in the 
case of the 20 nm, 1/2 micron diamond polished CVD Sic. 

In comparing the data of Tables 1 and 2, the variation in mnlulus decreases when going from 20 
nm and 160 nm. This result is cxpectcd, since a larger volume of material is sampled for the 160 nm 
indents than for the 20 nm inden&, making the effects of small volume changes on the surface insignificant. 
These results are consistent with Table 4. 

Comparing Tablcs 1 and 2, the overall average moduli dropped by about20 GPa when comparing 
160 nm and 20 nm indenli. lh i s  effect is also expected and discussed in Refcrence 5.  The overall average 
moduli dropped another 20 GPa when comparing Syton and 1/2 micron diamond polishes. This observation 
suggests that therc is also a material efrect, possibly grain size (sensing only one grain for shallow indents 
and many grains for the deeper indents) or slight plastic deformation ofthc polished surface from the 
diamond polish affecting the indentation. 

Whcn comparing the calculatcd hardness variations of Table 4, these variations are much smaller 
than the modulus variations and show that there is not much o fa  surface effect on hardness values. Any 
differences in the magnitude or sign of the calculated hardness variations probably arise from rounding off 
cmors in the calculations. 

The two uends discussed ahovc were not observed for the 3 micron diamond polish. It is suggesred 
that some other material property is coming into play. Thcrc could be some slight plastic deformation of 
the surface due to the 3 micron grains, or the many scratches caused by the polish might be causing an 
averaging of the material properties. 

CONCLUSIONS AND FUTURE WORK 

The surface preparation has a small cffect on the CVD Sic  modulus and hardness measurement. 
Thcrc is greater variation in the data surface prnfilc changes due to S i c  grain exposure by lhe Symn polish 
than in the 1/2 micron polish for indents at 20 nm. The surface variation results from the line Si02 
particles exposing the CVD S ic  grains, unlike the 1/2 micron diamond polish. which removes a layer in 
the same plane. 

The calculations confirm the trends of the expimental observations. hut the calculated variations 
are, for mOSt cases. Smaller than the expcrimental varialions. Thesc calcularions do not complclely explain 
the scatter in the experimental results. Furlher research should examine S ic  grain morphology and its effect 
on making shallow indents in ordcr for lhis technique to be a useful tool in the meawrement of CVD S ic  
properties after ion bombardment. Also, in future work, indentation should be performed on a known hard 
flat surface to determine if machine noise accounts for any experimental variation. 
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MICROMECHANICS OF FIBER PULLOUT AND CRACK BIUDGING I N  SCSG 
S i c  CVD SIC COMPOSITE SYSTEM AT HIGH-TEMPERATURE' AX-Azah and 
K.M. Ghoniem, University of California, Las Angela 

OBJECTIVE 

The purpose of this work is to develop a micro mechanical model to study the process of fiber pull- 
out and crack bridging in Sic-Sic composites at high temperature, where fiber creep dominates thc 
time evolution of the matrix crack mechanics. Crack growth and failure of Sic-Sic composites in 
fusion are determined by considerations of the micro mechanical model. 

SUMMARY 

A micro mechanical model is developed to study fiber pull-out and crack bridging in fiber reinforced 
Sic-Sic composites with time dependent thermal creep. By analyzing the creep data for monolithic 
CVD Sic  (matrix) and the SCS-6 Sic  fibers in the temperature range 90O125O0C, it is found tha t  
the matrix creep rates can be ignored in comparison to those of fibers. Two important relationships 
are obtained: (1) a time dependent relation between the pull-out stress and the relative sliding 
distance between the fiber and matrix for the purpose of analyzing pull-out experiments, and ( 2 )  
the relation between the bridging stress and the crack opening displacement to  be used in studying 
the mechanics and stability of matrix crack bridged by fibers at high tenmperatures. The present 
analysis can be also applied to Kicalon-reinforced CVD S ic  matrix system since the Kicalon fibers 
exhibit creep characteristics similar to those of the SCSG fibers. 

PROGRESS AND STATUS 

Ceramic matrix fiber reinforced materials have recently received significant attention because of 
their excellent performance at elevated temperature, and their high strength-twweight ratio. I t  
has been experimentally shown that appropciale micro structural design of such materials influences 
their toughening and crack propagation characteristics. In this context, relevant micro mechanical 
modeling helps in understanding the fundamental mechanical behavior, on the one hand, and further 
improving the micro structural design, on the other. An important toughening mechanism in ceramic 
matrix composites is achieved when fibers are embedded in the matrix, leading to what is known a s  
bndgzngof matrix cracks. It has been experimentally shown that such bridging can lead to impedance 
of propagation of matrix cracks. and thus higher loads can be withstood without catastrophic failure 
(MARSHALL and EVANS, 1985; LUN and EVANS, 1987; SUZUKI, SAT0 and SAKAI, 1992). 

Several micro mechanical models have been recently developed to  analyze crack bridging (GAO, 
MA1 and COTTEREL, 1988; SHETTY, 1988; HSUEH, 1988; SIGL and EVANS, 1989; HUTCHIN- 
SON and JENSEN, 1990; LIANG and HUTCHINSON, 1993) , and were coupled with push-out 
and pull-out experiments ( MARSHALL, SHAW and MORRIS, 1992; MARSHALL, 1992; ZHOU, 
KIM and MAI, 1992; FU, ZHOU, CHEN, XU, HE, and LUNG 1993; JIANG and PENN, 1992). 
Mostly, these models are based on a composite (fiber/matrix) cylinder which represents the local 
mechanical response. These micrwmodels are then incorporated in global representations of the 
overall macro mechanical behavior of the composite. The relevance to crack bridging and ceramic 
matrix composite toughening is manifested in: 

'Th is  material is based upon work supported by the U .  S .  Department of Energy under award number D E F G 0 3 ~  
91ER54115 at UCLA. 
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1. Establishing a relationship between the bridging stress and the crack opening displacement 
within the bridged zone in a matrix crack so that bridged crack mechanics problems can be 
solved. Such a relationship is known as the traction law. 

2.  Studying the dependence of crack propagation on debonding and frictional pull-out of fibers 
(SIGL and EVANS, 1989; THOULESS and EVANS, 1988). 

The development of a traction law was first considered by MARSHALL, COX and EVANS(I985) 
in their study of crack mechanics with fiber bridging. SIGL and EVANS(1989) and HUTCHISSOS 
and JENSEN(I990) derived more elaborate f o r m  of that relationship for different fiber/matrix 
interface conditions. NAIR, JAKUS and LARDNER(I99I) developed a time dependent traction 
law. They considered fiber pull-out of the matrix with a viscous interface layer which softens at high 
temperature. 

Advanced ceramic composites, such as Sic-Sic systems, are developed for high-temperature 
structural applications ( e. g. in fusion reactor first walls and blankets, rocket nozzles, heat ex- 
changers, and special aerospace components ). In these applications inelastic phenomena such as 
thermal creep, irradiation-induced creep and irradiation swelling are critical. For example, fiber 
creep within the bridged zone of a matrix crack is anticipated to  relax the bridging traction and 
drive a time dependent wolution of the overall crack field. L,lder thermal creep conditions, the 
relevant mechanisms become significant above a threshold tem:.?rature. Irradiation creep, however, 
occurs over a wide raiige of temperatures and is kinetically possioie once the material is subjected L o  
a combined mechanical and irradiation loading. Another example is the build-up of internal stresses 
by irradiation swelling. Such evolution of internal stress affects the pull-out characteristics of the 
fiber. This may enhance or degrade the toughnm of the comp<,site while in service. 

Regarding the Sic-Sic composite system, creep experiments have been performed on both CVD 
S ic  fibers (1100 - 1450OC) (DICARLO, 1986) and on monolithic CVD Sic material (1650OC) 
(CARTER and DAVIS, 1964) a t  comparable stress levels. The CVD Sic  fibers are commercially 
known as SCSG fibers. These fibers are about 140 micron in diameter and are produced by chemical 
vapor deposition of S i c  on a carbon core. The creep in these fibers is explained in terms of grain 
boundary sliding due to free silicon. It is observed that fiber creep is anelastic or recoverable and 
occurs at temperatures where dislocation motion is negligible. Because of that, significant creep 
strains can be obtained at relatively small loads. For CVD monolithic Sic, the creep mechanism is 
determined t o  be a dislocat,ion mechanism which requires certain threshold stress and temperature. 
By analyzing the creep data from the last two cited references it is concluded that the creep rate of 
monolithic CVD-Sic is negligible compared to that of fibers up to - 15OO0C. 

In the present work, a model is developed to study high-temperature micro mechanics relevant to 
fiber pull-out and crack bridgmg in SCS6 Sic  - CVD Sic  composites. Only thermal creep of fibers 
is considered . This model includes development of the relationship between the applied stress at 
the fiber end and the relative sliding distance between the fiber and matrix ends. This distance may 
then be related to the crack opening displacement, within the bridging zone in a matrix crack. Such 
a relationship is timedependent since fiber creep at high-temperature drives a stress relaxation 
process. The relaxation modulus of SCSG fibers is obtained from creep compliance data by the 
method of Laplace transform. The elastic-viscoelastic correspondence principle is used to  obtain the 
viscoelastic (time-dependent) solution from the elastic one. The model accounts for residual thermal 
mismatch stresses. 

Composite cylinder model : Elastic Solution 

The composite cylinder model depicted in Fig. 1 is taken to  represent a composite reinforced with 
a volume haction, f = ( R J / R , ) ~ ,  of aligned continuous fibers. The analysis accounts for composite 
systems which have residual mismatch stresses normal to the fiber-matrix interface. A Coulomb 
friction type is assumed over the length of permissible relative sliding between fibers and matrix, L,. 
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Figure 1: Composite cylinder model 

The model presented here neglects shear gradients compared with gradients in normal stresses. The 
outer cylinder surfaces are taken to be traction free. These approximations have been considered 
and justified by many authors [e. g. SIGL and EVANS, 1989; GAO, MA1 and COTTERELL, 1988). 
In this case, the stresses in the fiber and matrix are given in terms of the interface normal stress q 
(which is negative) by the following relations 

where the superscripts f and m refer to the fiber and matrix, respectively, r is the distance from the 
fiber center, and R, is the fiber radius The elasticity solutions for this system are well developed, 
and the corresponding strains are given by 
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where E!, = U J A I '  and c; = a,AT are thermal inelastic strain components in fibers and the 
matrix, respectively. Such a model was used by SIGL and EV'ANS(1989) for similar fiber and matrix 
properties. AT is a temperature change from the stressfree temperature. Due to  the  ax-symmetry 
of the problem, the  tangential strains in fibers and matrix consist of the radial displacements u- 
divided by the radial coordinate r .  While relative sliding in the  axial direction is permissible. the 
continuity of the radial displacements a t  the fiber-matrix inkrface implies that 

c { ( H , )  = E A " ( R , )  ( 3 ,  

which vields 

f 4  

where Ac,, = c:, - c!,;. T h c  axial equilibrium of fibers arid niat.rix can be described b! 

where the  interfacial shear stress 7 is related to the intcrfacc: pressure q by 

7 = - p q  1 6 )  

in which p is the friction cocfficicnt. I)iffcrentiating cquatiori (4) ui th  rcspect to z ;  results in a 
relationship between the axial gradients of q ,  D !  and 0:. 13y further using equations ( 3 )  and 16) .  
the following first order differential eqiiation is ohtaiiird for the interface pressure q 

where q(o)  is the value of Q at  z = 0. In the particular case c = 0, q ( z )  = q ( 0 )  which is a constant 
Consequently, t.he axial stresses in the fiber and matrix vary linearly along the z direction. 

are given by 
Expression for 9(0)  in terms of  uf (0 )  and uT(((a1 can be obtained using equation ( 4 ) .  The latter5 

(10, 
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where UL is the initial axial stress in the fiber, O h  is the externally imposed stress at the fiber end, 
and ue is the external applied stress at the matrix end. The addition of UL to u h  depends on the 
situation. In a pull-out experiment, where and external tensile load is applied only at the fiber end, 
no initial stresses are considered. In this c m ,  uI(0) = uh and u,"(O) = 0. In the case of crack 
bridging, however, an initial axial compressive s t r w  in fibers develops such that the bridging stress 
at the fiber end is modified by the amount ui. On the other hand, the matrix end would still be 
traction free, i. e., uY(0)  = 0. The component u{ depends on the axial residual stresses in the fibers 
and matrix prior to crack initiation, i .  e., on the initial strain mismatch. However, the formulation 
of q(0)  considers a non-zero stress at the matrix's end for a few more steps. Appendix A contains 
a solution for the initial axial stresses ui. Using equation (4 )  at z = 0 results in the following 
expression for q ( 0 )  

where the constants 
volume fraction. Thesr constants are given by 

depend on the elastic constants of the composite system and the fiber 

a ]  = & ( l  ~ f ) u ,  
a? = &,(I - f)um 

an = Em(] - f )El  
a4 = .%(I - f ) ( l  - YJ) + EJ [ ( I  + u r n )  + f (1  -urn)] (12) 

Using equations ( 5 ) ,  ( 6 )  and (9), expression. for the axial stresses in fiber and matrix are obtained 
as follows 

u Y ( 2 )  =u:(o)  - ( ~ ~ j - [exp ( F z )  - 11 

In the special case of c =  0 ,  expression for u ! ( z )  and UT(.) can bc written as 

The free end condition for the matrix, which will be considered from now and on, leads to dropping 
the terms containing u:(O). 

The solution given by equations (9) through (14) is valid over a certain range z E [o, L,], where 
L, is the length over which relative sliding between the fiber and matrix in the axial direction 
is permissible. Beyond that length, axial displacements, and subsequently axial strains, in both 
fiber and matrix are equal (compatibility).  Therefore the solution for z 2 L. must account for the 
continuity of radial and axial displacements at the fiber-matrix interface, at the same time. However, 
for the purpose of finding the sliding length, L,, it is only needed t o  equate the expressions for 
the axial strains (or displacements) from equations (2) along with the use of (9) for the interface 
pressure q and (13) or (14) for the axial stresses, at z = L,. Implementing this procedure results in 
the following expression for the sliding length 
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where the  wnstants b l - 4  have the  following expressions 

b? = EjAc,, 

(15j 

SIGI. and EVANS (1989) have used a different approach to determine the  sliding length. They 
considered the  globai equilibrium of fiber over the sliding length such tha t  the  fiber load at its end 
is balanced by the  resultant friction forces. Other authors (HSUEH, 1988; HSUEH, 1990), however, 
have used the more rigorous approach presented here to satisfy the compatibility condition in the  
axial direction at the  end of sliding zone t o  detcrmine the  sliding length. The axial displacements 
u!(O) and u:(Oo) at the  fiber end, L = 0,  for fiber and matrix are givr:n in t e r m  of the respective 
axial displacements a t  z = L,, by the  following equations 

where u;(f,*) = uy (L , ) .  The  relative sliding distance A a t  thc fihcr end is then given by 

= U T ( 0 )  - U i ( 0 )  (18) 

In presenting the  results, t he  fiber volume fraction is taken to be 0.3. The  fiber and matrix 
propenies used are those for a CVI) S i c  matrix with S C S 6  fibers. These are given by: €1 = 420 
GPa ( DICARLO, 1986), Em = 380 G P a  ( GULDEN, 1969), v,  = 0.3 (HSUEH,l989), and u, = 0.2. 
The  friction coefficient p usually varies depending on the  manufacturing condition of the  composite 
as well as on the  interface. A value of p = 0.2 is chosen in the  present work as a reference point, 
based on the  existing literature of similar composite s y s t e m  ( e. g. HSEUH, 1989). However. the  
friction coefficient is varied t o  show its effect on the relative sliding between fibers and matrix when 
necessary. The differential thermal strain mismatch Ac,, is taken t o  be 0.05%. This corresponds 
to 0, - a1 = K-I  and a temperature woling of 500K. This choice can be justified based on 
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Figure 2 :  Axial variation of u:, r? and q ( z )  

the fact that the existing data on the coefkient of thermal expansion for CVD S ic  fibers represent 
a wide scatter. CARROLL and DHARANl(l992) reported values of of = (2.6 - 3.25) x 10-6K-1, 
BRUN and BOROM (1989) reported values of a, = (4.5 - 5) x 10-6K-1, which is similar t o  those 
reported by DICARLO (1966). In this case, values of the thermal strain mismatch, rather than the 
difference in thermal expansion coefficients and cooling temperature, are important. 

In F i g 2  the axial stresses in the fiber and matrix are shown for a partial pull-out test. The 
results are in general agreement with the existing literature ( e. g., HSUEH, 1968). The compressive 
fiber stress over a large part of the sliding length is caused by large values of the mismatch strain. In 
that particular example, the residual axial compression in the fiber, away from its end, is U L  = -187 
Ml'a. This shows the effect of the applied stress in releasing some of that compression over L,. Fig. 
3 shows the variation of A with the applied stre% nb for pull-out test versus crack bridging problem. 
The fact that A is smaller in  the case of bridging can be attributed to the effect of the residual 
compressive stress, cri, which modifies the stress at the fiber end. In Fig. 4, L, versus ub is shown. 
and the difference, again, can be interpreted the same way. 

The present work is conducted t o  investigate the micro mechanics relevant to crack bridging and 
fiber pull-out in a Sic-Sic composite system, where fibers are under thermal creep conditions. A 
time-dependent solution is therefore required. Before getting to that  sLep, a summary of the creep 
characteristics of SCS6  S i c  fibers is given. 

Analysis of creep of SCS-6 Sic fibers 

As mentioned before, creep experiments on SCS6 Sic fibers have been carried out in the temper- 
ature range 1100 -1450 "C (DICARLO, 1964; DICARLO and MORSCHER, 1991). Creep strain is 
observed to increase logarithmically with time, monotonically with temperature, and linearly with 
the applied stress. Fiber creep is found to be totally viscoelastic, which allowed a simple predictive 
method to be developed for describing the fiber total deformation as function of time, temperature 
and stress. The fiber viscoelastic behavior is explained in terms of grain boundary sliding due to 
free silicon. The total fiber strain c is written in  terms of the applied stress u,, as follows 
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where the first term represents the prompt ( elastic ) component of the total strain, and the second 
term is the strain due to fiber creep. J j ( y )  is the total compliance of the fiber and will be simply 
denoted as the creep compliance J J ( t ) .  The parameter y is written in terms of time, t ,  and the 
absolute temperature, T ,  as follows 

Y = In ( t i  - Q/RT = In ( t )  - 57700/T (20) 

where Q is the activation energy. The following empirical correlation of J ,  to time and temperature 
was obtained 

JAt,  T )  = Jc(ro) exp [-p(Q/RT + %)ItP = C ( W P  (21) 

where the parameters p = 0.36, yo = -35 and Jc(-y.) = (GPa)-’ are measured by fitting the 
experimental data to formula (21). Details of this analysis are given by DICARLO and MORSCHER 
(1991). In the present work we extend the analysis to obtain relaxation information from creep data. 

The relaxation modulus E / ( t j  is defined by a relation similar to (19), and written as 

0 = E J ( t ) c a  (22) 

in which c, is the applied strain. The relations (19) and (22) yield the strain and stress in creep and 
relaxation tests, respectively. By manipulating these two relations, the relaxation modulus can be 
related t o  the one dimensional tensile creep compliance J j ( t )  by the following convolution integral 
(PIPKIN, 1986; GOLDEN and GRAHAM, 1988) 

The Laplacc transforms of these two functions arc therefore related by 

which is uscd to obtain E,(t) from J , ( t ) .  I t  can be shown that thc Laplace transformed compliance 
function is given by 

where r ( l  + p )  is the gamma function. The last relation yields the following expression for the 
Laplace transformed relaxation modulus 

There is no direct inversion formula for the expression ( 2 6 ) .  However, a widely used approximate 
inversion method, which proved to be highly accurate for the purpose of obtaining timedependent 
solutions in the theory of linear viscoelasticity, is used in the present work. This formula is due t o  
SCHAPERY(I962) . The statement of that inversion formula is as follows; if $(s) is the Laplace 
transform, which is known, for the function $( t ) ,  then the latter is approximately given by 
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Figure 5 :  Creep compliance of S C S 6  fibers 

In some cases, this inversion method is found to be more accurate than other numerical techniques 
of inversion such as the collocation method. Besides, little computational effort is required in using 
this method. Details of comparison of this method with exact and collocation methods are found 
in ( SCIIAPERY, 1962). Figs. 5 and 6 show the creep compliance and the relaxation modulus of 
SCS-6 fibers, where SCIlAPERY's method is used to calculate the latter. 

Viscoelastic solution: Pull-out experiments 

The quantities 9 ( z ) .  .I(.) and u y ( z )  are linearly related to  the applied external stress ub and the 
thermal strain mismatch Ae,, through their linear dependence on .I(.) and q ( 0 )  . This linearity is 
important in formaulating a timedependent solution for an arbitrary time history of these externally 
imposed mechanical and thermal mismatch conditions. In the present work , however, we consider 
only the time variation of the applied stress at thc fibcr end and formulate an isothermal solution. 
Moreover, uy(0) is taken to be zero, z. E . ,  the mauix end is traction free. The solution to a step 
stress input is first obtained. Then, by virtue of the linearity property of u:, u y  and q with respect 
LO the applied strezs at the fiber end, the solution corresponding to an arbitrarily time-varying stress 
is obtained using the convolution theory. 

Let R(t - t ' )  be a response to a differential step input do( t ' )  imposed at time 1' .  Then, the 
response R(t) due to  some varying stress history u ( t )  is given by 

R[t)  = R(t ~ t ' )&(t ' )  (28) lm 
Therefore it is important first to establish the response to  the step input. 

Step input solution 
In obtaining the response to a step input, the elastic-viscoelastic correspondence principle is used. 
The developed elastic solution can be used to obtain the Laplace transformed viscoelastic solution 
by replacing the boundary conditions (externally imposed conditions, u!(O) and Ae,,) by their 
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Figure 6 :  Relaxation modulus of SCS-6 fibers. 

rcspective Laplace transforms in the elastic solution. Also the elastic constants are replaced by 
their s-multiplied Laplace transforms, mainly, E, + sE,(s) and u, -t sC,(s). The quantities a]-4 

given in equation (11) wntain E, and v,  , In the Laplace transformed viscoelastic solution, these 
quantities can be represented as functions of the Laplace parameter s as G L 1 - 4 ( s ) .  Similarly, the 
constant c appearing in equation(8) transforms to e(.). Having done that,  the rest of the work 
will be just inverting the Laplace transformed viscoelastic solution to get the salution in the time 
domain. In performing the inversion step, Schapery's rule is used. 

The following expression can be obtained for the interface pressure in the Laplace domain 

where t (0 ,  s) is given b) 

(30) 

in which u l (0 )  is given by equation (10) where the initial stress wmponent CT/, is not considered. By 
applying Schapery's method to (29) and (30), the following expression for q(z,  t )  can be obtained 

where 9(O, 1 )  is given by 

where application of Scharery's inversion method results only in replacing the wnstants ii-.,(s) and 
e(.), which wntain sE,(s) and sP,, with the time-dependent parameters ai-4(t) and c ( t ) .  T h e e  
time-depcndent parameters are still given by equations (12), for and ( X ) ,  for c,  with rcplacing 
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the elastic constants E, and ”1 by the  time dependent relaxation modulus E r f t )  and the t i m e  
dependent poisson’s ratio v~(t). A similar methodology can be implemented to  obtain expressions 
for u!(z ,  t )  and u r ( z ,  tj, which can be shown to take the form 

The distance L. can be found by numerical matching of the instantaneous axial strains in the fiber 
and matrix. The  distance A is then found by integrating the differential axial strain over that  
distance. This is explained in the following section. 

Response to arbitmrily time-varying stress 
In obtaining the mlution for an arbitrary applied s t r e s ,  equation (28) is utilized. Since At,, is 
acsumed constant, the terms containing that quantity remain unchanged. Therefore, convolution 
integrals are considered only with term? containing c ~ l ( 0 ) .  In doing so, ul(0)  in equations (31) 
through (33) is replaced by d o i ( 0 , t ’ )  and the integrals are carried out. T h r  expression for t h e  
interface pressure q ( z ,  t )  is written a 

(34) 

which can be rewritten as 

The first two t e r m  in the expression for q ( z .  t )  represent the response due to  the initial applicalion 
of ui(0,O) and At,,. I t  can bc shown that these terms decrease in time due to the behavior of the 
parameters a1.3.4 and c. A n  alternative expression for q ( z .  t )  can be written a5 

In this expression, it is clear that the second term represents the prompt change i n  q ( z ,  t )  due to  
varying the  applied stress. However, because of the complexity of the integrand, expres5ion ( 3 5 )  is 
easier to use for further manipulation of the equations. A similar argument can be  applied to obtain 
expressions for the  axial stresses in the fiber and matrix, which can be written as 
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Figure 7: Relaxation of the interface pressure, q ( t , t )  

and 

In calculating the interface pressure and the axial s t reses in the fiber/matrix system the convw 
lution integrals in equations (35) through (38) are evaluated numerically. The Poisson’s ratio of the 
fiber is assumed constant (time-independent) since there is no experimental data available on the 
fiber’s shear mmpliance, which would have been combined with the uniaxial creep data to obtain 
v,(t). According to (GOLDEN and GRAHAM, 1988), for most viscoelastic problems, the assump- 
tion of timeindependent Poisson’s ratio ( u = 0.35 - 0.41 ) is practical. In the present study a value 
of u, = 0.35 is used in the vismelastic analysis. Figs. 7 and 8 show the time evolution of q(z,  t) 
and uL(z,t)  along a portion of the fiber. These results are calculated for a value of ub = l00MPa 
applied at the fiber end, and a temperature of 1200°C. 

For the purpose of finding the instantaneous sliding length L,(t), a local matching of the in- 
stantaneous axial strains in the fiber and matrix, at z = La,  is considered. For the matrix, the 
constitutive relations are elastic, and the axial strain is written in terms of the interface pressure q 
and the axial matrix stress as  
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0 

IFirurc S: lielaxation of the axial fiber stress, o i ( z ,  t )  

For fibers. which behave viscoelastically. the axial strain is related t o  the  interface pressure and thc  
axial stress t)? 

I h e  relative sliding disraricc A(1: at the fibcr end 2 0 is then given by equation f i b ) .  Carryin:: 
out the integral of diflerentiai axial strain with rcspcct to L over thc sliding length I.,. the following 
exprcssion is obtained for A f t )  

where the  z-dependence of the  quantities n i ,  u: and q is depicted in equations (35)  through (38;. 
Some reprexntative results for the  distance L, and A are shown in Figs. 9 through 14.  for step and 
ramp stresses applied at  the  fiber’s end. It can be shown that  high values of the  friction coeflicient p 
may severely impede the  pull-out of fibers, and in turn, lower thc  composite toughness i Figs. 11 and 
1 2 ) .  The decrease of the L, with time for a step applied s t r m ,  Figs. 9, represents a localization of 
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Figurc I): Evolution or the sliding lcngth; L3, for a step input (Pull-outj 

crccp strain in the portion of the fiber close to the fiber's end. For an applied stress that is incre%ing 
i n  time, the initial decrcasP in L ,  due t,o strain localization is recovered (Fig. 13j. I t  can be also 
noted that the faster the ramping of the applied stress the faster the recovery of L,. It is highly 
prohable that fibers would fail a t  sections which accumulate thc highest amount of creep strains (e. 
g.  betwecn the t.wo faces of a matrix crack rather than in t h o  matrix). In this case, the frictional 
cnergy dissipation due t o  total pull-out of broken fibers is esientially negligible. This might have a 
scrious eHect. on the energy dissipation by friction and, in turn, on the high-temperature fracturc 
mughncss of the composite. Therefore. thc micro structure must be designed so as to consume rnorr' 
energy by viscoelastic dissipation ti) counterbalance that eflect 

So far. the problem of finding the stresws " i ( z ,  t )  and c y ( z ,  t )  and the interface pressure q ( z .  t ) .  
the sliding length L,(l)  and thc relative sliding distancr, corresponding to an arbitrary stress histor). 
is s o l v c d  Caution must be taken in irnplcrnentin~ this  rnet,hodology in caw of a decreaiing applicd 
stress. I t  must be guaranteed at all times that the ralative sliding velocity between fiber and matrix 
does not change its direction during the course of changing the applied stress. This is implied by 
the Iact that the sign of the interfacial shcdr stres?, which is responsible for load transfer between 
the fiber and matrix, must bc the same at all times. In other words, the consistency between the 
fiber sliding direction and the axial equilibrium condition of fiber and matrix ( Eqs. (5) and (6) ) 
must be kept. 

Viscoelastic solution: Crack bridging 

In crack bridging analysis. the relationship or the bridging stress ob and the crack-opening displace 
ment 6 is usually required . The latter can be related to the relative sliding distance A at  thc 
fiber's end. The crack opening displacement must be defined such that  f o b ( t ) d 6 / d t ,  where ,f is 
the fiber volume fraction, is equal to the instantanmus rate of extra work, per unit area of crack 
surface, which occurs due to dissipation of energy hp frictional sliding and viscoelastic straining of 
the fibers. Our interest in this article, however, is to find the bridging s t r c s  history ~ ( l )  due to an 
arbitrarily increasing A ( or 6) such that a time dependent crack bridging mechanics problem can 
be formulated. 
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Figure 10: Evolution of tlic relative sliding dislancc, A for a step input (Pull-nul)  
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Figurc 11: Effect of on evolution o f  L ,  lor a step input (Pull-out). 
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F i p r c  12: Elfcct 01 11 on evolution of A lor a step input (Pull-out). 

Figure 13: Effect of ramping of ab on evolution of the  sliding length, L, (Pull-out) 
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The f:last.ic and viscoelastic relationships dcvclopcd for pull-out problem give the  distance 2, i n  
terms of the  applicd s t r m .  In case of c:last.ic solution such a relationship woks both ways. i .  e . .  i f  A 
is given in terms of the bridging stress a b ,  then thc  latter can be represented in terms of A using the 
developed relatiori. Lndcr fiber creep condition, however, this is difficult due LO two factors: First, 
the hereditary integrals involved in that  relation, and second, the  relationship is non-linear because 
the sliding length shows a logarit.hmic dependence on the applied s t r e s .  I t  is therefore needed to 
soIv(! the  new problem of finding bridging stress historv duc to a relative displacement history at 
the fiber end. 

Although. in principlc. thc  solution to this new prohiem can he formally obtained starting with 
the basic equilibrium conditions and th(: vis~oelastic constitutivc relations of fibers, the  solution can 
bc greatly simplified i f  we aEsunit: a constant sliding length (creeping l e n g h j  for fibers. This %sump- 
Lion is consistent with tht: physical situation in case 01 an initially bonded fiberlniatrix interface. 
which dcbonds over a cerLain distancc Ld upon the first application of load a t  the  fibcrk end. ThP 
solution for L d  can be totally clastic. Analyt.ical approximate mcthods for finding the debond length 
in terms of thc applied load art: presented by SIGL and EVANS (198Sj and HCTCIIIKSOS and 
JESSES (1990), which can be couplcd with the prcscnt analysis. I f  this is the  case, it is possible 
to make use ol  the  developed elastic s ~ l u t i o n  as follows. In the  A - oi (0)  (Eqs. (17j and (18) ). 
L ,  can be replaced by Ld which is a constant. The rest of the  terms included in that  relation show 
linear dependence on uL(0) .  With this in hand. the  same relationship can be solved for ~ ~ ( 0 ) .  in 
the elastic case in term5 of A .  This yiclds the following linear relation 

ui(U1 = l ~ ( ~ , ~ ; / , ~ ~ , ~ ~ , ~ ~ ) A c , , ~  + J Z ( J , E ~ , E ~ , U / , U ~ ) A  142; 

where expressions for Jl and J2 are included in Appendix U. The bridging traction a b  is then found, 
using equation (l( l) ,  a5 

143; J 
Ob = -oR -C JiActn + JzA 

The above developed elastic soliition can be used to formulate the Laplace transformed viscoelastic 
solution for a step input A as shown below 
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In which j l ( s )  and f2(s) are obtained by replacing E, and v, by their s- multiplied transforms in  
the original expressions lor J I  and J 2 .  The solution in the time domain is then given by 

O d t )  = -&t) + fi(t)Atin + fz(t)A (45) 

In inverting equation (44),  Schapery's method is used. In obtaining the solution for arbitrary history 
A ( t ) ,  the last term in (45) is replaced by a convolution integral. The final form of the solution can 
be written as 

or altcrnatively by 

m(t )  = -oi( t )  + J~ ( t )A t i ,  + fz(O)A(t) 

+ l ' / ; ( t ' ) A ( t  - t')dt' (47) 

Thc relaxation of the bridging stress is shown in Figs. 15 and 16 for time dependcnt A, which 
represents a time dependent crack opening displacement. The parameter A is linearly related to  the 
crack opening displacement ( HUTCHINSON and JENSEN, 1990). In Fig. 15 the effect of the fiber 
creeping length, Ldr is shown. That length, which is considered as a debond length, depends on 
the initial applicd s t r m  ( or initial crack opening displacement) and the energy release rate of the 
fiber/matrix interface. l'he latter depends on the initial manufacturing conditions. I t  can be shown 
that while shorter Ld maintain higher bridging stress, the localization of the fiber creep between the 
faccs of the matrix leads to a faster thinning of the bare fibers in that zone and, in turn, laster failure 
of the bridging. The stability of a bridged matrix crack, however, may require bridging stresses that 
arc maintained for longer times. l'he question of stabilicy can only be resolved by incorporating the 
present micro mechanical model into a formal stability study of bridged matrix cracks. The effect 
of the initial thermal strain mismatch is dipected in Fig. 17, where a comparison of the relaxation 
of the stress in a bridging fiber is compared to that of a bare fiber of the same length and subjected 
to the same displacement condition. I t  can be shown that at times greater than a 100 seconds the 
stresses in both fibers aproach the same value, which means that the matrix clamping effect, due to 
the initial strain mismatch, is greatly reduced. 

Concluding remarks 

I t  has been previously demonstrated that the residual thermal mismatch stresses and the fiber- 
matrix interface frictional characteristics are two important factors which impact the low tempera- 
ture toughness of ceramic matrix composites. At high temperatures, however, creep and/or stress 
relaxation in one or more of the composite phases may control the toughening behavior. In this 
work we have explored only the effect of fiber creep on the fiber pull-out and crack bridging relax- 
ation. The results, however, give some insight into composite behavior under conditions where other 
inelmtic effects are present ( e. g. irradiation creep and swelling ). However, based on the results 
presented here, the following specific conclusions are derived: 
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Figure 15: Relaxation of the bridging stress, vb, for a step crack opening. 
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Figure 16: Relaxation of the bridging s t res .  vb, for a ramp crack opening. 
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Figure 17: Relaxation of the bridging stress, g b ,  in comparison to bare fibcr subjected 1.0 the same 
displacement condition. 

1. Thc fiber-matrix int,erface friction coefficient, p ,  is a primary factor which influences the high- 
temperature fiber pull-out and crack bridging. This conclusion is based on the results presented 
in Figs. 11 and 12. where it is clearly shown that for higher v d u a  of thc friction coefficient the 
sliding length I,, is dramatically reduced. Undcr creep condit.ion, this may lead fo accumulating 
the fiber creep over smallcr distances close LO the matrix crack surface. hencc, to a faster fiber 
failure in such zonch. 

2. t'rom thc composiic t.oughness point. of vicw. there exists an optimum thermal strain mismatch, 
which maximizes the matrix cracking s i r e s  and the toughnes of the composite. However, at 
elevated temperatures where crccp of one or more of the composite phases is opcrable, such a 
thermal mismatch ma\- not be important sincc it relaxes in time( Fig. 17). The time scale fur 
such a relaxation process is controlicd by  he operating temperature ( t igs .  5 ,  6 ) .  Thercforc, 
in designing the micro structure for optimum toughness other means of optimization may nccd 
to be investigated. 

3. A t  low temperatures. energy dissipation be frictional pull-out of failed fibers is a key term in 
the composite toughness. Under fiber creep conditions, the localization of creep strain close 
t o  the  matrix crack surface may lead to failure of fibers close to the matrix surface. If this 
is the case, frictional energy dissipation by total pull-out of failed fibers may be negligible. 
Therefore, a t  high temperature, such a dissipation mechanism may be only important if the 
fibers remain intact for longer times, which allows a continuous frictional dissipation of energy 
before fiber failure. 

4. A new factor, which may highly influence the composite toughness at elevated temperature, 
is the energy dissipation by viscoelastic straining of fibers. Significant amounts of energy may 
be dissipated in this way if  the composite micro structure allows fiber survival for long times. 

Some of the important features of the present model can also be summarized as follows: 
1. The developed model can he utilized in designing and analyzing high-temperature fiber pull- 

out experiments in composite systems, wherc time-depcndent inelastic effccts dominate th r  
commsite behavior. 
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2.  The model can be applied to solving problems of mechanics of bridged cracks at high-temperature. 
as well as studying the  stability and growth of crack bridging. 

3. The  model can be used to optimize the  micro structure of the  mmpmite  system for maximum 
toughnes  by systematically exploring the effects of different parameters such as the  friction 
wefficient, the  initial inelastic strain mismatch, viscoelastic straining of fibers, and the  eflect 
of  fiber sliding length on energy dissipation by frictional sliding and viscoelastic straining of 
fibers. 

FUTURE WORK 

The developed micro mechanical model will be used t o  optimize the micro structural design of Sic- 
Sic composite systems for maximum toughness under conditions relevant t,o fusion applications. 
This will be accomplished by systematically exploring the  effects of  different parameters ( e.  g. the  
friction coefficient, the  residual stresses, and fiber creeping length) on the energy of fracture of these 
composite systems. The  model will also be used t o  study the  mechanics of matrix cracks bridged 
by fibers, a t  high temperatures. and determine the stability of crack bridging processes in Sic-Sic  
composite systems. 

Appendices 

Appcndix A: Residual axial szress in fibers 

find a;!, an infinite copmosite cylinder is considered, which is cooled down from the  initial stresss- 
(ree temperature. Three conditions arc used t o  dctcrmine oi, the  initial interface pressure q H .  and 
thc axial matrix stress in the intact matrix u;;(only u i  is important i n  analyzing crack bridgin. 
problems). l'hesc conditions arc: 

1 .  Continuity of  radial displaccmcnt a t  fiber matrix interfacc: 

L ; / l t l l  = cy(/<,l 148; 

2. Continuity of the axial displaci:mc:it : 

= ("' 

which is a uniform strain componcnt along thi: composite cylinder. 
3 .  Self-equilibrium condition for the  composite cylinder: 

149, 

fu{( + ( 1  ~ f).; = (1 (50) 

Thc first two conditions make use the  strain-stress relations (2)  given in Scction 2. along with 
replacing u! by uL, by u;, and 9 by 4.q The third condition is used t o  eliminate uE in the  first 
two conditions. The  final form of  the  solution can be written as 



517 

c, = ft', + (1 - I)&" 
c2 = fW,E/ - (1 - f ) U / E m  

dl = - 210 - fJv,Em + fumEJ1 
dz = (1 - f )Em(l  - n u l )  + E/ 11 + urn + f ( 1  - urn)] W! 

Appendix R: Expressions for f l  and fi 

l h i s  appendix contains expressions for the constants f l  and fz  appearing in equation(42). The 
derivation starts hy considering cquations (17) and (18) and replacing L, by L d .  

Exprcssions for / I  and arc then writccn a? 
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