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FOREWORD

This is the sixteenth in a series of semiannual technical progress reports on fusion reactor
materials. This repon combines research and development activities which were previously reponed
separatelyin the following progress reports:

Alloy Development for Irradiation Performance
Damage Analysisand Fundamental Studies

Secial Purpose Materials

These activities are concerned principally with the effects of the neutronic and chemical
environment on the properties and performance of reactor materials; together they form one element of the
overall materials programs being conducted in supportof the Magnetic Fusion Energy Program of the U.S.
Depamnent of Energy. The other major element ofthe program is concerned with the interactions between
reactor materials and the plasma and is reponed separately.

The Fusion 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
scientists 0 the rest of the fusion community, both nationally and worldwide.

This report has been compiled and edited under the guidance of A. F. Rowcliffe by G. L. Bum.
Oak Ridge National Laboratory. Their efforts. 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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IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL
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STATUSOF U.§/JAPAN COLLABORATIVE PROGRAM PHASE IT HFIR TARGET
AND RB* CAPSULES —J. E. Pawel, R. L. Senn. and A. W. Longest (Oak Ridge National
Laboratory) and K. Shiba (Japan Atomic Energy Research Institute). . ................

Capsules HFIR-MFE-]JP9 through 16 were installed in the High Flux Isotope Reactor (HFIR)
target July 20.1990 for irradiation beginning with HFIR fuel cycle 289. Of these eight target
capsules, P10, 11, 13, 16 accumulated 18dpa and were removed from the reactor in
September1991. JP14 was removed fronte resctorat the end of cycle 310 (September
1992) after achieving a peak dose of 34 dpa CapsulesJP9, 12, and 15 completed 35 cycleson
April 1.1994 and were removed from thetarget region. Each capsule had accumulated a peak
dose of approximately 57 dpa

Three new capsules, HFIR-MFE-JP20, 21, and 22, have been designed to complete the
original experiment tmatrix of the JP9 throughJP16 series capsules. Irradiation began in
December 1993 with the start of cycle 322. As of April 1, 1994 (end of cycle 324), each
capsule had achieved approximately4.9 dpa.

The RB* experiments are the continuation of the ORR specirally tailored experiments. In this
stage, a hafnium liner is used to modify the spectrum to simulate fusion helium to
displacementsper atom (He/dpa) ratio in the austenitic steel specimens. Of the four capsules
in this set, two (60J-1 and 330J-1) were disassembled during this reporting period after
accumulating a peak dose in HFIR of 11dpa Two capsules (200J-1 and 400J-1) are in the
reactor and have achieved a dose of 5.5 dpa

THE COBRA-IB IRRADIATION EXPERIMENT IN EBR-II - H. Tsai, A. G. Hins,
R. V. Strain, and D. L. Smith (Argonne National Laboratory). ..............

Design of the COBRA-IB irradiation experiment began in this reporting period and is in
progress. The target reactor insertion cille.for COBRA-IB is September 1994. Technical and
programmatic feasibility approval for the experiment has been granted by EBR-IT Operations.

DOSIMETRY, DAMAGE PARAMETERS, TRANSMUTATION, AND
ACTIVATION CALCULATIONS.. civiiiiiiiiiiin i sannar s

REVISEDNEUTRON DOSIMETRY RESULTS FOR THE MOTA-2A EXPERIMENT
IN FFTF ~ L. R. Greenwood (Pacific Northwest Laboratory). . .................

Revised neumn fluence and damage values are reported for the MOTA-2A experimentin the
Fast Flux Test Facility (FFTF). This revision corrects an error with processing of the
235U(n,f) reaction. Net correctionsare on the order of 5%.

REANALYSIS OF NEUTRON DOSIMETRY FOR THE MOTA-1A/1B EXPERIMENTS
IN FFTF - L. R. Greenwood (Pacific Northwest Laboratory). .vvvvvviviniinrrnnnnas

Neutron fluence and spectral measurements and radiation damage calculationshave been revised
forthe MOTA-1 A, |B experimentsin the Fast Flux Test Facility (FFTF). The data were
revised in order to correct for nuclear bumup effects for several of the radiometricmonitors,
thereby increasing the fluence and damage up 10 20%, according to position the MOTA
assembly. The MOTA-IA experiment wes irradiated from January 18,1983, to October 23,
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1983. for an exposure of 202.0 EFPD. MOTA-1B was irradiated from January 1.1984, to
April 23, 1984, for an exposure of 109.4 EFPD. Neutron fluenceand dpa values are.presented
for both assemblies.

NEUTRON DOSIMETRY FOR THE MOTA-2B EXPERIMENT IN FFTF -
L. R. Greenwood and L. S. Kellogg (Pacific Northwest Laboratory). . ................ 21

Neutron fluence and spectral measurements and radiation damage calculationsare reported for
the Materials Open Test Assembly (MOTA-)2B experiment in the Fast Flux Test Facility
(FFTF). The irradiation was conducted from May 27.1991, to March 19,1992, for a total
exposure of 203.3 EFPD (effectivefull-power days). The maximum fluence was about 9 x
1022 njcm?, 6 x 1022 above 0.1 MeV producing about 24 dpa in iron. Neutron fluence and
radiation damage maps are presented for the entire MOTA assembly based on the analysis of
ten neutron spectral measurementsand fourteen additional flux gradient measurements.

NEUTRON DOSIMETRY FOR THE MOTA-IC EXPERIMENT IN FFTF -
L. R. Greenwood (Pacific Northwest Laboratory). ... ...c.ovveiviinrinennnnnnnn.. 28

Neutron fluence and spectral measurements and radiation damage calculationshave been
completed for the Materials Open Test Assembly (MOTA)-1C experimentin the Fast Flux
Test Facility (FFTF). Although this irradiation was completed in 1985. the neutron dosimetry
data were never analyzed. The MOTA-IC experimentwas irradiated in cycles 5 and 6 from
June 16, 1984, to June 24, 1985, for an exposure of 256.7 EFFD (effective full power days).
The irradiation was conducted at 400 MW, Neutron fluence and dpa values are presented.

TRANSMUTATIONS OF ELEMENTS UNDER IRRADIATION AND ITS IMPACT
ON ALLOYS COMPOSITION - I. C. Gomes and D. L. Smith (Argonne National
02 10 =10 57 33

This study presents 8 comparison of nuclear transmutation rates for candidate fusion fust
wall/blanket structural materials in available fusion test reectors with those produced in a
typical fusion spectrum. The materialsanalyzed in this study include a vanadium alloy (V-
4Cr-4Ti), a reduced activation martensitic steel (Fe-9Cr-2WVTa), a high conductivity copper
alloy (Cu-Cr-Zr), and the $iC compound The fission irradiation facilities considered include
the EBR-IT (Experimental Breeder Reactor) fast reactor, and two high flux mixed spectrum
reactors, HFIR (High Flux Irradiation Reactor) and SM-3 (Russian reactor). The uansmutation
and dpa rates that occur in these test reactors are. compared with the calculated uansmutation
and dpa rates characteristicof D-T fusion first wall spectrum. In general, past work has shown
that the displacementdamage produced in these fission reactors can be correlated to
displacement damage in a fusion spectrum: however, the generation of helium and hydrogen
through threshold reactions [{n,xc} and (N,xp)] are much higher in a fusion spectrum. As
shown in this study, the compositional changes for several candidate structural materials
exposed to a fast fission reactor spectrum are very low. similar to those for a characteristic
fusion spectrum. However, the relatively high thermalized spectrum of a mixed spectrum
reactor produces transnutationrates quite differentfrom the ones predicted for a fusionreactor,
resulting in substantial differencesin the final composition of several candidate alloys after
relatively short irradiation time. As examples, the transmutation rates of W, Ta, V, Cu,
among others, differ considerably when the irradiation is performedunder a mixed spectrum
reactor's and fusion first wall's spectrum. The out-ofcore positions in mixed spectrum
reactors can be partially shielded against low energy neutrons, e.g., by hafnium. to reduce the
transmutation rates but the displacement rates at these positions are much lower than those for
the wre positions. Fast reactors (EBR-II} provide the only possibility for obtaining high
damage rates without producing significantcompositional effects in vanadium alloys, ferritic
steels, and copper alloys.
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CALCULATIONSTO DETERMINE THE FEASIBILITY OF USING A BORON
CARBIDE SHIELD FOR SPECTRALTAILORING IN THE HFIR FOR VANALUM
ALLOY IRRADIATION-R. A. Lillie (Oak Ridge National Laboratory). . .. ............ 43

A neutron transport caleulation has been performed to determine the feasibility of creating a
shielded facility in the Be reflector of e HFIR, It was found that the B4C provides
satisfactory spectral tailoring to reduce production of Cr below the tolerance limit for Cr in the
original alloys. The shield would have to be replaced after eight cycles or 5 dpa but the
operations schedule for the HFIR makes it easier to replace the shield after seven cycles. Three
shields would then have to be used in order to reach 10dpa. This facility would provide the
equivalentof a low-temperature fast neutron position in the HFIR for development and
preliminary qualification of vanadium alloys for fusion devices.

TRANSMUTATION IN COPPER-BASE BRAZING MATERIALS - F. A. Gamer,
L. R. Greenwood, and D. J. Edwards (Pacific Northwest Laboratory). . ........couuu.. 47

Brazing compounds containing silver or gold will transmute during irradiation, forming
significantamounts of either cadmium Or mercury, respectively, in all neutron spectra of
current interest to the fusion materials program. The impact of this transmutation on braze
performance and on development of fssion-fusion correlations has yet to be determined but
will he addressed in an irradiation experiment that was recently completed in FFTF-MOTA.
A lesser amount of transmutation will occur in brazes containing tin, but no specimens
containing brazes with tinhave yet been irradiited.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS.. ......... 51

ITER MATERIALS PROPERTIES HANDBOOK =1J. W _Davis, McDonnell
DoUQIaS AGTOSPACE. + vt vt vt st a et a s a e n s a e 53

In December the ITER Joint Cetral Team authorized the creation of a Materials Properties
Handbook. This Handbook iS a cocperative activity between the four parties of ITER (Japan,
the E.U., the R.E,, and the U.S.). The U.S. Home Team has been selected to coordinate the
documentation. while all four Parties will provide data Duriing this period the effort focused
on organizing this activity. developing a format for use by all of the parties, and demonstrating
the ability to electronically ransfer files between the four parties. First draft of the Handbook
is scheduled for July.

FUNDAMENTAL MECHANICAL BEHAVIOR.. ..., 37

No contributions.

RADIATION EFFECTS, MECHANISTIC STUDIES, THEORY,
AND MODELING .. .ttt i i ia i i i sn s asasasasasasannnns 59

VOID SWELLING IN BINARY FE-CR ALLOYS AT 200 DPA -D. S. Gelles
(Pacific Northwest Laboratory). .. v ovves e ii i ie s in e s n e s e snnsnnsnnsnnnsns 61

Microstructural examinations have been performed on a series of binary Fe-Cr alloys irradiated
in the FFTF/MQTA at 425°C to 200 dpa. The datarepresent the highest swelling levels
reported in neutron irradiated femtic alloys. The alloy compositions ranged from 3 to 18%Cr
in 3% Cr increments, and the irradiation temperature corresponded to the peak swelling
condition for this alloy class. Density measurements showed swelling levels as high as 7.4%
with the highest swelling found in the Fe9Cr and Fe6Cr alloys. Microstructural examinations
revealed that the highest swelling conditions contained yeli-developed voids, oftenas large as
100 nm, and a dislocation network comprised of both —<111> and a<100> Burgers vectors.
Swelling was lower in the other alloys, and the swelling reduction could be correlated with
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increased precipitation. These results are considered in light of the currenttheories for low
swelling in ferritic alloys, but no theory IS available to completely explain the results.

DATA BASE ON PERMEATION, DIFFUSION, AND CONCENTRATIONOF
HYDROGEN ISOTOPES IN FUSION REACTOR MATERIALS -J. L. Brimhall,
E. P. Simonen, and R. H. Jones (Pacific Northwest Laboratory). .. ....cvvvvvvvnnnn. 80

In evaluating fusion reactor performance,knowledge about permeation, diffusion, and
concentration of hydrogen isotopes throughout the structureis of aitica importance. The data
base on hydrogen isotope permeation in relevant fusion reactor materials is reviewed in this
report. Comparisons are made within alloys of the same type as well as with all the other
classes of alloys. Both gasdriven permeation (GDP) and plasma-driven permeation (PDP) are
included. Data on GDP behavior in Fe and Ni alloys are relatively consistent In metals that
have a high solubility and/or are hydride formers,e.g., V, No. Ti, there is much more
variation in the data, and surface effectsplay a very dominantrole. Permeation under plasma
conditions is less well understood as more variables enter the relationship, e.g., reemission
phenomena, intermal concentration gradients, radiation effects, etc. The data show that
materialsdo not necessarily rank in the Same order under PDP conditionsas under GDP
conditions. A summary of the factors that influence permeation and the relative magnitude of
their effectis given in the report

DEVELOPMENT OF STRUCTURAL ALLOYS.. .iiiiiiiiiiiinninnnns 139
FERRITIC MARTENSITIC AND BAINITIC STEELS................... 109

DEVELOPMENT OF LOW-CHROMIUM, CHROMIUM-TUNGSTEN STEELS FOR
FUSION - R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory). ......... 111

High-chromium (9-12% Cr) Cr-Mo and Cr-W ferritic steelsare favored & candidates for fusion
applications. In the early work to develop reduced-activation steels. an Fe-2.25Cr-2W-0.25V-
0.IC steel (designated 2 1/4Cr-2WV) had better strength than an Fe-9Cr-2W-0.25V-0.07Ta-
0.1C (9Cr-2WVTa) steel (compositionsare in weight percent). However, the 2 1/4Cr-2WV
bad less-than-adequate impact toughness. as determined by the ductile-brittle transition tempera-
ture and upper-shelf energy of a Charpy impact test Because lowchromium steels have some
advantages over high-chromium steels, a program to develop low-chromium steelsis in
progress. Microstructural analysis indicated that the reason for the inferior impact toughness
of the 2 1/4Cr-2WV was the granular-bainite microstructure obtained when the steel was
normalized. Properties can be improved by developing an acicular bainite structure by increas-
ing the cooling rate after austenitization. Alternatively, acicular bainite can be promoted by
increasing the hardenability. Hardenability was changed by adding small amounts of boron and
chromium to the 2 1/4Cr-2WV composition. A combination of B, Cr, and Ta additions
resulted in low-chromium reduced-activation steels with mechanical properties comparable to
those of 9Cr-2WVTa.

MICROSTRUCTURE-MECHANICALPROPERTIES CORRELATION OF IRRADIATED
CONYENTIONAL AND REDUCED-ACTIVATION MARTENSITICSTEELS -

R L. Klueh (Oak Ridge National Laboratory), Ji-Jung Kai (National Tsing Hua

University, Taiwan), and D. J. Alexander (Oak Ridge National Laboratory). . .......... 128

Tensile, Charpy, and transmission electron microscopy specimensof two conventional steels,
modified 9Cr- 1Mo (9Cr-IMoVNb) and Sandvik HT9 (12Cr- 1Mo VW), and two reduced-
activation steels, Fe-9Cr-2W-0.25V-0.1C {9Cr-2WV) and Fe-9Cr-2W-0.25V-0.07Ta-0.1C
(9Cr-2WVTa), were irradiated in the Fast Flux Test Facility. Before irradiation, M23Cg was
the primary precipitate in all four steels. which also contained some MC. Neutron irradiation
did not substantiallyalter the M23Cg and MC. No new phases formed during irradiation of
the 9Cr-2WV and 3Cr-2WVTg, but chi-phase precipitated in the 9Cr-1MoVND and chi-phase
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and & precipitated in the 12Cr-1Mo YW, Irradiation-produced dislocation loops were observed
in 9Cr-2WV, 9Cr-2WVTa, and 12Cr- 1MoVW. The irradiation-producedmicrostructural
changes caused the steels to harden, asmeasured by the change in yield stress. Hardening was
oorrelated with a change in the Charpy impact properties of 9Cr-1MoVYNb, 12Cr-IMoVW, and
9Cr-2WYV. Although irradiation caused a yield stress increase of the 9Cr-2¥'¥YTa similarto
that for 3Cr-2WV and 9Cr-1MoVYND, the change in Charpy properties was considerablyless
for ¢Cr-2WVTa. Thisdifference in Charpy behavior of the 9Cr-2W VY Ta with that of the 9Cr-
2WV and 9Cr- 1Mo VNb was attributed to differences in the frachure stress-temperature
relationship and/ar the flow stress-temperalurerelationship between the $Ct-2W¥VTa and the
other two 9Cr steels.

6.1.3 CONSEQUENCESOF NO POSTWELD HEAT TREATMENT ON THE FRACTURE
TOUGHNESS OF LOW ACTIVATION MARTENSITIC STEELS - Huaxin Li
(Associated Westem Universities, Northwest Division), D. S. Gelles and R. H. Jones
(Paciic Northwest Laboratory). « v vueuusnernsnasnnrnsnnsnnsnsnnsnnsnnns 142

Fracture toughness has been measured for two conditionsof low activation martensitic steel F-
82H, the first, a fully tempered condition and the second. comglctcly untempered. In the fully
tempered conditions. E-82H has a Jic toughness of 284 kJ/m? (K¢ = 263.8 MPavm), but in
the untempered condition, the J1c toughness is 18.4kJ/m? (Kjc = 64MPavm). The
consequences of not tempering are discussed in tight of thesemeasurements.

6.1.4 MICROSTRUCTURALEXAMINATION OF COMMERCIAL FERRITIC ALLOYS
AT 200DPA - D. S. Gelles (Pacific Northwest Laboratory). ........vvevvenvennnn 146

Microstructures and density change measurementsare reponed for martensitic commercial
steels HTY and modified 9Cr-1Mo (T9) and oxide dispersion strengthened ferritic alloys
MA956 and MA957 following irradiaticn in the FFTF/MOTA at420°C to 200 dpa Swelling
as determined by density change remainsbelow 2% for all conditions. Microstructures are
found to be stable except in recrystallized grains of MA957, which are fabrication artifacts,
with only minor swelling in the martensitic steels and & precipitation in alloys with 12% or
more chromium. These results further demonstrate the high swelling resistance and
microstructuralstability of the ferriticalloy class.

6.1.5 EFFECT OF HYDROGEN ON THE FRACTURETOUGHNESS OF A FERRITIC/
MARTENSITIC STAINLESS STEEL —H. Li (Associated Western Universities-Northwest
Division), R. H. Jones and D. S. Gelles (Pacific Northwest Laboratory), and J. P. Hirth
(Washington State University-Pullman). . ...cveiininini i iiiinenennnnnnnnns 161

Effects of hydrogen (H) on the mixed-mode I/III critical J integrals (Jmc) and tearing moduli
{Tn1) were examined for a ferritic/martensitic stainless steel (F-82H) atambienttemperature.

A determination of Ij¢ was made using medified compact-tension specimens. Differentratios
of tension/shear stress were achieved by varying the principal axis of the crack plane between 0
and 55 degrees from the load tine. A specimenwith O degree crack angle is the same asa
standard mode | compact tension specimen. Specimens were heat-treated at 1000°C/20 b/air
cooled (AC)-1100°C/7 min/AC-700°C/2 /AC. The specimens were charged with Hat a
hydrogen gas pressure of 138 MPa at 300°C for two weeks, which resulted in a H content of 6
ppm(wt), as measured with the "inert gas fusion®* technique. Jyc and T values were
determined with the single specimen technique. Crack lengths were calculated by means of
partial unloading compliances. The preliminary results from J integral tests showed that
introducing H decreased Jpic and Ty values aS compared to those without H. However. the
presence of H did not change the dependence of Jpc and T values on the crack angles. Both
mode I J and T values (Jic and Ty} exhibited the highest values. Both the minimum Jpc and
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T values occurred at a crack angle between 35 and 55 degrees, corresponding to the load
ration {ojjifoi} of 0.7 to 1.4.

AUSTENITIC STAINLESS STEELS.... ..i.iiiiiiiaiinn, 171

FRACTURE TOUGHNESS OF IRRADIATED CANDIDATE MATERIALS FOR

ITER FIRST WALL/BLANKET STRUCTURES -D. J. Alexander, J. E. Pawel.

M. L. Grossbeck, A. F. Rowcliffe (Oak Ridge National Laboratory), and K. Shiba

(Japan Atomic Energy Research InStitute). ... ovvvivinnnininererararnsnsnnns 173

Candidatematerials for first wall/blanket structures in ITER have been irradiated to damage
levels of about 3 dpa at nominal irradiation temperatures of either 90 or 250°C. These
specimenshave been tested over a temperature range from 20 to 250°C. The results show that
irradiation at these4 temperatures reduces the fracture toughness of austenitic stainless steels.
but the toughness remains quite high. The toughness decreases as the test temperature
increases. hdiation at 250°C is more damaging thanat 90°C. causing larger decreases in the
fracture toughness. Femtic steelsare embrittled by the irradiation, and show their lowest
toughness at room temperature.

LOW TEMPERATURE RADIATION-INDUCED SEGREGATION RELATIVETO
IASCC AND ITER - E. P. Simonen. R. H. Jones, L. A. Charlot. and S. M. Bruemmer
(Pacific Nonhwest Laboratory). «vve v e e in s tnenrnrnrnernsnsnrnnsnsnsnss 194

Radiation induced segregation at grain boundaries in stainless steel has been evaluated as a
function of temperature. Segregation caused by ion irradiation was measured and compared to
temperature-dependent model predictions. The model was subsequently used to exuapolate
predictions to ITER operating conditions. For ion irradiation, segregation was found to extend
to temperatures below 400°C which implies that segregation is expected at temperatures less
than 200°C for [TER irradiation damage rates. The model predictions were in accord with Cr
depletion levels and profile widths as measured using FEG-STEM examination of ion irradiated
grain boundaries. The model was further shown to be consistentwith measured depletion
levels at grain boundaries in 316 stainless steel irradiated in a light-water reactor at 288°C.

The fmdings of this study suggest that chromium depletion and hence IASCC may be a
concern for stainless steel structures irradiated in ITER high-temperature water environments.

REFRACTORY METAL ALLOYS.. ittt cni s 203

SWELLING AND STRUCTUREOF VANAD IUM ALLOYS IRRADIATED IN THE
DYNAMIC HELIUM CHARGING EXPERIMENT - H. M. Chung, B. A. Loomis,
H. Tsai, L. Nowicki, J. Gazda, and D. L. Smith (Argonne National Laboratory). ... .... 204

Combined effects of dynamically charged He and neutron damage 0n density change, void
distribution, and microstructural evolution of V-4Cr-4Ti have been determined after irradiation
to 18-31dpa at425-600°C in the Dynamic Helium Charging Experiment (DHCE). Fm
specimens irradiated to —18 dpa at 600°C with an estimated He/dpa ratio of 3-9 appm He/dpa (a
range similar to the fusion-relevant ratio -5 appm He/dpa), only a few microvoids were
observed & the interface of the grain matrix and some Ti{O,N,() precipitates. No microvoids
were observed either in the grain matrix or near grain boundaries. It seems that most of the
dynamically produced He atoms are trapped in the grain matrix without significantvoid
nucleation or growth. In this group of DHCE specimens. density changes were similar to
those of non-DHCE (negligible He generation) specimens for a comparable fluence and
irradiation temperature. Significantnumbers of microvoids in the grain matrix and on
localiized grain boundaries were present only in specimens irradiated to =3 1 dpaat425°C in
high-tritium capsules, i which an excessive amount of helium was generated (estimatedHddpa
ratio of 10-35appm). Discontinuous regions of void segregation On grain boundaries were
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observed, and void number-density was significantly lower thanin other alloys irradiated in
tritium-trick experiments. The grain-boundary voids seem to have been produced by decay of
tritium segregated to grain boundaries in the specimens at the onset of irradiation in high-
tritium capsules (an artifact effect similar to tritium charging & 400°C in a tritium-trick
experiment), rather than by segregation of He produced in the grain matrix. Density changes
of the specimens were significantlyhigher than those from non-DHCE irradiations.
Microstructuralevolution in Y-4Cr-4Ti was similar for DHCE and non-DHCE irradiations,
except for void number-density and distribution. As in non-DHCE specimens, irradiation-
induced precipitation of ultrafine TisSi3 was observed for irradiation at 633°C but not at

425°C.

EFFECT OF DYNAMICALLY CHARGED HELLIUM ON MECHANICAL PROPERTIES
OF V-4Cr-4Ti — H. M. Cbung, B. A. Loomis, H. Tsai. L. Nowicki, D. E. Busch. and
D. L. Smith (Argonne National Laboratory). .......coviiiiiiiiiinnrnrnnnss 212

V-4Cr-4Ti has been reported to be virtually immune to irradiation embrittlement under
conditions of negligible helium generation; DBTTs determined from one-third-size Charpy-
impact specimens irradiated in a non-DHCE experiment were <-200°C. The effectsof
dynamically charged helium and tritium, and of neumn damage, on DBT of the alloy were
determined after irradiation in the Dynamic Helium Charging Experiment (DHCE). TEM
disks irradiated to 18-31dpa at 425-600°C were fractured by repeated bending in alow-
temperature bath. Miniature specimens were used because no Charpy-impact specimens were
included in the DHCE experiment Ductile-brittle transition behavior was determined from
quantitative SEM fractography. Bride fracture surface morphology was not observed at >-
120°C regardless of the level of dpa damage or helium and tritium content in the alloy.
Predominantly brittle-cleavage fracture morphologies were observed only at -196°C in some
specimens irradiated t0 31 dpa & 425°C and in which the estimated helium and tritium contents
were highest. This indicates a DB'IT between -175and -200°C in specimens containing the
highest levels of dpa damage, helium. and tritium in the DHCE experiment. No intergranular
fracture was observed.

STATUS OF THE DYNAMIC HELIUN CHARGING EXPERIMENT - H. Tsai,
R. V. Strain. H. M. Chung, and D. L. Smith (Argonne National Laboratory). ......... 220

Seven DHCE capsules containing vanadium-alloy specimens were irradiated in the MOTA-2B
vehiclein to —20 to 29 dpa. In this and the previous reporting periods. equipment and
procedures were developed et Argonne National Laboratory-East to disassemble these. capsules.
Six of the seven capsules have been disassembled. (The seventh capsule was processed in
April 1994, immediately following this reponing period.) Effluence of tritium into the cell
exhaust was <2% of the total inventory. No contamination incidents occurred during the
DHCE disassembly work. Initial testing of the retrieved Specimens is under way.

FABRICATION OF VANADIUM ALLOY FORMS FOR SPECIMEN PREPARATION -
M. L. Grossbeck, T. K. Roche, W. S. Fatherly, F. F. Dyer. and N. H. Rouse (Oak Ridge
National Laboratory). « v v v e v v i e in i et nan s nnn s nnnsnannssnnnssnnnns 225

The alloy V-5Cr-5Ti (Teledyne Wah Chang heat 832394) was received in the form of a 6.35
mm plate. and was rolled to 3.81 mm plate and 0.76 mm sheet The 3.81 mm plate was used
for Charpy impact specimens and the 0.76 mm sheet was used for tensile specimensand
welding experiments. Since interstitial impuritiesare important strengtheningand embrittling
agents in refractory metals, all anneals had to be done in ultra—high vacuum furnaces.



6.3.5 WELDING DEVELOPMENT FOR V-Cr-Ti ALLOYS - G. M. Goodwin and J. F. King
(Oak Ridge National Laboratory). ... vvvee e e e it it saeannansasnnsnns 235

Welds have been produced and characterized using the gas-tungstenarc (GTA) and electron
beam (EB) welding processes. Thin sheet (0.75mm} welds were made with three levels of
interstitial comtamination,and hardness and tensile properties were found to be strongly affected
by oxygen pickup. Thick-section (6 mm) welds have been produced using both processes, and
no embrittlementis experienced when high purity atmosphere is maintained. Metallographic
examination shows a narrow. but coarse grained, heat affected zone for the GTA welds.
Transition joint welding development between vanadium alloy and stainless steel has shown
encouraging results.

6.3.6 CHEMICAL AND MECHANICAL INTERACTIONS OF INTERSTITIALS IN
V-5%Cr-5%Ti - J. H. DeVan, J. R. DiStefano, and J. W. Hendricks (Oak Ridge
Natonal Laboralory ). o vttt ittt e ie e e n e e e e 240

Gas-metal reaction studies of V-3Cr-5T1 were conducted to determine the kinetics of reactions
with Hz and Oa, respectively. at 400-500°C. Reaction rates were determined through weight
change measurements and chemical analyses, and effects on mechanical propertieswere
evaluated by room temperature tensile tests. Exposure to hydrogen at pressures between 10" *
to 1072 torr lowered the tensile ductility in the case of coarse-grained specimensbut had little
effect on her-grained specimens. Similarly oxygen uptake at 500°C, at concentrationsas low
as 200 ppm (by weight), significantly lowered the ductility of the coarser-grainedbut not the
finer-grained material.

6.3.7 THE RELATIONSHIPBETWEEN RECRYSTALLIZATIONTEMPERATURE,
GRAIN SIZE, AND THE CHARPY IMPACT PROPERTIES OF V-Cr-Ti ALLOYS -
M. L. Grossbeck, D. J. Alexander, and A. F. Rowcliffe. .......cviiiiieennnnnn 244

It is shown that the blunt notch Charpy impact properties of a V-5Cr-5Ti alloy are extremely
sensitive to the grain size distribution developed during the final annealing treatment.
Completely ductile behavior down to Liquid nitrogen temperatures can be induced, for example,
by a treatmentat 950°C, rather thanannealingat 1125°C. It is proposed that the resistance to
irradiation-inducedshift in DB'IT reported by Argonne National Laboratory (ANL) researchers
for the Y-4Cr-4Ti alloy is related primarily to the exceptionally fme-grained microstructure
developed during the low temperature processing route adopted for this alloy.

6.3.8 ROOM TEMPERATURE ELASTIC PROPERTIES OF V¥-5Cr-5Ti — W. A. Simpson
(Oak Ridge National Laboratory). .. ..vvvensnriiinineninieneecnennnnnnenns 258

Elastic moduli were meesured for a specimen of the alloy V-5Cr-5Ti in the annealed condition
using pulse-echo techniques. The value of Young's modulus was determined to be 125.6 GPa,
the shear modulus was determined to be 45.9 GPa, and the Piosson's ratio to be 0.367.

6.3.9 THERMOPHYSICAL PROPERTIES OF ¥-5Cr-5Ti{ = W. D. Porter, R. B. Dinwiddie.
and M. L. Grossbeck (Oak Ridge National Laboratory). ...........coovievnennnn.. 260

Measurements of thermal expansion of ¥-5Cr-5Ti have been made firan roam temperature to
600°C, and specific heat and thermal conductivity have teen meesured over the range of 100 to
600°C. In each case, the results have been fitted to a polynomial expression to provide a
convenient form for design studies.
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ATOM PROBE FIELD ION MICROSCOPY CHARACTERIZATION OF
VANADIUM-TITANIUM-CHROMIUM ALLOYS - M. K. Miller (Oak Ridge
Natonal Laboratory) . v v e ettt ettt e st sa st an e an s nnnssannasnnnns 269

The atom probe field ion microscope was used to examine two V-Cr-Tialloys (V- 5Cr-5Ti and
V-4Cr-4Ti) which have been shown to have very different fracture properties. The alloys were
examined for clustering to detect the presence of small precipitates asSwell asS to determine the
distribution of solute elementsin the matrix. Tae elements Ti, Cr, and Si were examined and
no clustering of any of these three. elements was found.

ANALYSIS OF GRAIN BOUNDARIES IN A V-5CR-5TI ALLOY USING AUGER
ELECTRON SPECTROSCOPY -D. N. Braski and M. L. Grossbeck (Oak Ridge
National Laboratory) e s v v e sn v e rnnesrnansnnassnnsssnassnnnssnnnsssnss 272

A V-5Cr-5Ti specimen was fractured in-situ below its DBTT and the fracture surfaces analyzed
by Auger Electron Spectroscopy (AES). About 70% of the fresh fracture surfaces were
intergranular while the remainder were characteristic of cleavage fracture. Sub-micron-sized
particles appeared to cover most of the grain boundary surfacesalong with a few larger
particles. Only one of these larger particles, probably a Ti-V sulfiddphosphide combination,
contained Cl, at a level of only a few at.%. On the other hand, S, which is known to cause
embrittlementin many alloy systems, was detected on virtually all of the grain boundary
surfaces.

FRACTURETOUGHNESS OF V-5Cr-5Ti ALLOY AT ROOM TEMPERATURE AND
100°C - H. Li (Associated Western Universities-Northwest Division), R. H. Jones (Pacific
Northwest Laboratories). and J. P. Hirth (Washington State University-Pullman)......... 279

The critical mixed-mode I/III fracture toughness, J-integrals (Jpc), at mom temperature (RT)
and 100°C were examined fora ¥V-5Cr-5Tt alloy. Fracture toughness at 100°C was evaluated
with a I-integral test and at RT with a K (the stress intensity factor) test. The determination of
Inic was made using modified compact-tensionspecimens. Differentratios of tension/shear
stress Were achieved by varying the principal axis of the crack plane between 0 and 45 degrees
from the load line. Crack angles used in this study were 0, 15, and 45 degrees. A specimen
with O degree crackangle is the same as a standard mode | compact tension specimen. In this
limit,)yc becomes Jic. Specimenswere annealed at 1125°C for Lhour in a vacuum of 10-7
torr. Jpe and mixed-mode tearing moduli (Tyg) were determined at 100°C with the single
specimen technique. Crack lengths were calculated with partial unloading compliances. The
Imc values at RT were calculated from critical stress intensity factors (K¢). The results
showed that a RT the ¥-5CR-5Ti alloy was brittle and experienced unstable crack growth with
amixture Of intergranular, cleavage, and some microvoid coalescence MV C) fracture while at
100°C it exhibited high fracture toughness and fractured with a mixture of MV C and
intergranular failure. SEM investigation showed that some cleavage facetsinitiated at grain
boundaries. The results suggesta low intergranular fracture strength and tendency towards
cleavage fracture at room temperature. Preliminary data from Auger electron microscopy
showed significantsulfur segregation on grain boundaries. The possible mechanism which
might reduce intergranular fracture strength is discussed.

INFLUENCE OFTRANSMUTATION ON MICROSTRUCTURE, DENSITY CHANGE,

AND EMBRITTLEMENT OF VANADIUM AND VANADIUM ALLOYS IRRADIATED

IN HFIR = S. Ohnuki and H. Takahashi (Hokkaido University, Sapporo, Japan). K. Shiba

and A. Hishinuma (Japan Atomic Energy Research Institute. Tokai. Japan). J. E. Pawel

(Oak Ridge National Laboratory). and F. A. Gamer (Pacific Northwest Laboratory). ...... 293

Addition of 1 a% nickel to vanadium and V-10Ti, followed by irradiation along with the
nickel-free metals in HFIR to 2.3 x 10%22n ecm2, E>1.0 MeV (correspondingto 17.7 dpa) at
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400°C, has been used to study the influence of helium on microstructuralevolutionand
embrittlement. Approximately 15.3% of the vanadium transmuted to chromium in these
alloys The -50 appm helium generated from the S8Ni(N,y)>%Ni(n,a)>6Fe sequence was
found to exert much less influence than either the nickel directly or the chromium formed by
transmutation.

The V-10O-Ti and V-10Ti-1Ni alloys developed an extreme fragility and broke into smaller
pieces in response to minor physical insults during density measurements. A similar behavior
was not observed in pure V or V-INi. Helium’s role in determination of mechanical properties
and embritlement of vanadium alloysin HFIR is overshadowed by the influence of alloying
elements such as titanium and chromium. Both elements have been shown to increase the
DB’IT rather rapidly in the region of 10% (CR +TI). SinceCr isproduced by transmutatation
of V, this is a possible mechanism for the embrittlement Large effects on the DBTT may
have also resulted from uncontrolled accumulation of interstitial elementssuchas C. N, and O
during irradiation.

INFLUENCE OF FLUX-SPECTRA DIFFERENCES ON TRANSMUTATION AND
SWELLING OF VANADIUM ALLQOYS -F. A. Gamer and L. R. Greenwood (Pacific
Northwest Laboratory). « v vv v vt ii i i et e i et s a e n e na e ne s nnsns 305

The swelling of vanadium and its alloys is known to be sensitive t the level of chromium in
the alloy. Chromium is also the major transmutation product during neutron irradiation.
however, and the production rate of chromium is very sensitive to neutron spectra. It appears
that an apparent dependence of void swelling in pure vanadium inadiated in FF'TF may arisein
part from the spectral difference that accompanieschanges in displacement rate.

DEPENDENCE OF VANADIUM ALLOY DENSITY ON STARTING COMPOSITION
TRANSMUTATION AND SEGREGATION - F. A. GARNER (Pacific Northwest
Laboratory) and B. A. Loomis (Argonne National Laboratory). . . .......c.ovvuuu... 309

The density of vanadium alloys is strongly dependent on solute identity and concentration,
especially for additions of chromium and titanium. One consequence of this dependenceis that
radiation-induced density changes arise. framsegregation and precipitation. Transmutation of
vanadium to chromium can also lead to significant increases in density and can therefore
complicate somewhat the interpretation of swelling data derived using immersion density
techniques.

COPPER ALLOY S i it 313

COPPER ALLOYS FOR HIGH HEAT FLUX STRUCTURE APPLICATIONS -
S.J. Zinkle (Oak Ridge National Laboratory) and S. A. Fabritsiev (D. V. Efremov
Scientific Research Institute of Electrophysical Apparatus). «..ovveeeneennennennss 314

The mechanical and physical properties of copper alloys are reviewed and compared with the
requirements for high heat flux structural applications in fusion reactors. High heat flux
structural materials must possess a combination of high thermal conductivityand high
mechanical strength. The three most promising copper alloys a the present time are oxide
dispersion-strengthenedcopper (Cu-A1203) and two precipitation-hardenedcopper alloys (Cu-
Cr-Zr and Cu-Ni-Be). These three alloys are capable of room temperature yield strengths >
400 nP4 and thermal conductivitiesup t0 350 W/m-K. All of these alloys require extensive
cold working to achieve their optimum strength. Precipitation-hardened copper alloys such as
Cu-Cr-Zr are susceptible to softening due to precipitate overaging and recrystallization during
brazing, whereas the dislocation structure in Cu-Aly04 remains stabilized during typical high
temperature brazing cycles. All three alloys exhibit good resistance to irradiation-induced
softening and void swelling at temperaturesbelow 300°C. The precipitation-strengthened
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alloys typically soften during neutron irradiation & temperatures above about 300°C and
therefore should only be considered for applications operating & temperatures <300°C.
Dispersion-strengthened copper may be used up to temperatures in excess of 500°C. Based on
the available cata, dispersion-strengthened copper (Cu-Al03) is considered to be the best
candidate for high heat flux structural applications.

ROOM TEMPERATURE FATIGUE BEHAVIOR OF OFHC COPPER AND CuAl2S
SPECIMENS OF TWO SIZES - A. Singhal and J. F. Stubbms (University of Illinois),
B. N. Singh {Risg National Laboratory), and F. A. Gamer (Pacific Northwest Laboratory). . 342

Copper and its alloys are appealing for application in fusion reactor systems for high heat flux
componentswhere high thermal conductivities are critical, for instance, in divertor
components. The thermal and mechanical loading of such componentswill be, at least in part,
cyclicin nature, thus requiring an understanding of their fatiguebehavior. This report
describes the room temperature fatigue behavior of unirradiated OFHC (oxygen free high
conductivity) copper and CuAl25 (copper strengthened with a 0.25% atom fraction dispersion
of alumina). The response of two fatigue specimen sizes to strain controlled fatigue loading is
examined, and differencesin behavior are discussed. Specimens with the smaller size are not
being irradiated in several reactors.

PREPARATION OF RUSSIAN COPPER ALLOY CREEP SPECIMENS - C. R. Eiholzer
(Westinghouse Hanford Company), M. L. Hamilton (pacific Northwest Laboratory), and
V. Barabash {D. V. Efremov InStitute). « .o vvv e e e ieiiinennnnnnnennes 351

Eleven creep specimensof the Russian copper alloy MAGT-02 were pressurized and welded
closed. The specimenswere pressurized to levels ranging from 7.2 to 15.6 MPa (1052 to
2267 psia). These pressures will produce hoop stresses between 55 and 185MPA (7.977 to
26,830 psia) when irradiated at 120°C.,

VOID SWELL ING OF PURE COPPER, CU-5NT AND CU-5MN ALLOYS IRRADIATED
WITH FAST NEUTRONS - H. Watanabe (Kyushu University) and F. A. Gamer
(Pacific Northwest Laboratory). ... .vvveeiee i it it e e e e a s aennnenns 356

The effects of cold-work level and solute. addition (nickel or manganese) on pure copper under
fast neutron irradiation have been investigated. Neutron irradiation was conducted in the Fast
Flux Test Facility (FFTF) at temperatures from 638 to 873K to doses ranging from 8 to 98
dpa In pure copper, the void swelling behavior was investigated as a function of cold work
level. At 638 and 703K, 10%cold-work reduced swelling somewhat with little influence at
higher cold-work levels. In comparison with pure copper, void swelling was suppressed by
5% nickel addition at 648K but slightly increased at 696K. Cu-5Mn resisted swelling in both
annealed and 40% cold-worked specimensin all temperatures examined. At 634K, void
formationwas not detected. Only stacking fault tetrahedra were observed in this specimen.

INFLUENCE OF NICKEL AND BERYLLIUM CONTENT ON SWELLING OF COPPER
IRRADIATEDIN COBRA-1A - F. A. Gamer (Pacific Northwest Laboratory) and
B. N. Singh (Risg National Laboratory). .. ...uovveiiriirnnrnrrnrrnrnnsnnsns 364

A series of annealed Cu-Ni dilute binary alloys were irradiated in COBRA-1A in EBR-I at
temperatures of 373,420. and 500°C. Density measurements have been performed for
specimens inadiated & 373°C to 1.78 x 1022n em2 (~11.3 dpa for pure copper). At this
temperature and dose level nickel additions suppressswelling. There is a possible indication
that some type of segregation-related phenomenon also occurs. yielding radiation-induced
densification.
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ENVIRONMENTAL EFFECTS IN STRUCTURAL MATERIALS. ......... 369

6.5.1 FABRICATION OF ALUMINUM NITRIDE AND ITS STABILITY IN LIQUID

6.5.2

7.0

7.1

7.2

ALKALI METALS - K. Natesan and D. L. Rink (Argonne National Laboratory). . ....... 371

AIN has been selected as a prime candidate for electrically insulating the V-alloy fist wall in
the self-cooled ITER concept Several methods are being evaluated for fabricating coatings that
have adequate thickness and desirable physical, electrical, chemical, and mechanical properties.
Coatings developed thus far are being exposed to liquid Li at 350 and 400°C.

DEVELOPMENT OF ELECTRICAL INSULATOR COATINGS: IN-SITU ELECTRICAL
RESISTANCE MEASUREMENTSON CaQO-COATED V-3%Cr-3%Ti IN LIQUID
LITHIUM -] .-H. Park, G. Dragel, and R. W. Clark (Argonne National Laboratory). . . ... 376

The electrical resistance of CaO coatings produced on ¥-5%Cr-5%Ti by exposure of the alloy
to liquid Li that contained 4 at% dissolved Ca was measured as a function of time at
temperatures of 250 to 698°C. The solute element, Cain liquid Li. reacted with the alloy
substrate at 420°C to produce a CaG coating. The resistance of the coating layer was 4 . 4 and
35.7 Q2 & 267 and 698°C, respectively. Thermal cycling between 267 and 698°Cchanged the
resistance of the coating layer, which followed insulator behavior. These results and those
reported previously suggest that thin homogeneous coatings Ganbe produced on variously
shaped surfaces by controlling the exposure time, temperature. and composition of the liquid
metal. This coating method is applicable to reactor components of various shapes {e.g.,
inside/outside of wbes, complex geometrical shapes) because the coating is formed by liguid-
phase reaction. The liquid metal can be used over and over because only the solutes are
consumed within the liquid metal.

SOLID BREEDING MATERIALS AND BERYLLIUM.. ..........o0us, 383

PERFORMANCE OF CERAMIC BREEDER MATERIALS IN THE SIBELILJS
EXPERIMENT -1J. P. Kopasz and C. E. Johnson (Argonne National Laboratory) and
D. L. Baldwin (Pacific Northwest Laboratories). . ....ovvuvviniiniinrnnrnnennss 385

Lithium containing ceramicsare among the leading candidates for use as tritium breeding
materialsin a fusion reactor. An issue affecting both the safety and economics of the reactor is
the tritium inventory. The SIBELIUS experiment was designed to examine material
compatibility between differentcomponents of a breeder blanket and to examine the tritium
inventory in the components of the blanket The tritium inventory in each of the ceramics
was determined by measurements at end of life and were found to be quite low and in agreement
with those determined in tests with N0 beryllium present The inventory increased in the order
lithium zirconate < lithium oxide <l lithium orthosilicate < lithium aluminate with the
inventory in the zirconate less than 0.03 wppm at 550°C.

AB INITIO CALCULATIONS FOR HYDROGEN ADSORPTION ON LITHIUM OXIDE
SURFACES - A. Sutjianto, S. W. Tam. L. Curtiss, and C. E. Johnson (Argonne
National Laboratory) and R. Pandey (Michigan Technological University). ............ 392

The study of hydrogen chemisorption on the (110} and (1117 lithium oxide surfaceshave been
investigated by means of ab initio Hartree-Fock calculations. In general, for the n-layer slab
(wheren =2 and 3) of the neutral (110) and for the three-layer slab of the neutral (111)
surfaces, there is no hydrogen chemisorption. The oxygen 2p band of the (110) surface is
stabilized by the presence of more stacking sequences of layers which prevents charge transfer
to the hydrogen. In the case of a neutral (110) layer due to low coordination of the anion, there

is hydrogen chemisorption in the form of OH- and Li*H"Li* with the chemisorption energy of
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0.93eV. Rwthe neutral (111} surface, there is no hydrogen chemisorption since the oxygen
layer is screened by the cation layers hindering the charge transfer to the hydrogen.

IRRADIATION OF LITHIUM ZIRCONATE PEBBLE-BED IN BEATRIX-Il. PHASEII -

R. A. Verrall and J. D. Sullivan (AECL Research, Chalk River Laboratories),

0O.D. Slagle and G.W. Hollenberg pacific Northwest Laboratory),and T. Kurasawa

(Japan Atomic Energy Research Institute). . ......ouviinrnnninieieiannnnns 406

BEATRIX-IT was an in situ tritium recovery experiment that was designed to characterize the
behavior of lithium ceramics irradiated to a high bumup, and to assess their suitability for use
in a fusion reactor blanket This paper describes the results from a vented canister containing
lithium enriched lithium zirconate spheres (85% SLi) that were irradiated to a burnup of 5.2%
(toal lithium) in a steep temperature profile—400°C edge, 1100°C center. The reference sweep
gas was He-0.1%Hj, with systematictests using alternate compositions: He-0.01%H; and
pure He (maximum duration 8 days). Tritium recovery decreased slightly at lower Ha
concentrations. For example, the buildup of inventory during a 4-day test in pure He was 0.8
Ci which was approximately 6.5% of the tritium generated in the lithium zirconate during that
period. The steadiness of the bed central temperature and the high tritium release rate. together
with low moisture release rate, indicate good performance of the zirconate bed.

O N 1 O 417

FATIGUE CRACK GROWTH RATE (FCGR) BEHAVIOR OF NICALON/SIC

COMPOSITES - N. Miriyala, P. K. Liaw. and C. J. M¢Hargue (University of Tennessee),

L. L. Snead (Oak Ridge National Laboratory),and D. K. Hsu and V. K. Saini (lowa State

L R 53 () 419

Ultrasonic measurements were carried out on the Nicalon/SiC composite specimens to
correlate elastic moduli with percentage porosity in the in-plane as well as though-thickness
directions. Compact type C(T) specimens were cyclically loaded to study the fatigue crack
growth behavior. However, it was difficult to initiate the crack in the specimens.

TENSILE BEHAVIOR OF IRRADIATED SIC FIBERS —M. C. Osbermne, Rensselaer
Polytechnic Institute, L. L. Snead, Oak Ridge National Laboratory, and D. Steiner,
Rensselaer Polytechnic INStitUte. .. .o ov i i et it i e et i e s a s n e nnnsns 428

Tensileresults are presented for low oxygen Nicalon fibersneutron irradiated at damage levels
of 0.013 displacementsper atom (dpa), 0.13 dpaand 0.32 dpa Single fibers were tensile
tested and analyzed, using Weibull statistics, for mean strength and distribution. Tensile
modulus was also determined. Using a diffractometer, the fiber grain size and percent
crystallinity were determined. The mean strength and modulus decreased by 20% but then
increased with the highest damage level tested. Both grain size and crystallinity decreasedas
dose increased. These inital results of low level neutron irradiation of low oxygen Nicalon
fibers exhibitno substantial degradation of the properties investigated. Therefore. continued
research at higher doses is recommended.

TEMPERATURE DEPENDENCE OF THE SUBCRITICAL CRACK GROWTH RATE
OF A SiCISiC COMPOSITE - R. H. Jones and C. H. Henager, Jr. (Pacific Northwest
[ 1010 10 7 438

The long term stability of SiCISiC composites is an issue regarding their use for fusion
structural applications only because there is insufficient data to determine if there isreally a
problem. Crack growth measurements have been made over the temperature range of 803 to
1100°C, in high-purity Ar, to help assess the long term stability of these materials. Stage II
crack growth rates ranging from 2 x 10-9 m/s at 1100°C down to 3 x 10-11 m/s at 800°C were
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found for a 2-D SiCISiC compositereinforced with 40% Nicalon fibers. The stagell
velocities obeyed an Arrhenius relationship over this temperature range with an activation
energy of 235 kJ/maol. At a fusion relevant temperature of 800°C, the crack velocity will
result in a crack growth of 1mm/yr. More creep resistant fibers are expected to reduce this
crack growth amount to less than 1x 10-2 mm/yr & 800°C. This is not an excessive amount
of crack extension for a material with a fracture toughness of about 20 MPa m1/2,

DEFECT ENERGETICS CALCULATIONS OF §iC USING THREE REPRESENTATIVE
EMPIRICAL POTENTIALS - H. Huang, J. Wong. and N. Ghoniem (University of
California), and M. Baskes (Sandia National Laboratory). ...................oott. 445

Defect energetics is a critical issue not only for irradiation damage but also for semiconductor
applications. Calculationsof defect energetics rely mainly on using empirical potentials,
which are developed based on information from equilibriumcrystal configurationsand which
may not be suitable for investigating defected configurations. Therefore, not all potentials
give accurate enough results. This paper first calibratesMEAM for silicon carbide.
Calculations are then made for defect energetics of silicon carbide using the MEAM and two
other representative empirical potentials. Results obtained with these potentials are compared
with available fust principle calculations and experimental data. The resultsnot only provide
more information for defect formation and migration in silicon carbide, but also provide a
critical assessmentof the three empirical potentials. The results are analyzed in terms of
construction and calibration of the empirical potentials

PHENOMENOLOGICALINELASTIC CONSTITUTIVEEQUATIONS FOR SiC
AND SiC FIBERS UNDER IRRADIATION - A. El-Azaband N. M. Gboniem
(University of California-Los Angeles). ... ocvvr it i i e e enenannes 459

Experimental data on irradiation-induceddimensional changes and creep in -SiC and SiC
fibers is analyzed, with the objectiveof studying the constitutive behavior of these materials
under high-temperatureirradiaticn. The data analysis includesempirical representation of
irradiation-induced dimensional changes in SiC matrix and SiC fibers as function of time and
irradiation temperature. The analysis also includes formulation of simple scaling laws to
extrapolate the existing dala to fusion conditions on the basis 0f the physical mechanisms of
radiation effects on crystalline solids. Inelasticconstitutive equations are then developed for
SCS-6 SiC fibers, Nicalon fibers. and CYD SiC. The effects of applied stress, temperature,
and irradiation fields on the deformation behavior of this class of materials are simultaneously
represented. Numerical results are presented for the relevant creep functions under the
conditions of the fusion reactor (ARIES TV} fust wall. The developed equationscan be used in
estimating the macro mechanical propertiesof Sic-Sic composite systems as well as in
performing timedependent micro mechanical analysis that is relevant to slow crack growth and
fiber pull-out under fusion conditions.

TRITIUM TRANSPORT AND RETENTION IN SILICON CARBIDE -
S. W. Tam, J. Kopasz, and C. E. Johnson (Argonne National Laboratory). . .......... 485

A theoretical framework describing trapping, diffusion, and desorption of tritium from vapor-
deposited B-silicon carbide has been proposed and an analytical version of this model was
derived. This analytical model was used to extract trapping, diffusicn, and desorption
parameters from a limited part of the experimental data set The resulting parameter-free model
was then used to test its predictive capability by calculating the time-dependentrelease
behavior for the high temperature regimes. General agreement with the release data wes found
supporting the suitability of the present approach. Tritium trapping was found to be strong.
Both bulk diffusion and surface desorption make comparable contributions to tritium release
from the silicon carbide. Improvements beyond the present analytical model lo include
dynamical detrapping can be achieved with the proposed framework



8.7

8.8

8.9

8.10

XiX

RADIATION-INDUCED CHANGES IN ELECTRIC, DIELECTRIC, AND OPTICAL
PROPERTIES OF CERAMICS - S.J, Zinkle (Oak Ridge National Laboratory). ....... 4Y3

The data base on radialion-induced changes in the clectric and dielectric properties of ceramic
insulators is reviewed lonizing radiation causes a prompt increase in the ¢lectrical
conductivity that is generally proportional to the ionizing dose rate. The precise magnitude of
the radiation induced conductivity is sensitive to the detailed manufacturing process and
impurity content. The conflicting evidence regarding the possibility of permanent radiation
inducedelectrical degradation (R1ED) is summarized. Further work isneeded to define the
physical mechenism and practical operating Limits of the REED phenomenon. Displacement
damage associated with neutron irradiation produces significant increascs in the room

temperature dielectric loss tangent of oxide ceramics for fast neutron fluences above 1x1022

wm? (~0.001 dpa). A brief summary of the effccts of irradiation on the optical propertics of
ceramics and silica optical fibers is also presented.

NEUTRON DAMAGE TO DIAGNOSTIC MIRRORS - E. H. Farnum and . W. Clinard. Jr.
(I.os Alamos National Laboratory). S. P. Regan (Johns Hopkins University,
Baltimore, MI)), and B. Schunke (JET Joint Undertaking, Abingdon, Ox. UK). ......... 505

Diagnostic systems for fusion reactors will require mirrors capable of reflecting
electromagnetic radiation in the soft x-ray, near uv, visible, and ir wavelengths. These
componenls Will be exposed to significant fluences of fast neutrons during use. Mirrors made
from alternating layers of low-Z and high-Z materials were irradiated to a fluence of 1.1 x 1023
/m? at 270-300°C, and subscquently evaluated for structural changes and in Some cases
changes in optical properties. Short-wavelength minars retained their structurad integrity
while exhibiting slight changes in reflectance; some long-wavelength mirrors showed
structural degradation, while other did not. These results are discussed in terms of materials
damage effects and possibilities for improvement of mirror performance under severe operating
conditions.

F1L.ECTRICAL PROPERTIES OF Al;03 DURING IRRADIATION WITH
SPALLATION NEUTRONS - E.H. Farnum and F. W. Clinard, Ir. (Los Alamo
National LADOratory). . ..o e e e 512

DC and AC conductivity of A1203 ceramics were measured at elevated temperatures during
irradiation with neutrons and gammarays at the I.os Alamos Spallation Radiation Effects
Facility. DC conductivity wus increased at start of irradiation. bur was subsequently reduced as
displacement damage was accumulated. AC conductivity appeared 10 increase at high levels of
damage. The observed dc behavior is attributed to excitation of electrons into the conduction
band by ionizing radiation, followed by charge napping and recombination at damage sites.
The ac behavior, which resembles RIED, is attributed to conductivity in the residual gas
surrounding the samples. Surface conductivity. while not the source of the apparent RI1ED,
nevertheless is of sufficient magnitude to be of concern for fusion applications.

A COMPARISON OF THE EFFECT OF RADIATION ON THE THERMAL
CONDUCTIVITY OF SAPPHIRE AT LOW AND HIGH TEMPLERATURE -
D. P. White (Oak Ridge National Laboratory). ..........coviiiinnnnn, 517

It bas been proposed that sapphire be used in insulating feecdthroughs and windows in
radiofrequency and microwave heating systems in fusion reectors. The degradation of the
thermal conductivity of sapphire with irradiation is a concern in the design of these windows.

It has been pmposed 10 cool microwave windows to liquid nitrogen temperatures to lake
advantage of the thermal conductivity peak, which occurs at approximately 30 K in unirradiated
sapphire, and the lower dielecuic loss tangent at these temperatures. In this paper the methods
used to calculate the thermal conductivity and the changes which occur with changes in point
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defect concentration will ke. reviewed and the results of the low temperature calculations will ke.
compared to the high temperature calculations.

It is found thet vacancy scattering can significantly reduce the thermal conductivity over a wide
temperature range; for example, avacancy cencentration of 0.01 per atom leads to a fractional
change of about 90% at 77K versus 43%at 400 K. This reduction has significance for the
design aad placement of radio frequency and microwave windows in fusion reactors.

NEUTRON-INDUCED CHANGES INOPTICAL PROPERT IES OF MgAl,0O4
SPINEL - A. Ibarra(CIEMAT, Madrid, Spain) and F. A. Gamer (Pacific Northwest
a0} -1 (0] 07 I 523

High purity MGAL,04 spinel specimens irradiated in FFTE-MOTA to very high exposure
have been examined by three techniques to determine changes in their optical properties.
Significant changes were observed in optical absorption, photoluminescence, and
radioluminescence.
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STATUS OF U.S./JAPAN COLLABORATIVE PROGRAM PHASE 11 HFIR TARGET AND RB*
CAPSULES -J. E. Pawel, R. L. Senn, A. W. Longest (OakRidge National Laboratory), and K. Shiba
(Japan Atomic Energy Research Institute)

OBIJECTIVE

The objective of the HFIR irradiations is to determine the response of the various U.S. and Japanese
austeniticand femtic steels with different pretreatments and alloy compositionsto the combined effects of
displacement damage and helium generation. Specimen temperatures during irradiation range from 60 to
600°C and fluences range up to 60 dpa. The RB* experiments are a continuation of the ORR spectrally
tailored experiments in which the spectrum is modified with a hafnium shield to simulate the expected
fusion helium to damage (He/dpa) ratio. In the HFIR target capsules, many specimens have bcen
isotopically tailored in order to achieve fusion helium generation rates.

SUMMARY

Capsules HFIR-MFE-JP9 through 16 were installed in the High Flux Isotope. Reactor (HFIR) target July
20, 1990 for irradiation beginning with HFIR fuel cycle 289. Of these eight target capsules, JP10, 11, 13,
16accumulated 18 dpa and were removed from the reactor in September1991. JP14 was removed from the
reactor at the end of cycle 310 (September 1992) after achieving a peak dose of 34 dpa. CapsulesJP9, 12,
and 15completed 35 cycles on April 1,1994 and were removed from the target region. Each capsule had
accumulated a peak dose of approximately 57 dpa.

Three new capsules, HFIR-MFE-1P20, 21, and 22, have been designed to complete the original experiment
matrix of the JP9 through JP16 series capsules. Irradiation began in December 1993 with the start of cycle
322. As of April 1, 1994 (end of cycle 324), each capsule had achieved approximately 4.9 dpa.

The RB* experiments are the continuation of the ORR spectrally tailored experiments. In this stage, a
hafnium liner is used to modify the spectrum to simulate fusion helium to displacementsper atom (He/dpa)
ratio in the austenitic steel specimens. Of the four capsules in this set, two (60J-1 and 330J-1) were
disassembledduring this reponing period after accumulating a peak dose in HFIR of 11 dpa. Two capsules
(200J-1 and 400J-1) are in the reactor and have achieved a dose of 5.5 dpa.

PROGRESS AND STATUS
[arget Capsules JPO through JP16

Capsules HFIR-MFE-JP9 through 16 were installed in the High Flux Isotope Reactor (HFIR) target July
20, 1990 for irradiation beginning with HFIR fuel cycle 289. A complete description and details of the
design, construction, and installation of capsules JP2 through JP16 have been previously reported {1,2,3].
The as-built specimen matrix can be found in a previous report [3]. These capsules contain primarily
transmission electron microscopy disks {TEM) and SS-3 flat tensile specimens. A wide variety of alloys
and thennomechanical conditions are included. Many of the TEM disks were made from isotopically
tailored alloys to produce a range of He/dpa ratios (<0.1, 10, 20, 70 appm/dpa). Details of the irradiation
history of these capsules are shown in Table 1. Capsules JPIO, 11, 13, and 16 were removed at the end of
Cycle 300 (September 1991) after achieving a total of 18 dpa. Capsule JP14 was removed at the end of
Cycle 310 (September 1992), after accumulating 34 dpa. CapsulesJP9, 12, and 15 completed 35 cycles on
April 1, 1994 and were removed from the reactor target region to the cooling pool. These capsules had
accumulated 57 dpa and are scheduled to be disassembledduring the next reporting period.

Many of the specimens from the JP10, 11, 13, 16 and 14 capsules have been tested in the Irradiated
Materials Examination and Testing Facility hot cells. The initial set of tensile tests of JPCA and 316F



stainless steels in solution annealed, cold worked, and welded conditions have been completed. Analyses
include reduction-of-areameasurements and fracture stress calculations. Details of the testing of JPCA are
presented elsewhere [4}. Density measurements have been taken on specimens removed from nine (JPI10
Position 6, JP11 Position 6, JP13 Position 6, and JF16 Position 6, JPIO Position 4, JPIO Position 8,
JP14 Position 6, JP14 Position 4, JP14 Position 8) of the TEM tubes using the ORNL precision
densitometer. These specimens include isotopically tailored alloys from both the ORNL and JAERI
programs as well as other candidate fusion alloys.

T JP2

Three new capsules, HFIR-MFE-IP20, 21, and 22. have been designed to complete the original experiment
matrix of the JP9 through JP16 series capsules [5]. It is planned to irradiate the capsules in inner target
positions for 5, 11,and 22 cycles, respectively, to achieve peak doses of approximately 8, 18, and 35 dpa
Specimen temperatures in each capsule will be 300.400, 500, or 600°C. Irradiation began in December
1993 with the start of cycle 322. As of April 1, 1994 (end of cycle 324). each capsule bad achieved
approximately 4.9 dpa. The complete test matrix is described in Reference 6.

RB* Capsul -MFE-60J-1. 200J-1..330J-1 and 400]-

The RB* capsules are irradiated in the removable beryllium positions of the HFIR. These experiments are
a continuation of the ORR spectrally tailored experiments ORR-MFE-6] and 7J. At this stage in the
experiment, a hafnium liner surrounds the capsules in order to harden the spectrum and achieve the expected
fusion helium generation rate in the austenitic steel specimens. Capsule design, assembly and details of
specimen loading have been previously described [7-10]. Capsules 60J-1 and 330J-1 were removed from
the reactor in November 1992 after accumulating approximately 11 dpa in the HFIR. Details concerning
the performance of these capsules can be found in Reference 11. Most of the specimens bad also been
irradiated to approximately 7 dpa in the ORR (for a totdl of 18 dpa in these specimens). These capsules
were disassembled in February 1994. Capsules 2001-1 and 400J-1 have completed 12 of the scheduled
20 irradiation cycles, as shown in Table 2. The capsules are performing as designed, with the temperatures
holding within the expected ranges. Details of the capsule performances are described elsewhere [12].
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Table 1. Irradiation History of U.S./Japan Phase II HFIR Target Capsules

293
294
295
296
297
298
299
300
301
302
303
304
| 305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
32E
327

HFIR OPERATION JP-10,-11,-13,-16 JP-14 JP-8,-12,-156
START EnD | war e e eeae
DATE DATE Cvcie MWd | dpa*® MWd dpa*

)7-20-90 | 2-07-90 879 1879 1.64 B 1879 164 1879 164
)9-19-90 | ©0-11-8C | 882 3731 3.26 3731 326 3731 3.28
10-17-90f 1-13-90| 1838 5569 4 88 5569 488 |I 5569 4.86
11-25-80 2-10-90 | 1847 7416 647 7416 647 7416 847
12-27-80 | 11-23-81 o o . B

32-01-91 1 12-25-911 1anA 8.14
53-01-81 |13-24-91 | 108 || 11230 | 9.80 || 11230  s.s0 | 11230 | s.80
04-06-91 | )4-28-81 | 1874 13104 11.44 13104 1144 13104 11.44
05-19-91 | )6-15-81 | 1845 14949 13.056 14849 13.05 14949 13.08
06-20-91 | :7-11-91 (1747 16696 14.58 16696 14.58 16696 1458
07-25-91 | 18-15-91 | 1741 18437 16.10 18437 16.10 18437 16.10
08-28-91 1724 20161 17.60 20161 17.60 20161 17.60
09-27-91 [ 10-19-91 | 1851 REMOVED EOC 300 22012 19.22 22012 19.22
10-27-91 | 11-21-91 [ 1829 |}~ = 23841 20.81 23841 20.81
12-01-91 | 12-22-81 | 181 25662 22.40 25662 22.40
12-31-91 | 11-24-92 | 1828 27488 24.00 ‘ 27488 24.00
01-30-92 1876 29364 25.63 29364 25.63
03-31-92 | 24-27-9Z | 1845 31209 27.25 31209 27.25
05-01-92 | 25-28-2: | 1842 33061 28.85 33051 28.85
06-02-92 | 18-30-97 | 1838 34989 30.55 34989 30.55
07-03-91 | 28-01-97 | 1949 36938 32.25 36938 32.25
08-27-92 | 29-18-9. | 1849 38787 33.86 38787 33.86
09-256-92 | 10-12-9. | 1856 REMOVED EOC 310 40643 35.48
10-22-92 | 11-14-8; | 1842 42485 37.09
13-219; | 12-15-8. | 1850 44335 38.70
12-20-9% | 01-12-9: | 1866 ¥ 46201 40.33
01-19-9: 1861 || 48062 41.96
02-18-92 | 04-03-9! | 1807 49869 43,54
04-23-37 | 05-14-9: 1841 51710 45.14
05-20-9: | 06-13-9: 1878 53588 46.78
06-18-8: | 07-10-9: 1863 | 554561 48.41
07-156-8. | 08-07-9 1934 | 57385 50.10
0B-12-9. | 08-C4-9 1884 59269 51.74
12.18-97 | 01-07-9 1854 61123 53.36
01-23-9- | 02-14-9 1874 62997 55.00
03-04-8. | 04-01-9 1907 643804 56.66
04-10-9 REMOVED EOC 324

DPA levels based on achieving 0.000873 dpa/MWd.




Table. 2. Irradiation History JP-9,-12, -15, 200)-1, 400J-1

. . _ I
CYCLE START END MWd/ 36 CYCLE IRR. | INCREMENTAL
l NO. DATE DATE Cycle Mwd | dpa [i} MWd | dpa 1]
T

! 289 y7.20-89 | 09-07-90 | 1879 1879 1.64
290 38-19-80 | 10-11-90 | 1852 3731 3.28
291 10-17-90 11-13-90 | 1636 5569 4.86
292 11-25-90 12-10-90 | 1847 7416 6.47
293 12-27-90 01-23-91 1965 || ouTorFREACTOR
294 32-01-91 | 02-25-91 | 1906 8.14
295 33-01-91 | 03-24-91 | 1908 11230 8.80
296 34-06-91 | 04-28-91 | 1874 13104 11.44
297 9E-18-91 | 08-16-81 | 1845 14949 13.05
296 06-20-91 07-11-91 | 1747 16696 14.58
299 07-25991 | 08-15-91 | 1741 18437 16.10
300 08-26-91 | 09-17-91 | 1724 20161 17.60
301 09-27-91 10-19-91 | 1651 22012 19.22
302 10-27-91 11-21-91 | 1829 23841 20.81
303 12-01-:91 12-22-91 | 1821 25662 22.40
304 12-31-91 | 01-24-82 | 1826 27468 24.00
305 01-30-92 | 02-27-92 | 1876 29364 25.63
306 03-31-92 04-27-92 | 1845 | 31200 27.25
307 05-01-92 | 05-28-92 | 1842 33051 28.85
308 06-02-92 | 08-30-82 | 1938 34989 30.55
309 07-03-92 | 06-01-92 | 1949 36938 32.2%
310 06-27-92 | _09-18-92 | 1846 38786 33.86
311 09-25-92 10-12-92 | 1856 40642 35.48
312 10-22-92 11-14-82 | 1834 } 42476 37.08 BEGIN CYCLE 313
313 11-21-92 12-15-92 | 1868 ! 44334 38.70 1858 0.46
314 12-20-82 ¢1-12-93 | 1867 46201 40.33 3725 0.91
315 01-19-93 | £2-11-93 | 1861 | 48062 41.96 5586 1.37
316 $2-17-93 | 04-03-93 | 1807 49669 43.54 7393 1.81
317 04-23-93 | 05-14-93 | 1841 51710 45.14 9234 2.26
316 05-20-83 | 06-13-93 | 1878 53588 46.78 11112 2.72
319 06-18-93 07-10-93 1863 55451 48.41 12875 3.18
320 07-15-93 | 08-07-93 | 1934 57365 50.10 14909 3.65
321 08-12-93 | 09-04-93 | 1884 59269 51.74 16793 4.11
322 12-16-93 | 01.07-94 | 1854 61123 53.36 18647 4.57
323 01.23-94 02-14-94 | 1874 62997 55.00 20521 5.03
324 03-05-94 | 04-01-94 | 1907 64904 56.66 22428 5.49
325 04-10-94 REMOVED EQOC 324
326
327
328

(1] DPA levels based on achievinp 0.000873 dpa/MWd in the JP capsules and .000245 dpa/Mwd
in the MFE-RB* 20CJ-1 and 4C0J-1 capsules.

[Z1 JP-10,-11,-13,-18 removed at EOC 300. JP-14 removed at EOC 310.



THE COBRA-IB IRRADIATION EXPERIMENT IN EBR-11* H. Tsai, A. G. Hins, R. V. Strain,
and D. L. Smith (Argonne National Laboratory)

OBJECTIVE

The objective of the forthcoming COBRA-1B experiment in EBR-11 is to evaluate the effects of fast neutron
irradiation on the physical and mechanical properties of candidate fusion structural materials. Of special
interest in this experiment will be ITER-relevant temperature and exposure for the test specimens.
Approximately 50% of the irradiation test volume will he devoted to vanadium-alloy specimens.

SUMMARY

Design of the COBRA-IB irradiation experiment began in this reporting period and is in progress. The
target reactor insertion date for COBRA-1B is Septemher 1994. Technical and programmatic feasibility
approval for the experiment has been granted by EBR-1I Operations.

PROGRESS AND STATUS
Introduction

Vanadium-based alloys have heen identified as candidate structural materials for the first wallhlanket of
ITER. Before any materials can qualify for such application, a data base on their irradiation performance is
required. The purpose of the COBRA-1B experiment is to irradiate specimens of candidate alloys at ITER-
relevant temperature and exposure (i.e., damage) in order to generate such data. Target temperature and
exposure for the vanadium-alloy specimens in the COBRA-IB experiment are =370-425°C and =7-20 dpa,
respectively. It is estimated that about 50% of the test volume in the COBRA-1B vehicle will he occupied
by the vanadium-alloy specimens; the remaining volume will he used to test other candidate fusion
materials. e.g., low-activation ferritic steels, copper alloys, and ceramics.

Experiment Description

The COBRA-1B experiment is a steady-state irradiation of specimens of candidate structural materials for
fusion reactors. All specimens are previously nonirradiated. Except for the trace amount of SLi in the
subcapsule lithium bond, there are no tritium-producing fusion-breeder materials in the experiment.

The suhassemhly will utilize a standard Mk-B7A vehicle. To maximize the rate of irradiation damage, the
experiment will be irradiated in a high-flux, inner-row (row-2) position. Subassembly sodium flow rate
will he =15 gal/min, which will allow specimen temperature of =370 to 425°C to be attained. (The lowest
temperature currently attainable in EBR-II, 370°C. is within the ITER design range; 425°C is of importance
because a large hody of data is available on vanadium alloys from previous irradiations at this temperature.)

The subassembly will contain seven capsules, all of them "weepers" (i.e., with perforated walls to allow
reactor sodium to enter and exit the capsules) to minimize the specimen temperatures. Each capsule will
contain =6-10 stacked subcapsules that hold the test specimens. Spacer tubes above the top subcapsule and
below the bottom subcapsule will maintain the proper axial positions of the subcapsules. Standard top and
bottom end plugs will he used for the capsules.

*Work supported by the Officc of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-38.



All of the vanadium-alloy test specimens will be contained in sealed, lithium-handed subcapsules made of
stainless steel. Depleted lithium (i.e., "Li) will be used to minimize tritium generation during irradiation.
Other test specimens in the COBRA-1EB experiment will be contained in sealed He-bonded subcapsules or
weeper subcapsules, also made of stainless steel.

After =60-90 EFPDs of exposure (=7-10 dpa in the vanadium specimens), the subassembly will be
discharged from EBR-II and transferred to HFEF for disassembly. Four capsules will be removed and
shipped to ANL-E and PNL for postirradiation processing. The remaining three capsules will be assembled
at HFEF into a new Mk-B7A vehicle, together with four new capsules, for additional irradiation in EBR-II.
Duration of the additional irradiation will be =60-90 EFPDs.

To assist postirradiation damage calculations, dosimetry materials contained in sealed tubes will be included
in the test vehicle to provide data on the spatial distribution of neutrons.

FUTURE ACTIVITIES
The target reactor insertion date is September 1994. In the next reporting period, efforts will be devoted to

complete the test matrix, fabricate the test specimens, complete the test vehicle assembly, and prepare all
necessary documentation to support the reactor irradiation.
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2.0 DOSIMETRY, DAMAGE PARAMETERS,
AND ACTIVATION CALCULATIONS
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REVISED NEUTRON DOSIMETRY RESULTS FOR THE MOTA-2A EXPERIMENT IN FFTF
L. R. Greenwood (Pacific Northwest Laboratory)"
OBJECTIVE

To provide dosimetry and damage analysis for fusion materials irradiation experiments.

SUMMARY

Revised neutron fluence and damage values are reported for the MOTA-2A experiment in the Fast Flux
Test Facility (FFTF). This revision corrects an error with processing of the **U(n,) reaction. Net
corrections are on the order of 5%.

PROGRESS AND STATUS

Dosimetry results were published previously for the MOTA-2A experiment in FFTF.! Comparison with
more recent experiments revealed a small error in the processing of the ***U(n,f) reaction. Corrected
values, as listed in Table 1, were used to readjust the neutron flux spectra which was in turn used to
recalculate revised damage parameters, as listed in Table 2. The net corrections are on the order of 5%.

Table 1. Fission Measurements for MOTA-2A {atoms/atom-s)

Ht,cm 239Pu 23Np 235U
Sample\ (xE-9) (xE-10) (xE-9)
Level-Pin
X14 8-BT 1224 0.80 0.079 0.76
X13 6-BB 66.6 4.46 2.25 421
X12 5-FT 44.0 4.74 9.52 5.17
X11 5-FB 37.7 5.35 12.30 5.6
X106 4-AM 23.3 8.43 20.90 7.83
X08 3-AM -1.0 10.20 25.00 9.54
X09 3-DM -3.1 8.80 30.00 9.04
X07 2-EM -25.0 7.68 18.70 7.76
X05 1-DM -42.7 7.09 14.30 7.03
X06 I-FM -42.9 6.89 13.70 7.08
X04 1-DB -49.2 7.96 8.2
X02 BC-EM -61.7 9.30 8.58
X01 BC-AM -62.9 9.34 8.57

"Pacific Northwest Laboratory is operated for the UJ.S. Department of Energy by Battelle Memorial
Institute under Contract DE-ACO06-76RLO 1839,
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Table 2. Neutron Fluence and Displacement Damage for MOTA-2A

Fast Fluence Iron Ratio S
Ht,cm (0.1 MeV) dpa  dpa/Fluence  Position dpa
xE+22 n/em’
-62.9 1.55 6.1 39 A 6.3
-61.7 1.57 6.2 3.9 E 6.5
-49.2 3.12 13.0 4.2 D 13.5
-42.9 5.29 228 4.3 F 23.6
-42.7 5.55 23.8 4.3 D 24.6
-23.0 7.12 31.9 4.5 E 33.0
3.1 9.13 42.2 4.6 D 43.5
-1.0 9.52 41.3 4.3 A 42.7
23.3 7.97 34.7 4.4 A 35.9
37.7 4.67 20.9 4.5 F 21.6
41.0 371 16.3 4.4 F 16.9
66.6 1.19 4.6 3.9 B 4.8
122.4 0.061 0.24 3.9 B 0.25

" Stainless Steel Fe-18Cr-8Ni.

REFEKENCES

I. .. R. Greenwood and L. S. Kellogg, Neutron Dosimetry for the MOTA-2A Experiment in FFTF.
Fusion Reactor Materials Semiannual Progress Report, DOE/ER-0313/12, 49-53, March 1992.
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REANALYSISOFNEUTRON DOSIMETRY FOR THE MOTA-14/1B EXPERIMENTS IN FFTF -
L. R. Greenwood (Pacific Northwest Laboratory)"

OBJECTIVE

To provide dosimetry and damage analysis for fusion materials irradiation experiments.

SUMMARY

Neutron floence and spectral measurements and radiation damage calculations have been revised
for the MOTA-1A,1B experiments in the Fast Flux Test Facility (FFTF). The data were revised in
order to correct for nuclear bnrnup effects for several of the radiometric monitors, thereby
increasing the flnence and damage op to 20%, according to position in the MOTA assembly. The
MOTA-IA experiment was irradiated from January 18, 1983to October 23, 1983 for an exposure
of 202.0 EFPD. MOTA-IB was irradiated from January 1, 1984 to April 23, 1984 for an exposure
of 109.5 EFPD. Neutron fluence and dpa values are presented for both assemblies.

PROGRESS AND STATUS

Neutron dosimetry results for the Materials Open Test Assembly (MOTA)-1A and I B experiments
in the Fast Flux Test Facility (FFTF) at Hanford were reported by R. L. Simonsin 1984." Recently,
we have completed dosimetry measurements and fluence and damage calculations for several more
recent irradiations including MOTA-1E, IF, 1G, 24, and 2B.>* The purpose of the present work
was to reanalyze the previous MOTA-IA and IB data in order to include nuclear burnup effects
for several of the radiometric monitors since these corrections were not included in the previous
report. This reanalysis effort was deemed to be necessary since bnrnup calculations for more recent
experiments indicated that these effects would be expected to increase the fast flux and damage by
up to 20%. Using these new results further ensures that all neutron dosimetry for the MOTA
experiments were performed on a consistent basis.

The MOTA-1A experiment included seven spectral sets of radiometric monitors at different axial
loeations in the MOTA assembly. MOTA-1B included two spectral sets in the below-core basket.
The current effort focussed on nuclear burnup corrections to the ***U, *’Np, and **Pu fission
monitors and the *Ce monitor wire. Nane of the other reactions reported previously' require any
hurnnp corrections. In principal, nuclear burnup corrections are easily understood as correcting for
the depletion of either the target or the product isotope due to further neutron interactions. For
example, in the case of the ®Ce(n,y)**Co reaction, both the initial *Cn and the activated “Co atoms
may be converted to other isotopes by interactions with the neutrons. In this case, the only
significant reaction is the (n,y) reaction of interest. Hence, the burnup correction can be performed
in a simple iterative procedure. It can he shown that the first correction (assuming that the
measured uncorrected reaction rate produces the burnup) is given by the relationship:

ab,"= a3, [(A+ad,-09,) / A[[-exp(-AD[ | [exp(-a¢;t)-exp(-(A+ad,)0)]

'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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where a¢ is the reaction rate, the subscripts 1 and 2 refer to the target and product isotopes, prime
means the corrected value, » is the decay constant of the product isotope, and t is the irradiation
time. Theterm {1-exp(-At} is the usual correction for decay during irradiation assuming no burnup
effects are included. The iterative solution is obtained by substituting the value a¢,* into the same
equation in place of a$,and finding a new correction value. This process rapidly converges such
that there is always a unique solution to the problem. In other words, there is only one value of
ad,> that will produce the correct ratio when substituted into the rest of the equation. The only
exception to this is for very high hurnup when the value of the measured activity exceeds the
saturation value for a given reaction. In this case the procedure will diverge and alternate means
must be found to determine the proper burnup corrections.

One problem with the above procedure is that we rarely know the proper value to use for the
reaction rate of the product isotope (eg - *Co in the above example). Often, the nuclear cross
sections are simply not very well-known for many radioactive isotopes. Furthermore, this reaction
rate should also be iterated. Often the best estimate we can make for these reaction rates is to take
the ratio with the target isotope of either thermal neutron cross sections or resonance integrals. The
iteration problem is then easily solved by rewriting it in terms of this ratio. This assumes that the
ratio will remain constant regardless of the flux level. Although there may be considerable
uncertainty in this part of the procedure, in most cases the correction for the product isotope is not
very important relative to the correction for the target isotope. A sensitivity test quickly
demonstrates that the net hurnup correction is rather insensitive to the choice of the ratio of
reaction rates for target and product isotope. In the present case, burnup corrections for the
¥Co(n,y)*Co reaction rates varied from 0.3 to I.6%.

The most important burnup corrections are for the fission monitors. Basically, the same equation
given above can also he used for these reactions with the following modifications. Since several
different fission products are detected, a separate correction can be determined for each product.
The separate results can then be averaged to determine the next correction and so on. Generally,
sensitivity tests show that all of the fission products have very similar corrections.

The other problem with burnup corrections for fission monitors is that the fission reaction is only
one part of the total hurnup reaction cross section. The (n,y) reaction also causes significant burnup
and must also be included. In the case of the thermal fission monitors (***U and ***Pu), the (n,y)
reaction rate can be estimated from the known ratios of thermal neutron cross sections and
resonance integrals. Fortunately, in both cases, the fission cross section is much larger than the
gamma capture cross section. Hence, uncertainties in estimating the (n,v) corrections do not have
a very large impact on the net burnup correction. It is also easy to check that the result is self-
consistent since both the initial and the final adjusted neutron flux spectra can be used to compute
the reaction rates for both the fission and gamma capture cross sections. In fact, using the initial
calculated flux spectrum provides the best estimate for the initial gamma-to-fission cross section
ratios. The initial neutron flux spectra were taken from calculations by R. L. Simons.'

The largest uncertainty in the burnup corrections is for **’Np. Since this is a threshold fission
reaction, the epithermal gamma capture reaction rate may be much larger at out-of-core locations
where the neutron spectrum has a much larger abundance of epithermal neutrons. 1n this case, the
gamma-to-fission ratios for **’Np were determined using the calculated neutron flux spectra.' The
resultant ratios are shown in Figure 1. This figure actually shows the result of calculations based
on the neutron spectral adjustments, as described in previous publications.**

For MOTA-IA, the burnup corrections varied from about 1.3 to 18% for U and Pu and from 1.2
to11% for Np. For MOTA-1B, the two spectral sets in the below-core position required corrections
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Figure 1 Calculated ratio of (n,y)/(n,fission) for"”Np in various MOTAS in
FFTF.

of about 8to 10% for U and Po and 8 to 11% for Np. At the below core locations, the Np fission
reaction becomes unusable due to the ingrowth of **"Pu which has a higher reaction rate and
different fission yields than Np.

The corrected reaction rates are shown, along with the other reaction rates from reference 1, in
Table t. Data from both MOTAs are shown io the table. The MOTA-IB data are at the below
core locations; all other results are from MOTA-IA. Additional gradient data from MOTA-IB are
not shown in the table. These data are essentially unchanged, although the ®*Co(n,y) results are up
to 1% higher. The labels across the top of Table 1 indicate the position in the MOTA. For
example, 2B3 means level 2, pin B, position 3. The mean heights to the center of the dosimeters is
then listed.

The other monitors consisted of small wires of Fe, Cu, Ni, Ti, and 0.1% Co-Al alloy. According to
reference 1, reaction rate uncertainties are on the order of 3%. The hurnup corrections are
estimated to increase the uncertainties in the fission reaction rates to about 5%. In comparisons
with previously published work, it must he noted that MOTA-1A and 1B were irradiated at 400
MW power level rather than the 291 MW used for later irradiations.

The measured reaction rates were used as input to the STAY'SL computer code' to adjust the
calculated neutron spectra determined for cycle 9A.” STAY'SL performs a generalized least-squares
adjustment of all measured and calculated values including the measured activities, calculated
neutron flux spectra, and neutron cross sections. Neutron cross sections and their Uncertainties were
generally taken from ENDEF/B-¥, although new data were available from ENDF/B-v1 for the
*Ti{n,p) and “Cu(n,z) reactions.
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The adjusted neutron flux values are listed in Table 2. The previous analysis of these data’” assumed
that the flux and spectra for MOTA-14 and 1B were identical. Hence, Table 2 lists data for both
MOTAs. In fact, there is no overlap between the two sets of spectral adjustments so we cannot
directly compare them. However, the flux gradient data appear to be in good agreement. The
MOTA-IB results arc at the helow core basket (-65 and -60 cm); all of the other results arc from
MOTA-1A. In all cases, the STAYS’L flux adjustments resulted in good agreement between the
measured and calculated reaction rates. In comparisons with the calculated spectra, the agreement
is reasonable (20-30%) for in-core positions. However, at out-of-core positions, the disagreement
becomes progressively worse, as seen in earlier experiments. In order to obtain neutron fluence and
dpa values for each individual irradiation, it is necessary to multiply the values in Table 2 by the
net exposures of 202 EFPD for MOTA-1A and 109.5 EFPD for MOTA-IB.

Table 2 Corrected Neutron Flux and Displacement Rates for ¥MOTA-1A and 1B

Fast Flux Iron Ratio*

Capsule/ Total Flux (=.1 MeV) dpals | dpa/Flux Sst
Position Htem | xE+1S n/em't-s xE+15 nfem?-s xE-6 0.1 dpa/s
-65.3 2.46 1.11 0.408 3.7 0.423

-60.1 2.71 1.38 0.517 3.7 0.536

-44.3 4.29 2.70 1.13 4.2 1.17

-22.8 591 3.97 1.70 4.3 1.77

bl -00 6.28 4.27 1.87 4.4 1.94

4u3 20.3 5.26 3.54 1.52 4.3 1.57
sB2 36.8 3.20 2.04 0.863 4.2 0.895
6B1 711 0.849 0.397 0.137 35 0.142
—m— | 1115 : 0.149 0.647 0.0165 3.5 | 0.0171

‘Ratio of iron dpa to fast fluence x10% nlcm’ above 0.1 MeV.
PStainless Steel: Fe-18Cr-8Ni

Damage calculations were performed at all spectral positions using the SPECTER computer code.’
Dpa rates for iron and 316 stainless steel are shown in Table 2 as well as the ratio of iron dpa per
10” nlem’ fast flux above 0.1 MeV. Damage parameters for 40 other elements and several
compounds have been calculated and will be made available on request.

Comparing the present results with reference 1 indicates that the peak flux and damage rates are
increased by about 20% (midplane) with little effect at out-of-core locations.

FUTURE WORK

We plan to construct more detailed flux and damage maps for the entire MOTA-IA and (B
assemblies. Damage parameters will also be provided for a variety of elements and alloys on
request. Work is in progress to complete analysis of radiometric dosimetry data obtained from
MOTA-IC. This will then complete dosimetry for all fusion MOTA irradiations. Dosimetry work

is in progress for a variety of US/Japanese experiments in the High Flux Isotopes Reactor at Oak
Ridge National Laboratory.
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NEUTRON DOSIMETRY FOR THE MOTA-ZB EXPERIMENT IN FFTF - L. R. Greenwood and
L. S. Kellogg, (Pacific Northwest Laboratory).

OBJECTIVE

To provide dosimetry and damage analysis for irradiation experiments in fusion materials.

SUMMARY

Neutron fluence and spectral measurements and radiation damage calculations are reported for the
(Materials Open Test Assembly) MOTA-ZB experiment in the Fast Flux Test Facility (FFTF). The
irradiation was conducted from May 27,1991, to March 19,1992 for a total exposure of 203.3 EFPD
(effective full-power days). The maximum fluence was about 9 x 10" "nlcm’, 6 x 10°* above 0.1 MeV
producing about 24 dpa in iron. Neutron fluence and radiation damage maps are presented for the
entire MOTA assembly based on the analysis of ten neutron spectral measurements and fourteen
additional flux gradient measurements.

PROGRESS AND STATUS

Neutron dosimetry for the MOTA-2B experiment in the FFTF at Hanford provided comprehensive
measurements over the entire assembly with a total of 25 capsules positioned at different axial
loeations in the assembly spanning a distance of -68 to +121 c¢cm. Dosimetry results have been
reported previously for the MOTA-2A, 1F, 1G, and tE experiments.” ® Each stainless steel capsule
measured about 2.5 em long by 0.46 cm o.d. and contained dosimetry wires for either spectral or
gradient measurements. The eleven spectral capsules contained small wires of Fe, Ti, Ni, Cu, Nh,
0.1% Co-Al alloy, 80.2% Mn-Cu alloy, 0.825% ***U in V, and *'Np,0O oxide wire, whereas the 14
gradient capsules contained Fe and 4.1% Co-Al alloy wires. One of the spectral capsules (located
at level 7 of the MOTA) was not received. All dosimetry materials were separately encapsulated
in vanadium. In addition, small amounts of Be, Fe, and Nb encapsulated in platinum were included
in some of the spectral capsules for helium analyses. Altogether, there were a total of 118
radiometric monitor wires and 17 helium monitors.

Following irradiation, each dosimetry capsule was opened in a hot cell and each individual monitor
was identified and mounted for gamma analysis. The measured activities were then converted to
saturated activities by correcting for the sample weight, atomic weight, isotopic abundance, gamma
absorption, reactor power history, and fission yield, as needed. Neutron self-shielding effects were
not significant, since the Co and **U wires were dilute alloys and the FFTF neutron spectrum has
few neutrons at lower neutron energies. For the U and Np fission monitors, the gamma
measurements detected four fission products: namely, **Zr, “*Ru, *'Cs, and **Ce. The standard
deviation from the mean fission rate was generally less than 5% except for the *’Np reactions at
out-of-core locations, as discussed below.

Neutron burnup effects were found to be quite significant for the fission monitors, and a small
correction was necessary for the *Co(n,y) and fission reactions. In the case of **Co this correction
can be applied using an iterative procedure since the reaction itself is the sole source of the burnup,

'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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as described previously.! In the case of the *Co(n,y) reaction, the burnup effect varied from 0.3%
at midplane to 2.0% in the below-core basket. Burnup effects for the fission monitors were very
similar to those determined for the MOTA-2A experiment." In most cases the burnup corrections
for the fission monitors were about 10-15% at midplane and decreased to only a few percent at aut-
of-core locations. For *’Np, there appears to be a significant effect from the lower energy neutrons
at the out-of-core positions due to inbreeding of ***U and eventually ***Pu, as evidenced by a larger
scatter in the four measured fission products. Furthermore, the "“**Ce results for Np were loner
than the other three fission products. Hence, the Np data were discarded at the below-core positions
and not used io the spectral analyses.

The corrected reaction rates are listed in Tables 1-3. All values are normalized to 291-MW
operation and the values have an estimated absolute uncertainty of about 5%, although there is an
additional uncertainty of about 5% for the fission reactions due to problems in determining the
burnup rates. The “*Fe(n,y) reaction rates also have a larger uncertainty (as noted in the tables) due
to the long decay time prior to gamma counting. These rates appear to be in reasonable agreement
with previous measurements.."  Neither of the earlier experiments, MOTA-1A/1 B, made any attempt
to determine neutron burnup corrections for the fission reactions. Hence, values measured for
MOTA-IF, 2A, 1G, and 2B are about 20-30% higher than these earlier measurements, nhen
allowances are made for differences in reactor power (400 MW rather than 291 MW) and other core
changes. Reanalysis of the MOTA-IA, 1B, and 1C experiments is currently in progress.

Table 1 - Activation Measurements in MOTA-2B (atoms/atom-s)

Sample/ *Fe(n,p)*Mn *Fe(n,y)*Fe “Co(n,y)*Co
Level-Pin Ht. cm (xE-11) (xE-1D) (xE-10
(%)
C22 BC-D5 -68.4 0.111 3.78 (3) 21.6
C02 BC-C5 -67.7 0.119 4.14 (3) 20.8
C37 BC-F4 -67.4 0.149 4.27( 3) 22,1
C16 BC-E4 -64.7 0.220 491 (8) 20.3
C21 BC-CI -58.1 0.3
C04 1-C3 -41.2 1.63 3.51 (10} 6.78
C28 1-El -39.0 197 3.13 (i) 5.18
C32 2-E5 -28.2 251 3.32
Cl18 2-84 -27.3 2.63 432 (15) 3.28
C302-D1 -18.9 3.46 459 (17)
C29 2-Al -17.8 3.22 481 (30) 2.88
C35 3-F4 59 3.25 455 (14) 302
C05 3-D6 58 3.07 369 (19) 271
C36 3-Ad 16 338 4.96 (18) 3.04
C193-B2 05 332 5.17 ( 9)
C17 4-63 6.8 3.02 5.49 (13) 950
C334-F3 20.7 2.76 4.98 (8) 8.71
C31 4-C2 224 261 381 (9) 5.93
C25 5-F2 40.4 1,59 3.14 (10) 4.01
C24 5-D1 435 1.27 2.76 ( 9) 4.84
C03 5-82 44.3 1.46 3.09 (8) 4.84
C15 6-64 68.4 0.122 2.38 (4) 10.6
C20 8-B4 1115 0.0039 0.614( 4) 30.3
C01 8-B1 121.3 0.0022 0.399(13) 23.8
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Table 2 - Activation Measurements in MOTA-26 (atoms/atom-s)

Sample/ Ht, em  *Ti{(n,p) ®Ni(np) | “Nitn,p)  ®Cu(n) | *Nb{ny) | *Mn(n,2n)
Level-Pin (xE-12) (xE-11) (xE-13) (xE-13) (xE-10) (xE-14)
0132 0.165 0.670 0.177 496 0.277
0231 0.107 5.78 0618
C04 1C3 229 0.957 6.58 470
C18 264 2713 366 833 766
Cos 3D6 425 8.86 8.67
C19 3B2 456 787 1.96 934 9.23
C17 4B3 16.8 386 416 754 949 8.71
C03 562 443 199 208 0.879 549 430
C15 6B4 684 0.129 0.162 0.290 0.0595 352 0.34
C01 8Bl 1213 0.00225 0.00342 0.0179 0.00124 0.566 0.0098
Table 3 - Fission Reaction Measurements in MOTA-26 (fission/atom-s)
Sample/ Ht, cm 2Np (n,f) U (n,0)
Level-Pin (xE-10) (xE-9
Q0Z BC-C5 -67.7 2.80 7.42
C16 BC-E4 -64.1 439 8.26
C04 1C3 -41.2 9.16 6.77
C18 264 -27.3 14.90 8.23
€05 3D6 -5.8 16.60 8.42
Cl93B2 0.5 18.00 9.18
C17 4B3 16.8 18.00 10.8
C03562 443 9.82 5.44
C15 664 68.4 1.80 4.16
C01 861 1213 0.089 0.815

The measured reaction rates were used as input to the STAY'SL computer code® to adjust the
calculated neutron spectra determined for cycle%A.” STAY'SL performsa generalized least-squares
adjustment of all measured and calculated values including the measured activities, calculated
spectra, and neutron cross sections. Neutron cross sections and their uncertainties were generally
taken from ENDE/B-V, although new data were available from ENDFIB-VI for the *Ti{n,p) and
“Cu(n,a) reactions. The adjusted neutron fluence values are listed in Table 4. The neutron spectral
adjustments for the 10 spectral positions are illustrated in Figure 1, which shows neutron spectra
results at midplane, the edge of the core, and the below-core basket. In comparisons with the
calculated spectra, the agreement is reasonable (2#-30%) for in-core positions. However, at cut-cf-
core positions, the disagreement becomes progressively worse, as seen in earlier experiments.' At
level 8 (+121 em), the measured flux is about twice the calculated flux.

Damage calculations were performed at all spectral positions using the SPECTER computer code!
Dpa rates for iron and 316 stainless steel are shown in Table 4 as well as the ratio of iron dpa per
10" n/em?® fast flux above 0.1 MeV. Damage parameters for 40 other elements and several
compounds have been calculated and will be made available on request.
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Figure 1 Adjusted neutron flux spectra are shown at axial locations of 0.5 cm (dotted line), -41.2

cm (dashed line), and -67.7 cm (solid line) for the MOTA-2B assembly. Note the drop in fast flux
and increase in low-energy flux out-of-core.

Table 4 - Neutron Fluence and Displacement Damage for MOTA-ZB

Capsule/ Ht, em Total Fluence Fast Fluence Iron Ratio REA
Position xF+22 niem’ (=0.1 MeV) dpa dpa/Fluence dpa
xE+22 n/cm? (=0.1 MeV)
c02nBc-C5 -67.7 |.88 0.67 2.49 3.6 2.60
Cl6 BC-E4 -64.7 3.15 1.33 5.63 3.1 585
C04 1C3 -41.2 5.63 3.28 135 4. 140
C18 2B4 -21.3 791 491 20.1 4. 20.9
CO05 3D6 -5.8 8.1l 522 218 4.2 22.6
C19 382 0.5 8.73 5.52 23.3 4.2 24.1
C17 4R3 16.8 9.76 6.24 24.7 40 25.6
C03sB2 44.3 4,78 2.96 12.2 4.1 12.6
C15684 68.4 |.64 0.73 2.71 3.7 2.82
COI 8RI 121.3 0.203 0.060 0.210 35 0.220

The flux and damage gradients at other positions can be found from the activity gradient data in
Table 1, which are shown in Figure 2. Note that the ®Co(n,y) reaction peaks outside of the core
because it is quite sensitive to the lower-energy neutrons. The unusual behavior of the Co reaction
is due to neutron resonance effects. Fast fluence and dpa gradients from Table 4 are plotted in
Figure 3. The apparent scatter in the data is caused by the radial flux gradients, as discussed below.
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Figare 3 Fast neutron fluence (x10?2 n/em? , >0.1 MeV) and dpa in iron are shown as a
function of height in the MOTA-2B assembly.

Close examination of the activity data indicates the presence of radial and azimuthal flux and
spectral gradients. The letters A to F under the position column in Table 4 refer to the radial
position at the height indicated. The MOTA basket has six radial positions (A to F); hence, for
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example, A and D> are the furthest apart while A and B or F are adjacent. The maximum radial
flux differences are on the order of 10%; however, we also see some indications of spectral
differences in the ratio of the fast flux to the **Fe{n,p) activity rate. Such differences are complex
and we are now studying these effectsin order to construct a more complete flux and damage map
of the entire MOTA assembly.

FUTURE WORK

We plan to construct more detailed flux and damage maps for the entire MOTA-2B assembly.
Damage parameters will also be provided for a variety of elements and alloys on request. Data from
the MOTA-IG, 1A, and 2B irradiations are being used to help reanalyze previous data from
MOTA-IA, 1B, and IC, especially to include burnup effects for the fission monitors. Dosintetry
work is in progress for a variety of US/Japanese experiments in the High Flux Isotopes Reactor at
Oak Ridge National Laboratory.
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NEUTRON DOSIMETRY FOR THE MOTA-IC EXPERIMENT IN FFTF - L. R. Greenwood
(Pacific Northwest Laboratory)™

OBJECTIVE

To provide dosimetry and damage analysis for fusion materials irradiation experiments.

SUMMARY

Neutron fluence and spectral measurements and radiation damage calculations have been completed
for the Materials Open Test Assembly (MOTA)-IC experiment in the Fast Flux Test Facility
(FFTF). Although this irradiation was completed in 1985, the neutron dosimetry data were never
analyzed. The MOTA-IC experiment was irradiated in cycles 5 and 6 from June 16, 1984 to June
24, 1985for an exposure of 256.7 EFPD (effective full power days). The irradiation was conducted
at 400 MW. Neutron fluence and dpa values are presented.

PROGRESS AND STATUS

The MOTA-IC irradiation was completed in 1985. At that time, the dosimetry capsules were
retrieved and all dosimetry wires were gamma counted. The results were reported in a memo from
W. Y. Matsumoto to A. M. Ermi, dated January 3, 1986. The present work has reexamined these
activation data in order to complete neutron fluence measurements and radiation damage
calculations.

Neutron dosimetry results and damage calculations have been reported for most of the other MOTA
irradiations in FFTF, including MOTA-1A, IB, 1E, IF, 1G, 2A, and 2B."* With the addition of the
present work, analyses are now complete for all MOTASs which contained fusion reactor material
irradiation experiments. A decision was made not to analyze dosimetry materials from the MOT A-
ID irradiation due to a temperature excursion for this experiment.

The MOTA-IC experimentincluded two spectral setsand nine gradient sets of radiometric monitors
atvarious axial locations in the MOTA assembly. The spectral sets contained small wires of Fe, Ni,
Cu, Ti, Sc¢,0,, 0.1% Co-Al alloy, and encapsulated oxide wires of *’Np (87.4%), ***U (0.825%), and
¥Pu (0.928%). The gradient sets contained only wires of Fe and 0.1% Co-Al alloy. Following the
irradiation, all of these wires were gamma counted and the disintegration rates per milligram
(dpsimg) of material were reported, as mentioned previously.

The dpsimg values for each wire were converted to saturated reaction rates using the relationship:
od =({dps/mg) AW / [Gabs x Ahn x BCF x N x FYI
where AW = atomic weight, Gabs = gamma self-absorption, BCF = correction for decay during

irradiation, N = Avogadro's number, and FY = fission yield (only for fission monitors). The
saturated reaction rate is equal to the spectral-averaged activation cross section (o) times the total

'Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under Contract DE-AC06-76R1LO 1830.
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neutron flux {¢). The resultant values are listed in Tables 1 and 2. The M values refer to our
capsule numbers. The position of each capsule is denoted by the level, pin, and specific position,
such as 3B3.

T: e 1- Activatic ‘atom-s)
Capsule Ht.,em *Fe(n,p)*Mn *Fe(n,y)”Fe ®Co(n,)*Co
x10™ (x10"H (x10™
M40 BC-D2 -62.7 0.278 5.80 35.6
M10 BC-B2 -61.4 0.359 6.25 329
M33 1E2 -42.9 2.07 471 10.9
M32 1B1 -394 2.81 4.89 7.92
M34 2B2 -20.3 3.75 5.56 4.30
M35 3E2 05 3.66 525 3.53
M36 4B4 16.9 281 5.24 3.67
M38 SEZ 39.6 1.92 341 459
M37 582 45.0 1.56 3.84 7.49
M39 6B3 70.2 0.099 2.33 11.8

Table 2 - Activation Rates Measured in MOTA-IC (atoms/atom-s)

MOTA Location: BC-B2 3B3
Reaction/Height, cm: -61.4 -0.5
8Cu(n,a)*Co (x10™) 249 0.351
#Ni(n,p)*Co (x10™'" 6.18 0.503
*Ti(n,p)**Sc (x10"%) 5.39 0.415
#Se(n,y)*Se (x107°) 2.14 2.05
HINp(n,D (x107%) 2.97 1.63
9pu(n, (x10°°%) 1.19 131
25U(n,f) (x10™) 1.28 124

"Large uncertainty (18%) due to ingrowth of *’Pu.
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Burnup corrections were performed for the *Co(n,y} and fission reactions, as described previously.'
Burnup corrections for the fission reactions varied from 20-35% at midplane and 30-67% below
core. These corrections were larger than seen for previously reported irradiations since MOTA-IC
was the longest irradiation at full reactor power (400 MW). The largest uncertainty in the burnup
corrections is for *’Np. Since this is a threshold fission reaction, the epithermal gamma capture
reaction rate may he much larger at out-of-core locations where the neutron spectrum has a much
larger abundance of epithermal neutrons. In this case, the gamma-to-fission ratios for **"Np were
determined using the calculated neutron flux spectra.’

The measured reactfion rates were used as input to the STAY'SL computer code' to adjust the
calculated neutron spectra determined for cycle9A.* STAY'SL performs a generalized least-squares
adjustment of all measured and calculated values including the measured activities, calculated
neutron flux spectra, and neutron cross sections. Neutron cross sections and their uncertainties were
generally taken from ENDF/B-V, although new data were available from ENDFIB-VI for the
*“Ti(n,p) and **Cu{n,o) reactions.

The adjusted neutron fluence values are listed in Table 3. Since we only have spectral data for two
positions, neutron fluence and damage data for other positions must he determined from the
gradient data and by comparison to other MOTA experiments. For this reason, the MOTA-IC
neutron flux results are compared to data for the MOTA-IA and 1B irradiations in Figure 1. As
can be seen, all three experiments are in reasonably good agreement. Hence, the recommended
procedure is to use these fluxes for all three irradiations, determining the neutron fluences and dpa
values by multiplying times the respective irradiation times (eg - 256.7 EFPD for MOTA-IC).

Table 3 Neutron Fluence and Displacement Damage for MOTA-IC

Fast Fluence Ratio"
Capsule/ Total Fluence >.1 MeV) Iron dpa/Fluence ssP
Position | Ht,em x10%*n/cm’ x10% n/em? dpa =0.1) dpa
3B3 -0.5 1.42 0.972 42.0 43 434
BC-B2 -61.4 0.425 0.187 6.7 3.6 6.9

Damage calculations were performed at all spectral positions using the SPECTER computer code?
Dpa values for iron and 316 stainless steel are shown in Table 3 as well as the ratio of iron dpa per
10** n/cm? fast flux above 0.1 MeV. Damage parameters for 40 other elements and several
compounds have been calculated and will be made available on request.
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Figare 1 Fast neutron flux >0.1 MeV (circles) and dpa/s x10°% (triangles) are
shown for MOTA-1A and 1B (solid symbols), and 1C (open symbols).

FUTURE WORK

We plan to construct more detailed flux and damage maps for all of the MOTA irradiations.
Dosimetry work is in progress for a variety of US/Japanese experiments in the High Flux Isotopes
Reactor at Oak Ridge National Laboratory.
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TRANSMUTATIONS OF ELEMENTS UNDER IRRADIATION AND ITS IMPACT ON ALLOYS
COMPOSITION - I. C. Gomesand D. L. Smith (Argonne National Laborataory)

OBJECTIVE

The objective of this study is to compare transmutation rates in available fission test reactors with
those produced in a typical fusion reactor spectrum. The materials analyzed in this study are a vanadium
alloy, a martensitic steel, a copper alloy and silicon carbide.

SUMMARY

This study presents a comparison of nuclear transmutation rates for candidate fusion first
wallhlanket structural materials in available fission test reactors with those produced in a typical fusion
spectrum. The materials analyzed in this study include a vanadium alloy (V-4Cr-4Ti), a reduced
activation martensitic steel (Fe-9Cr-2WVTa), a high conductivity copper alloy (Cu-Cr-Zr), and the SiC
compound. The fission irradiation facilities considered include the EBR-1I (Experimental Breeder Reactor)
fast reactor, and two high flux mixed spectrum reactors, HFIR (High Flux Irradiation Reactor) and SM-3
(Russian reactor). The transmutation and dpa rates that occur in these test reactors are compared with the
calculated transmutation and dpa rates characteristic of a D-T fusion first wall spectrum. In general, past
work has shown that the displacement damage produced in these fission reactors can be correlated to
displacement damage in a fusion spectrum; however, the generation of helium and hydrogen through
threshold reactions [{n,xcx) and (n,xp)] are much higher in a fusion spectrum. As shown in this study,
the compositional changes for several candidate structural materials exposed to a fast fission reactor
spectrum are very low, similar to those for a characteristic fusion spectrum. However, the relatively high
thermalized spectrum of a mixed spectrum reactor produces transmutation rates quite different from the
ones predicted for a fusion reactor, resulting in substantial differences in the final composition of several
candidate alloys after relatively short irradiation time. As examples, the transmutation rates of W, Ta, V,
Cu, among others, differ considerably when the irradiation is performed under a mixed spectrum reactor's
and fusion first wall's spectrum. The out-of-core positions in mixed spectrum reactors can be partially
shielded against low energy neutrons. e.g., by hafnium, to reduce the transmutation rates but the
displacement rates at these positions are much lower than those for the core positions. Fast reactors
(EBR-II) provide the only possibility for obtaining high damage rates without producing significant
compositional effects in vanadium alloys, ferritic steels and copper alloys.

PROGRESS AND STATUS
Introduction

Since a high flux source of 14 MeV neutrons does not exist, the effect of neutron irradiation on the
properties and performance limits of candidate fusion first wallhlanket materials are currently being
investigated with tests in fission reactors. Neutron irradiation produces atomic displacement damage that
can affect the microstructure and properties of the material and nuclear transmutation that can alter the
composition and hence the properties of the material. The dpa rate is basically a product of interactions
with neutrons above 0.1 MeV. The high energy neutrons, characteristic of a fusion spectrum, produce
more damage per neutron than the fission neutrons: however, the damage is qualitatively similar. The
transmutation rates are quite sensitive to neutron energy since the nuclear cross seticns vary significantly
with the neutron energy. The transmutation of isotopes in other species has two main contributions,
namely from the thermal neutrons through the {n,y) reaction with the subsequent decay of the products
and from the fast neutrons through threshold type of reactions [(n,p}, (n,c), {n,2n), etc.].

The neutron energy spectrum of mixed spectrum and fast fission are quite different, and hence, the
effects of irradiation on materials in the two environments can differ substantially. The mixed spectrum

*
Work supported by the U.S. Department of Energy, Office of Fusion Energy, under Contract Number
W-31-109-Eng-38.
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reactors have a neutron energy spectrum which tends to have a large number of low energy neutrons and a
very small number of neutrons above 3 MeV. The fast reactors have a small number of low energy
neutrons and a large number of neutrons with energy between 0.1to 3 MeV. The fusion neutron energy
spectrum. at positions close to the plasma, tends to have a relatively small number of low energy
neutrons and a relatively large number of neutrons with energy above 10 MeV. These differences can be
translated in terms of different nuclear reactions that will take place in these environments.

Calculations of the transmutation rate were performed using the REAC-3! code with 175 neutron
energy groups

Materials and Irradiation Facilities Analyzed

The materials considered in this analysis are a ferritic steel (Fe9Cr2w0.2VTa), a vanadium alloy
(V4Cr4Ti), a copper alloy (Cu(.5Cr0.3Zr). and silicon carbide (SiC). Table 1 present the atomic
percentage of each major constituent of these alloys. The irradiation resistance of these materials has been
the focus of an intense testing program?-34 to select the best option for a structural material for ITER
(International Thermonuclear Experimental Reactor).

The irradiation facilities selected for this analysis are presented in Table 2 along with total neutron
flux at the mentioned irradiation positions and the number of displacement per atom per full power year
(DPA/year) obtainable for each material considered and in each facility. Also, the STARFIRE fusion
reactor first wall values is presented in Table 2 (despite not being included in the calculations). The fusion
environment Selected for this analysis is an ITER type of machine with liquid lithium as coolant and
vanadium alloy (V4Cr4Ti) as the structural material (called ITER-LM hereafier). The responses presented
for ITER-LM are related to the first wall neutron energy spectrum/flux. The inclusion of this ITEK
design is for qualitative comparison and does not represent an absolute reference.

Table 1. Composition of the Alloys Considered in This Analysis

Alloy Element Atomic Percent
FeQCr2w.2VTa Chromium 9.6
Nickel 0.0095
Molybdenum .0006
Manganese 0.45
Silicon 0.311
Iron 88.1967
V4CrdTi Vanadium 91.8406
Chromium 39111
Titanium 4.2473
Silicon 0.091 |
Cu0.5Cr0).37r Copper 99.2311
Chromium 0.5738
Zirconium 0.1323
SiC  Carbon 50.0

Silicon 50.0
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The inclusion of the IFMIF (International Fusion Materials Irradiation Facility)® results is made in
comparative basis and the results presented here should be seen as preliminary in nature. The beam size
chosen in this analysis for IFMIF was 10x10 cm2, the deuteron energy was 35 MeV, the deuteron current
was 250 mA and the position of irradiation was at 0.5 cm from the back-plate inside the test cell in the
direction of the beam.

Table 2. Irradiation Facilities Considered in This Analysis

Test Facility
(Total DPA per Full Power Year of Operation

Neutron Flux

- nfem2sec ) Fe9Cr2WVTa V4CraTh Cul.5Cr0.3Zr SiC

ITER-LM-1stW 11.8 12.5 12.3 1.0
(4.7e+14)

EBR-II A1l 41.3 51.9 41.6 74.9
{2.9e+15)

[EMIF(0.5.0,0) 42.2 44.6 42.2 38.9
(9.4e+14)

SM-3 (core) 42.0 53.4 41.2 64.4
(3.8¢+15)

HFIR (core) 25.3 32.2 24.6 32.2
(5.8e+15)

HFIR (RB*) 6.1 9.0 6.8 11.0
(2.3e+15)

HFIR (RBH) 6.3 X.3 6. 10.6
(1.0e+15)

STARFIRE(istW}) 41.8 45.5 43.1 43.9
(1.8e+15)

Figure 1 displays the normalized neutron energy spectra for the irradiation facilities and positions
within the facilities considered in this analysis along with the STARFIRE first wall spectrum. As one
can see the fusion and fast reactors exhibit a very low fraction of low energy neutrons, whereas the mixed
spectrum fission reactors tend to have a large portion of the neutrons in the low energy end.

Results

Figures 2 through 11 display the variation of the concentration of selected elements as a function
of the fluence, represented in dpa's, for the irradiation environments mentioned in the previous section.
The irradiation time was assumed to be the same for all irradiation facilities, equal to 2 full power years
or 730 days of continuous irradiation.

Figures 2 through 6 show the most important transmutations in ferritic steel (Fe9Cr2W0.2VTa).
Tungsten is one of the components which will suffer large transmutation in a high thermal neutron
energy spectrum. In HFIR at the core position. the depletion rate of tungsten is about |.7% per dpa. The
production of rhenium and osmium is a product of the transmutation chain of tungsten. Tantalum is
another element which suffers a very large transmutation in the thermal and epitbermal neutron energy
regions. The transmutation chain of tantalum shares part of the transmutation chain of tungsten and
consequently ends up producing rhenium and osmium. Manganese in steels is interesting due to the
different transmutation behavior under a fission and a fusion environment. Iron irradiated by high energy
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neutrons tends to produce manganese hut on the other hand, manganese irradiated by low energy neutriins
tends to be depleted.

Figures 7 and 8 present the most important transmutation in V4Cr4Ti. It can be noticed that the
transmutation rate of vanadium irradiated with high energy neutrons (fast and fusion reactors) is small hut
vanadium irradiated by low energy neutrons produce transmutation rates as high as (.8% per vanadium
dpa. Chromium builds-up at the same atomic rate as vanadium is depleted.

Figures 9 and 10 present results for Cu0.5Cr).3Zr. Copper irradiated by low energy neutrons
transmutes to zinc and nickel (with about the same probability). The build-up of both, zinc and nickel, in
Cu0.5Cr0.3Zr trradiated at the core position of HFIR occurs at a rate about 0.44% per dpa (relative tu the
total number of atoms of the alloy).

Figure It displays the variation of the aluminum content in silicon carbide as a function of the
fluence. The transmutation of silicon to aluminum occurs. in significant amount, only in a fusion
environment (fusion and D-Li neutron source) due to the high threshold value for this nuclear reaction.

CONCLUSIONS

The main ransmutations in the candidate alloys analyzed take place on the low energy end of the
neutron energy spectrum, Significant variation on the composition of these alloys occur after even a short
period of irradiation (several dpa) in a neutron Spectrum with a large thermalized component. EBR-II
being a fast reactor does not present either the high energy neutrons (above 10 MeV) nor the low energy
neutrons in relatively large numbers. Therefore, the transmutation rates in EBR-II of the main alloying
elements of the alloys analyzed are the lowest among the irradiation environments considered but similar
tu those for the ITER-LM irradiation environment. Exception is made to the transmutation of silicon to
aluminum which does not occur in either thermal or in fast fission reactors hut exhibits a high
transmutation rate in the fusion spectrum. IFMIF (D-Li neutron source) also produces transmutation
rates similar to the ITER-LM environment. Hnwever, the HFIR spectrum produces large transmutations
rates in all alloys analyzed. which significantly affectsthe final composition of the alloy. The use of
hafnium cover fur the RB position reduces the transmutation rates significantly for some of the elements
of interest; however, the damage rate in this position is much lower than in the core.
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Comparison of the Neutron Fluxes Used in the Calculations
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Figure 1. Normalized neutron energy spectra of several fission and fusion facilities.
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Figure 2. Variation of the tungsten concentration (appm) in Fe9Cr2W0.2VTa as a function of the
fluence (DPA) for several facilities considering 2 FPY of operation.
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Fe9CI2W0.3VTa at HFIR, ITER-LM, SM-3, FMIF, and EBR-II
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Figure 3. Variation of the rheniuim concentration (appm) in Fe9Cr2W0.2VTa as a function of the
fluence (DPA) for several facilities considering 2 FPY of operation.

Fe9CIRW0.3VTa at HFIR, ITER-LM, SM--3, FMIF, and EBR-11
RB bare/Hf cover, EBR row 1, SM—3 core, FMIF 10x10, ITER 1st

FeOC2WO0.2VT
Osmium

3000.0

24?0.0

I;_{FIR—core

18?0.0

FIR—-RB*

1200.0
L

. HFIR-RBH -

o _~JTER-LM  JFMIF BR-I
e /
ol e 4 [Tc.comes - AKL - D4/p4

T T T T T 1 T T
0.06 Ba6 1882 2638 3384 4230 5076 5922  67.68 7814 8480
Fluence [ PA ]

Concentration of the Element [ appm ]
600.0

c.0

Figure 4. Variation of the osmium concentration (appm) in Fe9Cr2W0.2VTa as a function of the
fluence (DPA) for several facilities considering 2 FPY of operation.
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Figure 5. Variation of the tantalum concentration (appm) in Fe9Cr2W0.2VTa as a function of the
fluence (DPA) for several facilities considering 2 FPY of operation.
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Figure 7. Variation of the vanadium concentration (appm)in V4Cr4Ti as a function of the fluence
(DPA) for several facilities considering 2 FPY of operation.
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CALCULATIONS TO DETERMINE TIE FEASIBILITY OF USING A BORON CARBIDE SHIELD
FOR SPECTRAL TAILORING IN THE HFIR FOR VANAD IUM ALLOY IRRADIATION-R, A. Lillic
(OakRidge National Laboratory)

OBJECTIVE

These calculatious are part of an effort to design a low temperature irradiation facility in HFIR for
vanadium alloys.

SUMMARY

A neutron transport calculation has been performed to determine the feasibility of creating a shielded facility
in the Be reflector of the HFIR. It was foundthat the B4C provides satisfactory spectral tailoring to reduce
production of Cr below the tolerance limit for Cr in the original alloys. The shield would have to be
replaced after eight cycles or 5 dpa, but the operations schedule for the HFIR makes it easier to replace the
shield after seven cycles. Three shields would then have to be used in order to reach 10dpa. This facility
would provide the equivalent of a low-temperature fast neutron position in the HFIR for development and
preliminary qualification of vanadium alloys for fusion devices.

PROGRESS AND STATUS
Introduction

The irradiation performance of vanadium alloys for first wall and blanket structural alloys has primariy been
investigated using fast reactor irradiation facilities. However, liquid metal cooled fast reactors do not have
coolant temperatures below 350-400°C. This creates a problem for evaluation of fracture and other
mechanical properties for devices such as the ITER which will have fust wall and blanket structures
operating as low as perhaps 200°C. Research reactors operate with coolant temperatures below 100°C, but
the thermal flux present in such reactors often produces undesirable transmutations. In the case of
vanadium, the reaction 31v(n,1)52v followed by a beta decay of the 32V to 32Cr with a 3.75 minute half
life causes significant alteration of the original alloy composition.

To overcome this problem, experimental capsules containing V specimens must be surrounded with
suitable thermal neutron shields. Previously performed simple hand calculations indicated that of the
various materials which have large thermal neutron capture cross sections, only borou or boron compounds
containing 1B are satisfactory. Pure elemental cadmium (Cd), gadolinium (Gd}, and europium (Eu) or
compounds containing these elements can provide sufficient thermal neutron shielding, however at the
required small thicknesses (one to five mm) these elements bum up much too fast to be of any practical
use. Hafnium (Hf) has too small a thermal capture cross section to be of any use. Since the hand
calculationsonly considered thermal neutron bumup, the current investigation was undertaken to verify the
simple hand calculationsfor a 3 mm thick B4C shield.

Descrintion of cal

The analysis of the B4C shield was performed using the one-dimensional discrete ordinates radiation
transport code ANISN.1 A typical HFIR RB* (Instrumented Be reflector) position was modeled as an
infinite 2.5 cm radius cylinder (=2.97 inch diameter). The source term for all of the transport calculations
was constructed by imposing the average of the beginning-of-cycle (BOC) and end-of-cycle (EOC)
unperturbed fluxes at the HFIR core midplane at a RB* positicn on the outer boundary of the infinite
cylinder. The unperturbed fluxes were obtained from previously completed two-dimensional calculations.
These calculations were performed with the two-dimensional discrete ordinates code DORT? using
35 neutron energy group transport data taken from the ANSL-V cross section library? to determine the
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power shift within the HFIR core due to the presence of Hf shielded experiments in two of the RB*
positions. The B4C shield had an inner radius of 2.2 cm and an outer radius of 2.5 cm (3 mm thickness).
The volume within the center of the cylinder was treated as void. The transport data for B4C was taken
from the 46 neutron energy group DABL69 cross section library.4 The transmutation (V to Cr, V to Ti,
and gas production) and dpa cross sections were taken from 105 neutron energy group data derived from the
RECOIL data base.

To determine the bumup of 19B in the B4C shield, one-dimensional ANISN calculations were performed
for a large number of 19B atom densities to determine the bumup rate as a function of 1®B atom density
In addition, the fluences from these calculations (normalized to one HFIR full power day at 85 MW} werc
folded with the various V transmutation and dpa cross sections to determine the transmutation and dpa rates
asa function of 19B atom density. The functional dependence of these quantities on 1B atom density was
then fitted and input to a small in-house bumup code to determine the time history of the !B in the B4C
shield and the Cr production and dpa level in vanadium.

The results from these calculationsare summarized in Table

Table 1. V to Cr Transmutation and Required Full Power Days at 10 dpa Level Assuming
the B4C Shield is Changed Out every 7 HFIR Core Cycles

Required Full

Configuration dpa Level Power Days Cr Production
at 85 MW (% of V)
No shield 10 345 155
3 mm B4C shield 10 365 <0.12

The fluence spectra per full power day in a HFIR RB* position with the 3 mm thick B4C shield are
presented for several irradiation times in Fig. 1. As expected, with increased !®B bumup, i.e., increased
irradiation time. the thermal fluence exhibits a rapid increase while the epithermal fluence exhibitsa slower
increase and essentially no change occurs in the fast flucnce.

The V to Cr uansmutation and dpa levels in the vanadium are given in Fig. 2 asa function of full power
days (fpd). Even though the BAC shield is only needed for 154 {pd, i.e., seven cycles, it may be used for
approximately 180 fpd to reach the 5.0 dpa level. At this dpa level, the produced Cr is still less than 0.2%.
If this scenario is chosen, only two B4C shields would be needed to reach the 10 dpa level and the produced
Cr would still be less than 0.5 %.

In producing the data in Table 1 and Figs. 1 and 2, a number of conservative approximations were
employed. First, in determining the !B bumup, the bumup rate at the beginning of a fpd was employed
for the entire fpd resulting in a slight overestimate of the bumup. Second, the V to Cr transmutation rate
at the end of each fpd was employed to overestimate the Cr production, and third. the dpa rate at the
beginning of each fpd was employed to underestimate the dpa level. In addition to these conservative
approximations, the one-dimensional model produces overestimates of the bumup rate since only the
maximum or HFIR midplane fluence was employed. Thus, the performance of a 3 mm thick B4C shield
should be slightly better than that indicated by the results presented here.

CONCLUSIONS
Irradiation of vanadium alloys & temperatures of 250°C or even below may be conducted in the HRR in

instrumented positions. Displacement levels of 10 dpa can be reached in about one full power year with
transmutation-produced Cr at levels well below the tolerance on the original alloy composition for this
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element. This irradiation facility effectively becomes a low-temperature fast reactor position in a research
reactor.

FUTUREWORK

Design will begin on this concept to investigate the thermal performance of such an irradiation facility.
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TRANSMUTATION IN COPPER-BASE BRAZING MATERIALS- F. A Garner, L. R. Greenwood
and D. J. Edwards (Pacific Northwest Laboratory)"

OBJECTIVE

The objective of this effort is to determine the impact of transmutation on the performance of
various brazes used to join copper alloys that are candidates for high heat flux service in fusion
devices.

SUMMARY

Brazing compounds containing silver or gold will transmute during irradiation, forming significant
amounts of either cadmium or mercury, respectively, in all neutron spectra of current interest to
the fusion materials program. The impact of this transmutation on braze performance and on
development of fission-fusion correlations has yet to be determined, but will be addressed in an
irradiation experiment that was recently completed in FFTF-MOTA. A lesser amount of
transmutation will occur in brazes containing tin, but no specimens containing brazes with tin have
yet been irradiated.

PROGRESS AND STATUS
Introduction

In addition to the development and testing of materials for high heat flux applications in fusion
devices, consideration must be directed toward the development and testing of joining methods for
these materials. Brazing is a traditional method for joining of copper alloys, and a CuAgSn braze
is being considered as a compliant layer for the ITER firstwall. The impact of neutron irradiation
on the stability and performance of brazes has not previously been explored, however.

An experiment that addresses the irradiation performance of brazes has just completed irradiation
in FFTF/MOTA-2B. It involves the use of brazed TEM sandwiches and lapped minitensiles. The
alloy employed was GlidCop Cual25 and the brazes were CuAg, CuAu, TiCuAg and TiCuNi.'

As part of this study the radioactivation and transmutation aspects are being examined. Since the
transmutation of copper bas been examined previously' and that of nickel is not very significant,
this report examines the transmutation of Ag, Au, and Sn in FFTF, HFIR and STARFIRE.

Results of Calculations

Silver and gold will transmute strongly in almost all neutron spectrum of current interest. The
main transmutation products in silver arise from (n,y) reactions. Ag-107 forms Ag-108, with a 2.4m
half-life, which decays 97.2% of the time to Cd-108 and 2.8% of the time to Pd-108. The Cd-108
isotope is stable but will transmute to Cd-109, with a half-life of 462d, decaying back to Ag-109.
The Ag-109 isotope captures neutrons to produce Ag-110 (25s) and Ag-110m (250d). The latter

"Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under Contract DE-ACD$-76RLO 1830.
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isotope is the major source of radioactivity in irradiated silver. The 25s ground state is produced
at a rate about twenty times larger than the isomer, but both decay almost completely to Cd-110.
although some forms Pd-110. The cadmium formed is rather stable, with most subsequent neutron
captures leading to other stable isotopes of cadmium. The predictions shown in figures 1-3 assume
that the Ag-110m has already decayed to Cd-110. In the STARFIRE spectrum there will he some
production of Pd-106 from Ag-107. Ag-109 will undergo a{n,2n) reaction, however, t0 form Ag-108.
which then decaxs to Cd-108 and Pd-108. The net effect of these two reactions will be a slightly
enhanced production of palladium.

The major transmutation in gold comes from the (n,y} reaction of Au-197 to Au-198, which decays
with a 2.7 day half-life to stable Hg-198. Further captures lead to other stable mercury isotopes.
In the STARFIRE spectrum, the (n,2n) reaction leads to Au-196, which decays with a 6.2 day half-
life, mainly to stable Pt-196 and weakly to Hg-196. Further reactions with Pt-196 always return
to Au, and thus mercury is the main transmutant in all cases. Figures 1-3 also show the
transmutation of gold.

The transmutation of tin is rather low in all three reactors (HFIR, FFTF, and STARFIRE) due to
the predominantly low cross sections and the fact that most of the {n, ¥) capture reactions lead only
to other tin isotopes. For example, Sn 115-117 have the largest cross sections; however. the
reactions simply move up the Sa chain until Sn-120. The main transmutation will be produced by
Sn-112 to Sn-113 (115 d) which eventually decays to In-113, which in turn may transmute hack to
Sn-114. However, Sn-112 is only 0.97% of natural tin; hence, the net transmutation productionwill
only yield tenths of a percent transmutant per year.

There will also be some transmutation from Sn-120 and Sn-122 to Sh-121 and Sb-123, both of which
are stable. These can in turn transmute somewhat to tellurium. Sn-124 will produce 125-Sh {2.8¥),
which is the biggest concern for activation considerations due to its long half-life. This will
eventually decay to Te-125, which is stable. None of these isotopes of tin have significant thermal
cross sections; hence, the transmutation rate will be low, reaching only tenths ofa percent per year.
with the largest transmutant rate occurring in HFIR. In STAKFIRE, the {(n,2n) reactions at 14
MeV will produce similar amounts of In-113 and Cd-111, as well as Sh-121 and Sb-123.

Altogether. the net transmutation will be less than 1% per year, the highest rates being for HFIR.
The major long-lived activation products of concern are Sh-125 (2.8y) and Sn-113 (| 15d). Sh-125
will be by far the biggest problem, due to its higher abundance and cross section, as well as its
higher energy gamma rays and longer half-life.

Discussion

It is anticipated that significant formation of mercury or cadmium may degrade the performance
of brazedjoints inirradiated copper components. This possibility will soon be tested as examination
proceeds on lapped minitensile specimens irradiated in FFTF. The lesser amount of transmutants
formed in Sn-containing brazes may also impact the performance of brazed joints, but no
irradiation tests are available on this type of braze.
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FUTURE WORK

Tensile testing and fractographic examination on irradiated lapped minitensile specimens will
proceed.
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ITER MATERIAL PROPERTIES HANDBOOK -J. W. Davis (McDonneli Douglas Aerospace)

OBJECTIVE

The primary objective of this activity is to support the development of a Materials Properties Handbook for
use during the Engineering Design Activity of ITER. A secondary objective is early identification of gaps
in the material property database so that R&D to fill these gaps can be accomplished within the EDA time
frame.

SUMMARY

In December the ITER Joint Central Team authorized the creation of a Materials Properties Handbook.
This Handbook is a cooperative activity between the four parties of ITER (Japan, the E.U., the RF., and
the U.8.). The U.S. Home Team has been selected to coordinate the documentation, while all four Parties
will provide data. During this period the effort focused on organizing this activity. developing a format for
use by all of the parties. and demonstrating the ability to electronically transfer files between the four
parties. First draft of the Handbook is scheduled for July.

PROGRESS AND STATUS
Introduction

The performance requirements of many of the ITER components will put severe constraints on material
selection. Large variations in material pperties caused by emrors in interpreting the database could be the
difference between these componentsworking or not. Since material properties can come from a variety of
sources, some developed from actual data, while others are extrapolations from similar materials, it is
relatively easy to reach the wrong conclusionsregarding a components life or operational capabilities with
an incomplete or erroneous material database. To avoid this possibility it is important to design and
analyze the ITER components using a uniform and verifiable database.

Currently there are a number of & number of data books and databases available which contain information
on materials of interest to fusion. Some of these are: the U.S. Material Handbook for Fusion Energy
Systems, the IEA Fusion Materials Handbook, the JAERI Material Performance Database (TMPD), the
E.U.'s High Temperature Materials Data Bank (HTM-DB) at Petten, and the Russian Federation's PFC
materials database which is a PC Windows based system. Many of these databases have restricted
distribution and cannot be used by all of the ITER participants or do not contain all of the materials of
interest to ITER. In addition. since these data books are not funded by the ITER program there is no
guarantee. that additional property information, not currently contained in these books. could be developed
in a time frame to meet the ITER schedules. It was for these reasons that ITER decided to develop its aawn
Materials Properties Handbook. The ITER Material Properties Handbook was formally created on 13
December 1993 with the release of ITER Task AgreementS72TD 04 93-11-23 FU. The Handbook is the
responsibility of the San Diego Joint Work Site of ITER. The U.S. is responsible for coordinating this
activity along with equal participation among the four ITER partners (Japan, the E.U., the RF. and the
U.S.).in supplying information to the Handbook.

Fizst Working Group Mesti

While the Handbook was officially chartered in December of 1993 actual work did not begin until after the
First Working meeting which was held at the ITER Joint Work Site in San Diego on February 7-9, 1994.
The purpose of this meeting was to review the near term data needs for ITER and to identify which of the
ITER partners would be responsible for the preparation of the data pages. In establishing priorities for
preparing the data it was agreed that the materials used in the divertor, first wall and blanket, magnet, and
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automatically extract attached files such as the Eudora mail system. Eudora is the preferred mail system for
the ITER JCT and as a result they would prefer © have participants sending files to them using this
program. Japan is working on the connection. Because of the difficulty in transferring attached files to
non-Joint Central Team sites that cannot convert BinHex files or retrieve electronic files, the Director of
the Joint Central Team directed that all Home Teams insure that their participating organizations must have
this capability. Once everyone gets to using Eudora, or an Eudora "like system™ communications should
be simpler. However, even with this capability, the biggest problem will still be to get people to read
their e-mail more frequently than once once a week or once a mouth, particularily for those not used to
working on e-mail.

Organization _d Forma

One of the goals of the Handbook program is to not only develop datapages for use on ITER but also to
put this database in an electronic format for easy retrieval. A key in establishing an electronic database is
to develop an outline or format for designating the materials. Because it is difficult to change the
numbering sequence once it is established one needs to provide for growth in the original outline. Table 2
shows the organization of the Handbook. Since material specialistswill be working on the ITER program
it was decided to organize the Handbook by class of material (metals, ceramics. composites, gases,
lubricants, etc.) and subdivide the headings by alloying element , phase, or common or commercial
designation which would be familiar to material specialists. For future growth blanks or unassigned
sectionsare identified as reserved. In the areaswhere a material system is identified but no material class is
shown, such as femtic steels, indicates that a particular alloy within this class has not been identified by
the ITER program at this time.

Future Work

The next Working Group is scheduled for the July 11-15, 1994 in Garching, Germany. Prior to that
meeting all participants are scheduled to provide data so tteta draft of the Handbook can be presented at that
meeting. In preparation for the meeting a manual is being developed describing the organization of the
Handbook and the format for presenting the data. Currently it is anticipated that the participants can supply
the data either in a spread sheet type of format such as in "Excell" or as an equation that can be plotted in a
graphicsrouting and inported into Microsoft word for distribution electronically. Work will also continue
on verifying the ability of all of the participants to transfer the files electronically.
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Material Description

A METALS
AA Austenitic Steels
AA0] 316
AAM 316L
AA-03 316 LN
AAD4 316 SPH (RCC MR18)
AA-05 IN1
AA-06 RF-20Cr-16Ni-6Mn
AB Femtic / Maninsitic Steels
AC Other Steels
AD Nickel Base Alloys
AD-01 Inconel 625
AD-02 Incoloy 901
AL Titanium Base. Alloys
AE-01 Ti-6Al-4V
AF Vanadium Based Alloys
AF-01 V-5 Cr-5Ti
Reserved
AH Reserved
Al Reserved
Al Copper and Copper Alioys
Pure Copper
AJ-02 Cu-Cr-Zr
1 AJ-U3 Cu-Be-Ni
| AJ-04 Dispersion Strengthened
| AT08 ConnerTin
Beryllium
AK-] Plasma Spraved
AK-(2 Sintered
AL Reserved
Reserved
Reserved
AN Reserved
AQ Biazes
AP Liguid Metals
AP-Q'1 Lithium
Ab-U2 Lithium-Lead
AP-03 Lead
AP-04 Potassium
AP-05 Sodium
AP-06 Sodium-Potassium (NaK)
B CERAMIC MATERIALS
BA Aluminium Based
EB Lithium Based
BC Spinels
C COMPOSITE MATERIALS
CA Resin based Composites
CB Carbon Composites
CC Metal Matrix Composites
D (Gases
DA-01 Helium
E Lubricants
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4.0 FUNDAMENTAL MECHANICAL BEHAVIOR

No contributions.
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5.0 RADIATION EFFECTS, MECHANISTIC STUDIES,
THEORY AND MODELING
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VOID SWELLING IN BINARY FE-CR ALLOYS AT 200 DPA - D. S. Gelles, (Pacific Northwest
Laboratory)"

OBJECTIVE

The objective of this work is to determine lifetime limits for reduced activation ferritic alloys by
providing a better understanding of the inherent swelling resistance of ferritic alloys.

SUMMARY

Microstructural examinations have been performed on a series of binary Fe-Cr alloys irradiated in
the FETE/MOTA at 425°C to 200 dpa. The data represent the highest swelling levels reported in
neutron irradiated ferritic alloys. The alloy compositions ranged from 3% to 18% Cr in 3% Cr
increments, and the irradiation temperature corresponded to the peak swelling condition for this
alloy class. Density measurements showed swelling levels as high as 7.4%4, with the highest swelling
found in the Fe-9Cr and Fe-6Cr alloys. Microstructural examinations revealed that the highest
swelling conditions contained well-developed voids, often as large as 100 nm, and a dislocation
network comprised of both §<11t> and a<100> Burgers vectors. Swelling was lower in the other
alloys, and the swelling reduction could he correlated with increased precipitation. These results
are considered in light of the current theories for low swelling in ferritic alloys, but no theory is
available to completely explain the results.

PROGRESS AND STATUS
Introduction

The present effort is one of a series that follows a set of simple Fe-Cr alloys ranging from 3% to
18% Cr in 3% Cr increments through a number of irradiation experiments.'" Irradiations have
been performed both in the Experimental Breeder Reactor (EBR) -I1'* and the Fast Flux Test
Facility Materials Open Test Assembly (FETE/MOTA),™ and the present effort examines the alloys
following irradiation in FFTFIMOTA to the highest dose attained, 200 dpa. The intent is to provide
further understanding of the processes controlling void swelling in the ferritic alloy class.

Void swelling due to radiation damage is found to be significantly lower in ferritic alloys than in
austenitic alloys!. ™ =*=* However, the cause of this difference in response is not yet clearly
understood, Several theories have been proposed, but none have received completely general
acceptance. Three recent papers summarize these theories, and may be referred to for details."

The most pertinent mechanisms are 1) the point defect bias to dislocations is inherently lower in the
body centered cubic ferritic crystal structure,’ 2) the presence of two competing dislocation Burgers
reduces vacancy accumulation at voids,”” 3) solute trapping of defects leads to increased
recombination,”® and 4) the dislocation and void evolution produce populations that are not ideal
for void swelling optimization in ferritic alloys."'™* However, it is important to differentiate between
the two stages controlling swelling response: void nucleation (or swelling incubation) and void
growth (or steady state swelling). Many of the mechanisms defined above only provide an

"Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under Contract DE-ACO06-76RLO 1830.
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explanation for the delayed onset of stead! state swelling. For example, solute trapping would not
he expected to comtroi steady state swelling because the solute nnuld eventually be segregated to
point defect sinks. The present microstructural stud) is more pertinent to steady state snelling
response.

Experimental Procedure

The International Nickel Company prepared alloys used for this and previous studies.
Compositional impurities have previously been defined,” hutitis north emphasizing that the Fe-3Cr
alloy has hehaved anomalously hecause it contains significantly more impurity than nas originally
expected.’

For the present experiment, specimens nere put into transmissinn electron microscopy (TEM)
packet H4 and located in in-core weeper positions of the FFTF/MOTA from the heginning of cvele
4 and throughout the remaining operation nf FFTF. The irradiation history for packet H4 nas as
follons:

MOTA |B hasket 2F-5 to 2.98x10** nicm’ at an average temperature of 431°C.

MOTA |C basket 2F-5 to 6.98x10°* nicm’ at 420°C.

MOTA ID hasket 2F-5 to 5.05x10% nicm’ at 404°C.

MOTA IE basket 2F-2 to 9.67x10*? n/em’ at 414°C.

MOTA |F basket 2F-2 to 9.60x10** n/cm’ at 405°C.

MOTA 1G basket 2E-3 to 7.18x10% n/ecm’ at 417°C.

MOTA 2B basket 3A-5 to 6.35x10°* n/em’ at 133°C.
Therefore, during that period, the specimens in packet H4 received a fluence of 4.78x10** n/em* at
an average temperature of 418 + 11°C. hereafter reported as 420°C. The dose achieved, calculated
from reference 13, which is based on dosimetry measurements from MOTA IF, varies from 198 to
201 dpa, depending on alloy composition.

Microstructural examinations were performed on a JEQL, JEM 1200EX scanning TEM operating
at 120 kV and outfitted with a Tracor Northern energy dispersive x-ray fluoreseence (EDX) detector
and TN3500 computer and nith a Gatan Electron energy loss spectrometer.

Results
Swelling

Results nf density ¢change measurements fr simple ferritic alloy specimens irradiated at 420°C to
200 dpa are provided in Table |. Table 1 contains dose estimates for each alloy based on
conversions from reference 13. Table I also includes density change results for specimens irradiated
to lower dose in FFTF/MOTA experiments that were started later in the reactor history." As shonn
from Table I,swelling values are 7.4% or less. The highest swelling value, 7.4%, is found in Fe-
9Cr, and the next highest welling, 7.0%, is in Fe-6Cr. In comparison, Fe-12 Cr swelled 2.8%. Fe-
3Cr snelled 1.8%, and Fe-15Cr and Fe-18Cr swelled 1.3%. 1fthese results are compared as a
function of dose, assuming linear dependence hetneen data points at two doses, the highest welling
rate is found for Fe-9Cr. 0.097%/dpa. This value is somewhat higher than the value previously
estimated from EBR-Il data of 0.06%/dpa,’ where it was fnund that swelling levels in Fe-12Cr
reached 4.72%, and swelling levels in Fe-9Cr reached 4.14%, at 1.9x10** nicm’ or 91.2 dpa.
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Microstructures

Microstructural examinations revealed that all specimen conditions had developed void swelling in
the form of uniform arrays ofvoids. The amounts of void swelling and the relative void sizes were
in proportion to the density changes measured. Voids were uniformly distributed, except in a few
instances where denuded zones or reduced densities were found adjacent to grain boundaries,
apparently associated with grain boundary migration. Also, examples were found in the Fe-18Cr
alloy where larger voids were attached to needle shaped precipitates. Examplesat low magnification
are provided in Figure 1. Of particular note are the wide range of void sizes and the array of
precipitates in the Fe-3Cr specimen shown in Figure | a and the needle shaped precipitate with two
large voids attached in the Fe-18Cr specimen in the lower right of Figure 1f. It may be noted that
a broad void size distribution that includes small sizes is an indication that steady state swelling has
not yet been achieved. The precipitates seen in Figure | a are due to impurities in the Fe-3Cr alloy.
Figures th, | d and | e display surface etching effects in the form of large pits; these are believed to
be artifacts arising from preparation difficulties and were ignored.

Table 1. Swelling as measured by density change for simple ferritic alloy specimens examined in
this study with comparison of specimens irradiated to lower dose.

CODE Alloy Dose Density Density Swelling
(dpa) Irradiated Unirradiated (%)
651A Fe-3Cr 1377 7.17042 7.8826 1444
65114 Fe-3Cx 1976 7.74497 7.8826 1.777
061 A Fe-6Cr 138.2 7.65045 78185 2197
66114 Fe-6Cr 198.3 7.30779 78185 6989
6TIA Fe-9Cr 138.6 7716389 7.7933 1,540
67H4 Fe-9Cr 169.0 72573 7.7933 7386
HATA Fe-12Cr 139.1 771258 7.7596 0.610
6AH4 Fe-12Cr 199.6 7.54631 7.7596 2826
aNTA Fe-15Cr 139.6 7.73%33 77461 0.087
ONH4 Fe-15Cr 2004 7.64825 7.7461 1.279
6RIA Fe-18Cr 140.1 7.680680 7.7233 0474
6RH4 Fe-18Cr 2011 7.62793 7.7233 1.250

Contrast experiments have been performed on each irradiated specimen condition to provide a
detailed understanding of the dislocation and void structures. Examples are shown for each of the
alloys in Figures 2 through 7. In each case, a stereo pair usingg =200 is shown in parts a) and b},
dislocation contrast using & =011 is shown in part ¢) and void contrast is shown in part d) for a foil
near (011) orientation that is tilted near (012) for part b). Void shape analysis in the following
description is based on figures included in reference 14.

Figure 2 shows examples of the dislocation and void structures in Fe-3Cr following irradiation at
420°C to 200 dpa. Figure 2a displays herizonal features io strong contrast consisting of a[100]
loops and dislocation line segments and more vertical features in lower contrast representingall the
g<]] 1> dislocations present superimposed on an array of voids in poor contrast. Examination of
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the stereo model from Figures 2a and 2b reveals that the a[100] loops are steeply inclined. that
the ’;*<] 11> dislocation segments form a network that sometimes includes a[1((| segments. and that
the voids are uniformly distributed. Figure 2¢ shows a large number of loops that do not appear
in Figure 2a that must therefore he of Burgers vector a|10] and a]001], distributed on planes
approximately 45° to the plane of the micrograph. Therefore, from this sequence, it can he
demonstrated that the dislocation structure in Fc-3Cr after 200 dpa at 420°C is predominantly
a<[0> in character. consisting primarily of loops, hut a<100(> and %'«:l | 1> dislocation segments are
present in the for m nfa dislocation nctwnrk. Figure2d can he used to demonstrate that voids vary
widely in size, that void shape is equiaxed with the predominant shape equaliy truncated hetneen
euhes and dodecahedra (with a truncation factor between 0.4 and 00.5). Also, the precipitation due
to an unexpectedly high impurity content is shonn lo hc in the form of dark equiaxed particle,
(approximatels 20 nm in diameter) that are uniformly distributed.

Figure 3 provides examples of the dislocation and void structures in Fe-6Cr following irradiation
at 420°C to 200 dpa. Figure 3a reveals that the density of a[001] dislocations is Inner than that in
Fe-3Cr, that muost dislocations are line segments, and that 5 <111> dislocations are only line
segments. The stereo model from Figures 3a and 3b shows a clear example of a dislocation node
towards the upper left. but in must cases, the dislocation segments terminate at voids. Figure 3¢
shows a number of a} I{{)] and a|010] loops and dislocation segments that cannot be seen in Figure
3a, hut again seuments tend to end at voids. Therefore. the dislocation structure is a mixture of
a<100> antl E:<I 11> dislocations primarity in the form of a network nith voids at the nodes. Figure
3d shows that voids in Fe-6Cr are larger than in Fe-3Cr and that voids are dodecahedral with (100)
truncations (corresponding to a truncation factor between 0.6 and 0.8). However, larger voids are
often elongated so that some of the facets are larger than others, Also. some of the smaller voids
appear to he without significant truncation. hut other small voids are clearly facetted. 'Therefore.
considerable variation in void shape exists.

Figure 4 gives examples of the disincation and void structures in Fe-YCr following irradiation at
420°C to 200 dpa. Figure 4a again reveals the presence of holh a|001] and §<l 11> Burgers vectors.
The stereo model from Figures| a and 4b shons that few a|001] loops are pfescnt. and most of those
are connected to the dislocation network. Again, dislocation segments often terminate at voids. The
images arc confused by surface pits. and voids that arc connected to the surface, often with a
mottled appearance. Figure 4¢ shaws a numher of incomplete a|100] and a[010] loops and
dislocation segments that cannot he seen in Figure 3a. Therefore, the dislocatinn structure is again
a mixture of a<100> and §<:1 11> dislocations in the form of a nctwnrk but with several partial loops
and with voids at some of the nodes, Figure | d reveals that the truncation of the dodecahedral
voids is even less than in Fe-6Cr (nith a truncation factor nf .8 to 1.0) with considerable variation
in void aspect ratio and some variation in facet delinition.

Figure 5 provides examples of the disincation and void structures in Fe-12Cr following irradiation
at 420°C to 200 dpa. Figure 5a shows a somewhat different dislncation structure, consisting of hoth
small a]001] loops and large a]001] segments as well as large §<l]l> segments. The loops are as
small as 15 nm in diameter with man) features in strong contrast that arc even smaller. The stereo
model from Figures Sa and Sh verifies that the a[BU1} loops are steeply inclined, and that the density
of small features is much higher than in alloys with lower chromium content. Figure 5¢ shows the
a| 100} and a]010] loops and line segments not visible in Sa and 5h, but also reveals that the small
features remain in stronger contrast than the dislocation structure. Therefore, the strong contrast
is due to precipitation, likely from chromium rich «' formation. Figure 4d reveals that void shapes
are dodecahedral with slight cubic truncation (nith a truncation factor 0.7 to {.9), and larger voids
are often elongated. A contrast due to precipitation can he identified, indicating that particles are
on the order of 3 nm and larger in diameter.
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vacuum vessel would be given equal priority. Emphasis was to be placed on developing data for the
materials currently listed as reference in the EDA design. The priority in developing the data pages is
shown in Table 1. Priority (1} indicates that the information is required by July 1994, while priority (2)
indicated that information is needed in October 1994. In either case this does not mean that by these dates
there has to be a completed data set for that material but rather some information must be contained in the
Handbook on it To avoid duplication of effort it was agreed that for each material one Home Team would
lead, shown in the table as (L.) while the other Home teams could either support (S) or review the
contributions (R).

TABLE 1. Priorities and Assignments for the Preparation of Data Pages

Prority Material E.U. JJPN{R.F.] U.S.
1 316L L R
1 3165PH L
1 Inconel 625 S S S L
1 Beryllium, sinteredand plasma sprayed S L S
1 Cu-Cr-Zr, composition TBD L S S S
1 Cryogenic properties of 316 LN Li
1 Tnenlov 90K 1l
2 316 S L
2 316L L R R
2 JN1 L2
2 R.F. Alloy 20Cr-16Ni-6Mn L2
2 V-5Cr-5Ti S S S L
2 Titanium alloy Ti-6Al-4V L S S
2 Dispersion Strengthened Copper, composition TBD L S
2 Lithium L
2 Pure Copper L1
2 | Copper-Tin L1

NOTES: (1) To be supplied by Task Agreement of Super conducting Coils and Structures
(2) Data to be for cryogenic temperature range 0f4 K- 20 C

In addition to assigning responsibility for the preparation of data pages it was also agreed that ciia would be
exchanged electronically so that the dam could be imported into the graphics routines and subsequently
transmitted to the three ITER Working Sites (Garching, Naka, and San Diego). All ofthe parties indicated
that they are on the Internet system and could easily transfer files.

Devel T —

Subsequent to the First Working Meeting, the U.S. activity on the Handbook was concentrated on 3 areas,
electronic file transfer. organization o f the Handbook, and creation of a manual on data page preparation.
The work on electronic file transfer has been the most challenging. A key part of data transmission is the
ability to attach documents to the e-mail message. While it is relatively easy to send e-mail messages to
organizations, it is not as easy to attach documents and then extract them from the body of the message.
To determine the capabilities of each of the parties, e-mail messages were sent with a Microsoft Word
attachment. a Rich Text Format (which can be read by any word program), and a graphics tile. The results
were mixed. The U.S. could read all of the files and also send the files back, Russia could read the attached
files but couldn’t send attachments because they do not have a BinHex code. Europe is having difficulty
retrieving attached files. Electronic mail files, without attachments, have been received from both the
Ispra, Italy and the ECN, Netherlands sites. It appears that these sites, unlike Russia are unable to decode
the BinHex format. We are able to place files in the microvax at Ispra using file transfer protocol (TP}
but this is essentially a temporary solution in comparison to having a computer program that can
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Figure 1. Void swelling at low magnification for a) Fe-3Cr, b) Fe-6Cr, ¢) Fe-9Cr, d) Fe-12Cr, €)
Fe-15Cr, and f) Fe-3Cr following irradiation at 420°C to 200 dpa.
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Figure 2. Microstructures in Fe-3Cr irradiated at 420°C to 200 dpa as a stereo pair using g =200
in a) and b), usingg =011 in ¢) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)
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Figure 3. Microstructures in Fe-6Cr irradiated at 420°C to 200 dpa as a stereo pair using g =200
in a) and b), using g =011 in ¢) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)
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Figure 4. Microstructures in Fe-9Cr irradiated at 420°C to 200 dpa as a stereo pair using g = 200

in a) and b), usingg =011 in c) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)



Figure 5. Microstructures in Fe-12Cr irradiated at 420°C to 200 dpa as a stereo pair using g = 200
in @) and b), usingg =011 in ¢) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)
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Figure 6. Microstructures in Fe-15Cr irradiated at 420°C to 200 dpa as a stereo pair using g = 200

in a) and b), usingg =011 in ¢) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)
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Figure 7. Microstructures in Fe-18Cr irradiated at 420°C to 200 dpa as a stereo pair using g =200
in a) and b), using g =011 in ¢) and void contrast in d) for a foil near (011) orientation that is tilted
near (012) for part b)
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Figure 6 gives examples of the dislocation and void structures in Fe-15Cr following irradiation at
420°C to 200 dpa. Figure 6a shows again a somewhat different dislocation structure, consisting of
small a[081] loops and large §<111> segments; large a[001] segments appear to be absent. The
loops range in size from 7 to 20 nm in diameter, but again with many features in strong contrast
that are even smaller. The stereo model from Figures 6a and €b verifies that these features are
evenly distributed through the thickness of the foil. Figure 6c reveals the dislocation line segments
in better resolution, and several examples can be found of small loops at a different inclination than
found previously, probably of type§<lll>. Therefore, Fe-15Cr contains a higher fraction of’§<l 11>
dislocations, both as line segments and small loops, than was found in alloys with lower chromium
contents.  Figure 6d shows that voids are dodecahedra with moderate (100) truncation
(corresponding to truncation factors from 0.4 to 0.7) and that precipitation appears to be more
dense, as would be expected for chromium rich precipitates.

Figure 7 provides examples of the dislocation and void structures in Fe-18Cr following irradiation
at 420°C to 200 dpa. This sequence is perhaps the most difficult to understand. However, Figure
Ta again showsa dislocation structure, consisting of small a]001] loops and larger a[001) and §<1 11>
segments. Many precipitates can also be seen. The stereo model from Figures 7a and 7b verifies
that these features are evenly distributed through the thickness of the foil. Figure 6¢ shows
configurations typical of a{100] and a[010] dislocations, but a few examples ofsmall §<111> loops
can also be seen. Therefore, the dislocation structure in Fe-18Cr appears to contain predominantly
a<100> loops but with dislocation segments of both a<100> and 3<l 1=, From Figure 7d, the void
shape is found to contain greater cubic truncation than seen previously (with truncation factors
between 03 and Q6. Precipitation is more extensive, with particle sizes of about 8 nm.

Microstructural Analysis

The void and dislocation microstructures have been analyzed quantitatively to determine void
swelling, void density, void size distribution, and dislocation density. Table 2 summarizes the
information. Void swelling is measured based on the average truncated void shape with input
consisting of measurements in a <110> direction as recommended in reference 14. Mean void sizes
and void distributions are reported based on the equivalent sphere diameter for each truncated void.

Dislocation densities are based on the £ <111> and a<100> dislocations visible using g = 200 contrast,
but with the a<100= multiplied by a factor of three to correct for the invisibility of a[100] and
a|010] Burgers vectors. Figure 8 presents the void size distributions (reported as equivalent sphere
diameters). Based on Figure 8, it is apparent that the enhanced density change as reported in Table
1 is a consequence of enhanced void growth — the larger the largest voids, the higher the density
change.

Discussion

The results obtained in this study can be used to provide the basis for discussions on two topics: 1)
the reason for the high swelling resistance of ferritic alloys and 2) the cause of differences in
swelling response from irradiation in EBR-II and FFTFIMOTA. First, the present microstructural
results of importance will be summarized. Then, discussion will be provided relating those and
previous results on the Fe-Cr alloy series to the available explanations for swelling resistance.
Finally, differences in response in different reactors will be considered.
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Table 2. Summary of quantitative microstructural observations.

Code Allay Dose Swelling Mean Void Void Trunc- Dislocation density
{dpa) (%) Size Density atien (cm/em3)
{nm) (#/em3) facter
—  ———————— — —————————

65H4 Fe-3Cr 197.6 1.20 19.1 1.69x 19" 0.4-0.5 3111 1.25x10'"
2100 1.8x10"

66H4 Fe-6Cr 1983 6.07 477 6.8x10™ 0.6-0.% Jali 700
100> 2.8x10"

67H4 Fe-9Cr 1990 924 573 6.1x10" 08-1.0 <L 1.84x10™
a<100> 9 8x (0"

6AH4 Fe-12Cr 199.6 376 40 8 7.0%10™ 0.7-0.9 I<Iie- g 3x10"
a<100 4 1x10"

6NH4 Fe-15Cr 2004 221 249 1.85x10% 04-07 F<1tt= 86510
a=100 ,90x10™

6RH4 Fe-18Cr 201 1 254 15.0 4.0x10" 0.3-06 H N IS
a<100= § 1x10™

Explanation for low swelling in ferritic alloys

The present results provide confirmation from previous studies that void swelling develops in ferritic
alloys in much the same ways as in other crystal structures. Voids can nucleate uniformly along
with two types of dislocation loops, the voids can grow to sizes exceeding 200 nm, and the dislocation
structure can evolve into a network. As had been shown in previous studies, two types of Burgers
vectors developed, a<10(> and §<I [1>. The balance between these two Burgers vectors varies with
composition, hut large changes in this balance do not appear to significantly reduce swelling, an
ohservation also made in a companion study.‘s Also, itis shown that precipitation reduces swelling,
for example in Fe-3Cr and in Fe-12Cr to Fe-18Cr. It may well be significant that dislocation
populations in @' forming alloys include smaller loops along with a well developed dislocation
network. For example, the enhanced dislocation densities that result from the small loop population
may he responsible for reduced swelling.

Many of the models that have been developed to explain swelling resistance in ferritic alloys are
really arguments concerning the incubation dose for swelling. It must be remembered that the
modeling of swelling involves two stages, an incubation period followed by a steady state swelling
period. The incubation period includesthe void nucleation phase, and the steady state response only
applies after the microstructure of voids and dislocations stabilizes. For the purposes of this
discussion, those models that argue that ferritic alloys should have longer incubation periods, such
as those controlled by solute segregation or those that keep the incubation period indefinitely long,
will he ignored. This includes models by Little and Stow regarding segregation control,”* by Little,
Bullough, and Wood based on point defect bias between the a<100> and

%<11|> Burgers vectors at the exclusion of a bias to voids, and by Odette and others based on low
helium production, which delays void nueleation.®

The models that remain under consideration are therefore 1) an inherent crystal structure effect:
2) a sink strength effect,””.”* 3) a microstructural effect due to precipitation or lath structure: 4) a
bias effect on voids evidenced by changes in void shape due to segregation,’ and 5) reduced
dislocation mobility due to the presence of a<1((> sessile dislocations.’
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The present results have provided the highest swelling found in neutron irradiated ferritic alloys,
producing 7.4% at 200 dpa with an estimated rate of 0.1%/dpa in a simple Fe-$Cr alloy, which is
free of precipitation and suhgrain lath structure. This swelling rate is still very low in comparison
to 1%/dpa in austenitic alloys'® and 2%/dpa in some vanadium alloys.” Considering the above
models in reverse order, it can be noted that the present work has shown that the dislocation
network eventually evolves to one where nodes between dislocations with different Burgers vectors
become the voids themselves. In other words, such nodes do not actually exist because individual
dislocation segments terminate at void surfaces. Therefore, the junction of a<100> and 2<111>
Burgers vectors, although sessile, cannot reduce the ciimb of the dislocation network, and ferritic
alloys behave just like other systems where the voids eventually provide the sites for dislocation
network junctions. The present work also shows moderate variation in void shape from one alloy
to another with dodecahedral shapes dominating, whereas, at low dose, the void shapes were found
to he octahedra, with (111) facets dominating: so that a large change in void shape has developed
with increasing dose. Therefore, large changes in shape have occurred with increasing dose, but at
high dose, the void shape is relatively constant. It is true that for the highest swelling rate condition,
Fe-9Cr, the highest truncation factor is found, corresponding to voids of almost perfect
dodecahedral shape. However, the variations in shape do not seem to correlate directly with a
reduction in swelling response, and it appears unreasonable to expect that the flux of vacancies to
a void surface will he significantly reduced by a segregated layer. (Instead, the consequence would
be to increase recombination, in effect shifting the peak swelling temperature.) A model based on
precipitation or lath dislocation substructure cannot apply to the present simple alloys with large
grain size and negligible substructure before irradiation.

The sink strength ratio model is worthy of more careful consideration. Table 3 has been prepared
to summarize the sink strength ratio information that is available for Fe-Cr binary alloys in the
present series of irradiations. Table 3 includes estimates for swelling rate based on density change
measurements when they are available, but including TEM measurements, where the rate is defined
assuming zero swelling at 0 dpa. Microstructural information for mean void diameter, void density,
and total dislocation density (the sum of the a<100> and 2 <111> dislocation populations) is also
given. Finally, the sink strength ratio, Q, is calculated based on the expression from reference 12:

Q=L/4ngzv

where L is the total dislocation density, d is the mean void diameter, and N is the void density. The
values for sink strength in Table 3 are found to vary from 0.4 to 10, but the majority fall in the
range 0.8 to 6. Therefore, most of these microstructures correspond to sink strength ratios close to
1. It may be noted that the first four values for Q in Table 3 do not quite agree with those
calculated in reference 12 where the values reported were between 15 and 5.4.

The argument has been made that swelling resistance in ferritic alloys is a consequence of the fact
that the maximum cavity growth rate occurs when Q = 1, and that most microstructural
measurements on ferritic alloys indicated that the cavity number density is low, leading to a high
value for Q. The results shown in Table 3 indicate that at least for the simple Fe-Cr alloys in
the present experiment, Q values are indeed ~ 1, and yet, swelling rates remain an order of
magnitude below those of the higher swelling alloy classes. Therefore, ferritic alloys are indeed able
to generate microstructural conditions conducive for high swelling response, but swelling rates
remain low.
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Table 3. Evaluation of Sink Strength Ratio Values for Fe-Cr alloys for which steady state swelling
rates can be estimated.

Code Alloy Dose Swelling Rate Mcan Void Yoid Total Sink
(dpa) (%e/dpa) Sizal Density, N (#/m3) Dislacation Density, Strength
(nm} L Ratio, ()
{m/m3)

e r I r T — [ —_— 1 ]
6507 Fe-ACr 21 0.02 26.1 g 0ox10" 1.ox16" 08
6607’ Fe-6Cr 21 0.04 138 2.8x10% 2.1x10" 04
6707 Fe-9Cr 23 003 139 2 2x10% 7.0x10" 13
6A0T lFe-12Cr 21 0.06 303 425107 6 8x10" 09
65FT* Fe-3(Cr i3 0.0004 86 2.0x10% 1.1x10" 103
66FT' Fe-6Cr 15 001 122 1x 0™ 12x10" 09
67FT? Fe-9Cr 15 0,02 169 .2x10° 20xl0" 1.3
6AFT! Fe-12Cr 13 0.01 108 1.8x10" 4.7%10" 38
6NFT' Fe-15Cr 15 0.004 8.7 2.3x107% 22x10" 1.7
6RFT? Fe-18Cr s 0.006 89 ERTINE 2 §x1g™ 16
6514 Fe-3Cr 197.6 0.006 201 3 1x10% 3xio™ 08
66H4 Fe-6Cr 198.3 0.080 477 6.8x10™ 35x10™ 1.7
67H4 Fe-9Cr 199.0 0097 §7.3 6.1x10" 1.08x1D" 6.0
6AH4 Fe-12Cr 199.6 0.037 408 7 0x10% 49x10" 27
6NH4 Fe-15Cr 200.4 0.020 249 1.5x10% 17610 60
6RH4 Fe-i8Cr | 2013 0013 19.0 4.0x10% 9 8x10M 21 ]

Finally, a model based on the inherent atomic packing of the body centered cubic lattice is
appealing. The model predicts that the bias for vacancies to accumulate at voids is due to the
difference in bias factors for dislocations and voids, and that difference is greater in austenitic than
ferriticalloys." The present results provide the argument that swelling appears to develop normally
in simple ferritic alloys, but the swelling rates obtained remain low, in agreement with model
predictions. However, the model comes into question when trying to explain why alloys of V-5Fe,
which are also body centered cubic, can develop swelling rates in excess of 2%/dpa."”

Therefore, it must be concluded that it is not yet clear why swelling rates in ferritic alloys are low.
Different response in different reactors

When the swelling results for Fe-Cr simple binary are compared following irradiation in different
reactors, significant differences in response can be identified. Following irradiation in EBR-II to
19 dpa at 425°C, swelling as high as 0.68% was found in Fe-9Cr and 0.63% in Fe-12Cr based on
void measurements.' Following irradiation in EBR-II to 90 dpa at 425°C, swelling as high as 4.14%
was found in Fe-9Cr and 4.72% in Fe-12Cr based on density change measurements." In
comparison, following irradiation in FFTF/MOTA to 139dpa at 420°C, swelling of only 1.54% was
found in Fe-9Cr and 0.61% in Fe-12Cr based on density change measurements, as noted in Table 1.
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Also, furtherirradiation in FFTF/MOTA to 199dpa resulted in a swelling rate for Fe-9Cr that was
similar to that found in EBR-II, but with continued lower swelling in Fe-12Cr compared to Fe-9Cr,
2.83% versus 7.39%, based on density change measurements. Therefore, irradiation in
FFTF/MOTA at 420°C produces swelling response with a higher incubation and produces
significantly less swelling in Fe-12Cr than Fe-9Cr.

Comparison of the microstructures for Fe-12Cr in EBR-II and FFTE/MOTA shows further
differences. The a' development is much more extensive, and the dislocation structures are more
complicated, for the FFTF/MOTA case. The present results indicated that precipitation produces
the more complex dislocation evolution and leads to reduced swelling. Therefore, at least part of
the difference is likely due to enhanced precipitation of a' io FFTF/MOTA.

As FFTF and EBR-II are similar reactors with very similar neutron energy spectrums, it is unlikely
that differences are a consequence of different dose or transmutation responses. A more likely
explanation is an Uncertainty in irradiation temperature or differences in reactor temperature
cycling history. The a' precipitation process is temperature dependent such that more precipitation
is produced at lower temperatures. Therefore, the differences in response between Fe-9Cr and Fe-
12Cr could be explained by assuming that the EBR-II temperature was underestimated, by 30°C
or more. Note that temperatures io FFTF/MOTA were monitored by thermocouples. However, the
EBR-II irradiation employed a weeper design at 425°C without thermocouples, and temperatures
were usually estimated based on reactor sodium temperature measurements well away from the
irradiation test assemblies. Nonetheless, an error as large as 30°C is unexpected.

Although the difference in response as a function of composition can he explained by temperature
uncertainty, the difference in swelling incubation cannot. Swelling incubation is a measure of how
rapidly a steady state microstructure can develop. That microstructure is generated by nucleation
of dislocation loops and voids and then growth and evolution of those features into steady state
configurations. The nucleation process will govern that evolution, and nucleation is favored at lower
temperatures. Therefore, any operation helow the irradiation temperature could promote nucleation
and accelerate the approach to steady state swelling. It can be anticipated that the temperatures
were maintained more constant during operation in FFTF/MOTA than in EBR-IL. However,
startup and shutdown operations were more rapid in EBR-II due to required intermediate power
levels holds in FFTF. Such intermediate power level holds would provide slightly reduced weeper
temperatures, but the differences are not expected to cause significant nucleation of new
microstructure. Therefore, it is not yet clear that specific differences in reactor operations can be
identified to explain the differences found in swelling incubation response in the different reactors.
The irradiation of Fe-Cr simple ferritic alloys is being rerun in the most recent EBR-1T irradiation.
Those specimens will be examined to check for similar response.

CONCLUSIONS

Density change measurements and microstructural examinations have been performed on a series
of Fe-Cr alloys following irradiation in the FFTF/MOTA at 420°C to 200 dpa, and the results have
been compared with results on specimens irradiated to lower dose and on similar specimens
irradiated in EBR-II. The highest swelling of 7.4%, corresponding to a swelling rate of 0.097%/dpa,
is found in Fe-8Cr, but swelling representative of steady state swelling is found in all alloys except
Fe-3Cr, The microstructures in all conditions have been quantitatively analyzed, and estimates for
the sink density ratios have been shown to he approximately 1. Comparison with previous
experiments reveals that response is different in different reactors such that swelling is relatively
lower in Fe-12Cr and swelling incubation is larger for irradiation in FFTFIMOTA. Explanations
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are proposed that suggest that EBR-II weeper temperatures were higher than expected, but no
explanation is available to explain swelling incubation response. Comparison of microstructural
features with those found at lower doses provided the unexpected result that void shapes shift from
octahedra to dodecahedra as dose increases. Examination of proposed theories for the low swelling
rates found in ferritic alloys provided no completely acceptable explanation.

FUTURE WORK

This work will be continued when appropriate specimens become available.
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DATA BASE ON PERMEATION, DIFFUSION, AND CONCENTRATION OF
HYDROGEN ISOTOPES IN FUSION REACTOR MATERIALS - J. L. Brimhall,
E. P. Simonen and R. H. Jones, (Pacific Northwest Laboratory)*

OBJECTIVE

To assess the current status of the data base on permeation, diffusion and solubility
of hydrogen isotopes in selected fusion reactor materials. Both gas-driven and
plasma-driven permeation are considered.

SUMMARY

In evaluating fusion reactor performance, knowledge about permeation, diffusion and
concentration of hydrogen isotopes throughout the structure is of critical
importance. The data base on hydrogen isotope permeation in relevant fusion reactor
materials is reviewed in this report. Comparisons are made within alloys of the
same type as well as with all the other classes of alloys. Both gas-driven
permeation {(GDP) and plasma-driven permeation (PDP} are included. Data on GDP
behavior in Fe and Ni alloys are relatively consistent. In metals that have a high
solubility and/er are hydride formers, e.g., V, Nb, Ti, there is much more variation
in the data, and surface effects play a very dominant role. Permeation under plasma
conditions is less well understood as more variables enter the relationship, e.g., re-
emission phenomena, internal concentration gradients, radiation effects, etc. The
data show that materials do not necessarily rank in the same order under PDP
conditions as under GDP conditions. A summary of the factors that influence
permeation and the relative magnitude of their effect is given in the report.

TECHNICAL PROGRESS

Compilation of Hvdrpgen Ispiope Permeation Data

The basic relationship for gas permeation in metals is P = S x D. S is the
solubility given by S,exp{-E//kT) where S,,:K,,\’p for a diatomic gas and D is the
diffusivity given by Dgexp{(-E4/kT). The permeation rate is then given by P=P,exp(-
E,/kT) where Po=(84)(Dy) and Ey=Eg+E4. Data on the activation energies and pre-
exponential terms for permeation, diffusion and solubility of hydrogen isotopes in
relevant fusion reactor materials are compiled in Table 1. Diffusion, solubility and
permeation data are listed separately as most experiments determine one of the
components in permeation hut generally not all three. All possible data are not
listed but only a sufficient representation to indicate the range of values. In
general, the more recent data are represented. The temperature and pressure ranges
under which the data were obtained are also given where available. Some specific
comments regarding the experiments or data are given in the table under remarks.
The data in Table 1 primarily represent GDP. Those instances where activation

aPacific 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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energy was determined under PDP are noted in the table. Reviews of tritium
technology related to fusion, which have included permeability values, have been
published4l,46, This current review includes more recent data and presents a range of
data for particular metals and alloys.

Discussion of Permeation in Unirradiated Materials

The following section discusses GDP permeation data for materials of interest. The
extent of the data, expected reliability and/or uncertainties and the need for additional
data are discussed.

Austenitic _stainless steel

An extensive data base exists on hydrogen isotope permeation and diffusion in
stainless steel. Le Clairel compiled all the data up to 1982 and determined a
consensus value given by:

P =233 x 10-2 exp(-.68/kT)cc-Hz/cms atml/2. (1)

Approximately 75% of the data agreed with this relationship within a factor of 50%.
Differences in composition of the various austenitic stainless steels had little
systematic effect on the permeation value. The data represent permeation through
stainless steel with a “clean” surface. Results that tended to show significantly
lower permeation values were almost certainly due to an inhibiting surface oxide.
Much of these data were from earlier experiments where good surface control was not
practiced. A few data sets fall significantly above the values given by equation 1
and these are more difficult to rationalize.  The isotope effect in which the
permeation is inversely proportional to the square root of the mass has been
confirmed through comparison of the various data sets.

The temperature dependence of permeation is shown graphically in Figure 1. One
curve represents the consensus activation energy of 0.68 ¢V as determined by Le
Claire’ and the other represents the maximum activation energy reported of 0.84 eV4.
Because there is generally a compensating effect of a low P, term with a lower
activation energy, the absolute values are not too different except near very low
temperatures.

More recent measurements of hydrogen permeation in stainless steels have confirmed
the expression of Le Claire. For example, the permeation of deuterium in 316
stainless steel was found to obey the relations:

P=34x 102 exp(-.69)/kT, (2)

which is very close to the equation given by Le Claire. The units for P in all
equations are those given in equation 1.
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Figure 1. Hydrogen permeation in austenitic stainless steel based on the average

and maximum activation energies.

Ferritic allovs

Permeation in ferritic alloys has also been reviewed and compiled by Le Clairel, For
pure a-iron, a consensus of the hydrogen permeation data produces the relation:

P =29 x 10-3 exp(-.36/kT)} {3)

Permeation in ferritic steel alloys falls between the values for pure iron and the
austenitic stainless steels. Researchers at ANL!1 have determined the following
equation for tritium permeation in HT-9:

P =466 x 10-3(1/V3) exp(-.48/kT) (4)

The V3 factor accounts for the atomic mass of tritium. It was stated that the
expression is for a *‘clean” surface and that the permeation should be reduced by a

factor of 20 to 100 for an oxidized surface.

Tritium permeation specifically was measured in several ferritic alloys and the
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activation energy was in the range of 0.49 to 0.53 eV14, In the experiments, a small
amount of tritium was mixed with hydrogen at 1 atm pressure at the upstream side,
The partial pressure of tritium at the downstream side was essentially zero. The
temperature range extended from 200 to 750°C. A high pressure of hydrogen was
used as a sweep gas at the downstream side, so the tritium flux was counter current
to the hydrogen flux. The effect of this on the final results was not evaluated.

The temperature dependence is shown in Figure 2 for permeation in pure Fe and in
HT-9. The alloy shows about an order of magnitude lower permeation rate than pure
Fe with the difference increasing toward lower temperatures. As the data in Figure 2
and in Table 1 indicate, the ferritics have a much lower activation energy for
hydrogen diffusion, =0.1 eV, compared to the austenitics, 0.5 to 0.6 eV. This is
somewhat compensated by a higher energy of solution of 0.3 eV compared to that in
austenitics of 0.1 eV. The result is that the activation energy for permeation is
only slightly less. One study that used atomic hydrogen from a glow discharge gave
a much lower permeation activation energy, 0.13 eV10, ‘This is more properly the
activation energy for PDP.
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Figure 2. Comparison of hydrogen permeation in pure Fe with a ferritic alloy.
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Nickel-base allovs

Permeation rates of hydrogen in nickel-base alloys are very close to those in
austenitic stainless steels although the activation energies for diffusion are
somewhat lower than in stainless steel. The permeation rate is, however, lower than

that in pure nickel. In one study of hydrogen effects in Inconel alloys3, the
activation energy for permeation was 0.69 eV for Inconel 600 and 0.56 eV for
Inconel X, close to that of pure Ni. The temperature dependence is plotted in

Figure 3 comparing pure nickel and Ni-base alloys. In this case, the difference in
the absolute rate is also about an order of magnitude.
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Figure 3. Comparison of hydrogen permeation in pure Ni and in a Ni-base alloy,
Inconel 600.

Refractorv_metals: Vanadium. Niobium and Titanium

Permeation in vanadium is strongly influenced by surface films. Van Deventer et
al,2t determined hydrogen permeation in vanadium at relatively high pressures {0.01-
0.3 atm) and observed the permeation to decrease significantly with time.
Permeation rates remain relatively high if the vanadium is flashed periodically at
high temperatures in hydrogen. This presumably reduces the oxide film. For clean
surfaces, the permeability was approximately 10-4 ¢e-Ha/em.s.atm1/2 at 300°C.
Allowing for oxide film build-up reduces the permeability by about five orders of
magnitude.
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In a study of the effect of surface barriers on permeability in vanadium, the
permeability did not truly follow a p1/2 dependence!® for all pressures. The
permeability was linearly dependent on pressure at low pressure and square root
dependent on pressure at high pressures.  The activation energy varied from 0.3 to
0.73 eV with the activation energy increasing with decreasing pressure as shown in
Figure 4. The data indicated a sharp decrease in permeability at temperatures below
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Figure 4. Hydrogen permeation in vanadium determined under low and high pressure
conditions. Also shown is hydrogen permeation after sputter cleaning of the surface.

400°C. E,, is computed to he 238 eV in this low temperature range which seems

unrealistic. The permeation at low pressure in Figure 4 is hypothetical in that a pl?
dependence was assumed in order to compare the data. The activation energy varied
from specimen to specimen in this study, which was attributed to wvariation in
surface contamination Additional studies showed sulfur to also have an inhibiting
effect on hydrogen permeation in vanadium4s,

The most recent investigation of hydrogen diffusion in vanadium gives an activation
energy for permeation of 0.245 eV25. This result is also plotted in Figure 4. In
the experiment, the surface was sputter-etched prior to permeation, which can
account for the low activation energy and subsequent high permeation. There was
little inhibiting effect from a surface film. In this same experiment, the energy of
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solution was determined to be -0.31 eV, which indicates an exothermic reaction.
However, the overall permeation still showed a positive activation energy.

As is apparent from Table 1, there is considerable variation in the activation
energies for permeation in vanadium. Steward?4, in a review of hydrogen
permeability in pure metals, proposed the following equation for vanadium:

P =27 x 104 exp(.26/kT) (5)

Use of this relationship is questionable as it was derived from the product of the
diffusivity and solubility which were determined in completely separate
investigations.

According to equation 5, the permeability should decrease as the temperature
increases, which is contrary to behavior observed in most experiments.

The effect of a surface oxide on the permeability in vanadium is shown graphically
in Figure 5. The curve for the oxide is taken from Van Deventer et al.2?, At lower
temperatures, permeability of hydrogen can he reduced by more than seven orders of
magnitude when oxide films are present.
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Figure 5. Hydrogen permeation in vanadium comparing an oxidized surface with an
ion-sputtered surface

Vanadium does show an apparent anomaly in the permeation through the oxide layer.
A fresh oxide layer is relatively porous to hydrogen and it takes a certain amount of



90

time for the oxide layer to heal and become impervious. Such surface behavior is
not observed in similar metals like niobium and tantalum.

Burger and Morgan!d have reviewed the permeability of hydrogen isotopes in
niobium, a metal chemically similar to vanadium. The temperature dependence of
the permeation rate was considerably different at low temperatures compared to high
temperatures. Results could not he interpreted as a simple diffusion-controlled
process. Surface oxide films were observed to have a dominant effect.

Sputter cleaning of the surface was used in more recent permeation experiments from
which the temperature dependencies shown in Figure 6 were derived. Also shown is
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Figure 6. Hydrogen permeation in niobium illustrating the different activation

energies in different temperature regimes.

the curve based on high temperature permeation experiments. Sputter cleaning was
much more effective in increasing the permeation rate than vacuum annealing of the
surface.  Sputter cleaning was also more effective at higher temperatures. The
permeability decreased at a faster rate helow 400°C as indicated by the dotted line in
Figure 6, hut there was no attempt by the authors to establish an activation energy
helow 400° C.  This behavior is similar to that observed in vanadium. In these
particular experiments, the authors concluded that both adsorptionldesorption and
hulk diffusion processes controlled permeation hut that the former were dominant.
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The equations for permeation show the expected negative temperature dependence
(positive activation energy). Steward, however, gives an expression for niobium
which shows a positive temperature dependence for hydrogen permeability similar to
that for vanadium?24, However, it was also calculated from independent measurements
of solubility and diffusion and must he suspect.

There are extensive studies of the behavior of hydrogen in titanium, most of which
deal with solubility effects. Under most conditions, permeation is essentially
surface controlled except at very high temperatures. Because of the surface effects, a
square root dependence is not observed. An expression of the type:

P=47 x 104 X p x exp(.65/kT) ¢c-Hy.atm/cm?i's (8)

has been proposed for hydrogen permeation in titanium33,  This equation was
determined for data obtained over the temperature range 400-800°C and a pressure
range of 5 x 10-6 to 2 x 10-3 atm(0.5-200 Pa). Titanium also shows a negative
activation energy for solution of hydrogen similar to vanadium and niobium.
Tritium and deuterium have been observed to segregate near the surface regions in
fitanium98,  The permeation of tritium in elements such as titanium is further
complicated by the fact that hydrides (tritides) are stable.

Molvbdenum. Bervllium and Tungsfen

The most recent data for pure molybdenum show a permeation rate similar to that of
stainless steel although the solubility of hydrogen is greater in molybdenum3¢,
TZM, which is molybdenum alloyed with titanium and zirconium, showed a higher
permeation activation energy than pure molybdenum33, Even though the amount of
Ti and Zr in TZM is small, it is sufficient to cause the solution reaction to be
exothermic.  This study also indicated that the diffusion activation energy was
significantly greater for deuterium than for hydrogen. It is generally believed that
the isotope effect is only important in the pre-exponential term. Figure 7 shows the
temperature dependence for several reported activation energies. Permeation in the
TZM alloy is not appreciably different from pure Mo.

Hydrogen isotope behavior in beryllium appears to be poorly understood at the
present time. No direct measurement of permeation has been made but reported
values of activation energy for diffusion range from 0.19 to 1.0 eV 3%41,4245
Activation energies for solution ranged from zero to 1.0 eV3% 40, A recent study of
diffusion in beryllium concludes that the diffusion behavior is very dependent on the
purity of the material being tested®™. The activation energy of 029 eV for extra
high purity was somewhat lower than the 0.36 ¢V for commercial purity.
Temperature dependence of permeation has been calculated from the available
diffnsivity and solubility data and is shown in Figure 8. These curves are drawn
merely to show the wide disparity in results. Definitive experiments have yet to be
done on permeation behavior in beryllium.

Only high temperature permeation experiments have been carried out on tungsten.
Permeation curves representing the range of reported activation energies are shown in
Figure 9. Although the reported permeation activation energies are close, there is a
large difference in the reported diffusion and solution activation energies as noted in
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Table 1. Extrapolating the curve with the lowest activation energy in Figure 9 to
lower temperatures indicates extremely low permeabilities at temperatures less than
400°C.

Overall Comoarison of Materials

The temperature dependence of permeation for all the selected materials is compared
in Figure 10 using the relationships shown in the preceding figures. Beryllium is
not shown as interpretation of the data is still quite uncertain. Since titanium did
not show the square-root pressure dependence, the permeation is plotted for a
particular pressure, 1 atm. The temperature dependence can he compared in this case
but the units of permeation can not he compared directly with the other materials.
All of the curves shown are based on GDP experiments. The iron base, nickel base
and molybdenum alloys show similar permeation behavior, although at low
temperatures, permeation in the ferritic alloys is more than an order of magnitude
greater than in stainless steel. Permeation in niobium and vanadium is more than
three orders of magnitude greater than im stainless steel.
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Permeation behavior in elements of the class vanadium, niobium, titanium shows
the most scatter in the data. To represent these alloys, conditions most applicable
to fusion were used to construct the curves. Surface behavior has such a dominant
effect that it is apparently difficult in these materials to evaluate the inherent
solutionldiffusion behavior that constitutes permeation. Most studies related to
fusion have been on vanadium and show that if no surface film is present,
permeation will he very high.

Effect of Radiation on Permeation

Particle irradiation

Only a few reports have been found that have measured permeation during irradiation.
Polosuhin et al.? have measured hydrogen permeability in stainless steel during
reactor irradiation. The temperature ranged from 200-800°C in a pressure of 0.7
MPa. The neutron flux was 1.6 x 1014 n/cm2.s, Permeation increased during
neutron irradiation and the effect of the irradiation was greater at lower temperatures.
The data of Polosuhin et al. are shown in Figure 11 relative to the consensus
permeation curve compiled by Le Claire'. Polosuhiu et al. also claimed that
hydrogen diffusion in stainless steel was greater in the presence of neutron
irradiation and in fact the enhancement due to radiation was greater for diffusion than
for permeation.

In an apparent contrary result, Dobrozemsky and Schwarsingers? observed that
hydrogen diffusion in stainless steel during irradiation in-reactor was slower than
without irradiation by about 10%. In some earlier experiments, these same authors
had claimed an enhancement of permeation and diffusion due to irradiations'. They
postulate that any radiation enhanced permeation is related to a surface effect rather
than hulk effect. Earlier work by the same authors indicated irradiation-induced
desorption of hydrogen from the surface of stainless steel.

Enhanced diffusion of deuterium through a stainless steel membrane was observed
when hombarding with carbon ions %%, The enhancement was very small, however,
amounting to only several percent.

Some post-irradiation studies have also been done. The diffusivity of hydrogen in
stainless steel after neutron irradiation to 1 x 1017 n/em? at 100°C was about 113
that of unirradiated steel33. The difference was in the pre-exponential term as the
activation energy was the same. Solubility of hydrogen, however, was lower by two
orders of magnitude in the irradiated material. Repulsion of the atomic hydrogen by
the radiation defects such as self-interstitials was proposed as a mechanism.

Pre-irradiation of molybdenum with neutrons decreased subsequent hydrogen
permeability by about 20% with about a 10% increase in the activation energy3?.
The dose was low, 3 x 10%5 to 1x 1017 n/em2, and a very low hydrogen content was
used. No plausible explanation of the results was given. Neutron irradiation was
found to have no effect on tritium diffusion in zirconium; however, the dose of
1014 n/em? was extremely low34,

Absorption and desorption rates of hydrogen from titanium were greater after
irradiation to 6 x 102! n/em? at 450-600°C, although the activation energies
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were similar to unirradiated titanium35, This was believed to he due to an excess
solubility of hydrogen in irradiated titanium. It was claimed that up to 100
hydrogen atoms per defect could exist in the irradiated material

Gamma irradiation

The evidence is sparse, but several studies indicate that gamma radiation has a very
small or no effect on hydrogen isotope permeation in metals. One study by Causey
et al.3¢ shows no effect at all from gamma radiation. Another study by Longhursts?
shows a slight increase in the permeation rate during gamma irradiation. If the
surfaces are highly oxidized, the data become very scattered and any effect is difficult
to detect. This indicates that gamma irradiation primarily affects surface-related
phenomena.

Plasma Driven Permeation (PDP)

In this phenomenon, the hydrogen isotope is ionized and implanted into the material
to a depth dependent on the energy and mass of the ion. It is a process which has
direct application to fusion energy. Once the isotope is implanted in the material it
can diffuse out through either surface. Diffusion out through the implantation
surface is more often referred to as re-emission. Permeation is specifically reserved
for migration and release from the opposite or downstream surface. A number of
reports have addressed the issue of plasma effects im tritium permeation in fusion
reactorsl2 41, 58-60,

PDP is different than GDP in that no surface reaction process is required at the
upstream surface to dissolve the hydrogen isotope. In typical gas-driven permeation
experiments, the gas molecules must dissociate at the surface, dissolve into the
metal structure as an atomic species and subsequently diffuse through the material.
At the other surface, the process must he reversed with the atoms recombining and
escaping from the surface. Although the gas is driven into the matrix in PDP,
recombination to the molecular form at the exit surface can still he important in
eontrolling the overall permeability. PDP is also complex, in that there is an
internal concentration gradient and radiation damage is occurring simultaneously
with the implantation of the hydrogen isotope.

As mentioned above, the recombination rate at an exit surface can he significant in
PDP. Baskes!? has calculated the surface recombination rate constants and predicted
the regime over which recombination or diffusion will he rate controlling. In
general, for endothermic metals (Fe, Ni, Mo) diffusion is rate controlling at low
temperatures and in exothermic metals (Ti, Nh, ¥) recombination is rate controlling.
The concepts have been further developed and estimates of tritium inventory and
release through the first wall have been made4l. 58, One of the results of the analyses
is that E, under PDP for endothermic metals should he closer to 1/2(E4+E() rather
than equal to Eg4+Eg as is the case for GDP. However, an attempted fit of the data

available at that time to verify this relationship was not goced41,

As the hydrogen or tritium ion is driven into the metal, the solubility term, S, in
the permeability relationship, P= § x D, should he less of a factor and the activation
energy should be closer to that for diffusion. The hydrogen diffnsivities of the
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selected materials have been plotted in Figure 12 using data from Table 1. The
relative values can he compared to the permeabilities in Figure 10. An average was
used when more than one value of activation energy was available. Some distinct
differences are observed when rating materials on diffusivities compared to
permeabilities.  The diffusivities of hydrogen in niobium and vanadium are much
higher than those in stainless steel or nickel base similar to that observed for
permeahilities.  However, the diffusivity in ferritic alloys is much higher than in
stainless steel and comparable to vanadium. Molybdenum also shows a significantly
higher diffusivity relative to stainless steel. Two curves are shown for diffusivity

in titanium.  The higher diffusivity (smaller Ep) is for p-Ti and is comparahle to
vanadium and niobium. a-Ti apparently has a significantly lower diffusivity.

A Russian study directly compared hydrogen permeation under both GDP and PDP
conditions®l,  Permeation was always greater under PDP conditions hut the
magnitude of the effect depended on the material. Permeation under glow discharge
conditions with energies up to 500 eV (PDP) was more than two orders of magnitude
greater than GDP in molybdenum at temperatures <4s50°C, However, in nickel, PDP
was only a factor of two greater than GDP. These results are shown graphically in
Figure 13. This trend is similar to that observed when comparing diffusion rates
with permeation rates in that the diffusion rate relative to the permeation rate was
greater in molybdenum than in nickel. These studies demonstrate that comparisons
of permeabilities in materials based on CDP experiments can be quite different than
those based on PDP experiments.

More recent data seem to show that the activation energy for PDP is closer to that
for diffusivity alone. In pure iron, an activation energy of 0.13 eV was reported for
a PDP experiment!® which is close to that of 0.15 reported for the diffusion
activation energyl!d,  Some specific experiments were done on molybdenum which
showed the temperature dependence of diffusivity using atomic hydrogen was the
same as that for the permeability using gaseous hydrogen62. However, in pure
nickel, the activation energy for permeation was 0.14 ¢V!7 in an implantation
experiment, whereas the activation energy for diffusion was reported to be
20.4 V3,18, There was no apparent explanation for the very low value in the
implantation experiment. More definitive experiments on other materials need to he
done.

In PDP, a permeation spike is generally observed in which there is a rapid initial
increase to a maximum followed by a slower decrease to steady state 41,63.64, The
initial increase is attributed to normal diffusion through the specimen. The decrease
occurs when re-emission becomes significant. As more hydrogen is re-emitted, there
is less that permeates through the specimen. This re-emission increases as the
surface is cleaned by the implanting ion. Such an explanation is consistent with the
observation that the permeation decreases with increase in ion energy up to several
hundred eV%3, Higher energy ions become more efficient as sputter cleaning of the
surface occurs. In one experiment, the plasma was doped with CHy4 which increased
the permeation ratess,  The explanation was that the carbon collects at the
bombardment surface, thereby retarding re-emission, and hence permeation through
the specimen is increased.
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This spike phenomenon is temperature dependent. In experiments using 20 ke¥ D
ions, the spike effect was most pronounced in the temperature range 200-420°C66. |t
was less at 100" C and not observed at all at 700" C. The reasoning is that at low
temperature, diffusion is limiting permeation and at very high temperatures, the
thermally-induced surface desorption is comparable to radiation-induced desorption.

PDP studies on different alloys have shown variation in behavior. The permeation
spikes have been observed in stainless steel, hcc ferritic alloys, vanadium and
molybdenum®?, At steady state, approximately .02% of the implanted deuterium was
permeating through stainless steel and about .09% permeating through HT-9. In
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vanadium, however, about 15% of the implanted deuterium permeated through the
material. This reflects the much higher diffusivity of hydrogen isotopes in
vanadium. The diffnsivity did appear to slow down with time in vanadium which
was attributed to hydride formation. It was estimated that there was about 2000 ppm
of deuterium in vanadium at steady state.

A complicating factor with PDP is the simultaneous radiation damage that can be
introduced if the energy of the ionized atoms is high enough. Most of the effort has
been centered around the role of trapping by the radiation-induced defects. It is
believed by some that radiation-induced traps have no effect on the eventual steady
state permeation rate but do control the time to reach steady state4!. This is anm
important issue as the time to reach steady state could exceed the life of the reactor.
The Russian study6! attributed the greater effect of PDP in molybdeuum to
differences in the type of radiation damage and the way hydrogen interacts with
radiation defects.

In a study of PDP of deuterium in stainless steel, pre-bombardment with He ions
retarded subsequent deuterium permeation®8, The effect saturated after a certain He
concentration level was reached. Simultaneous He ion bombardment also reduced the
permeation rate. The rate decreased rapidly initially and then slowly decreased.
When the He beam was cut off, the permeation increased although it did not reach
the pre-irradiation values. The reasoning was as follows. The initial decrease is due
to trapping at vacancies and He-vacancy complexes. The slow decrease is due to
trapping at loops, bubbles, clusters, etc. The increase in permeation when the He
beam is cut off results from the removal of the vacancy traps. It could not he
definitely resolved whether the reduction in permeation due to pre-implantation of He
was due solely to implanted He or to the residual radiation damage.

Strong binding of deuterium atoms to He bubbles in stainless steel has been
proposed based om another study®®. The experiments were done at low temperature
(200" C) and the trap strength was estimated at 0.22 eY, The binding was similar to
free surface absorption although the bubbles were only of 1 nm in size. There was
also a suggestion of deuterium-vacancy binding.

In the Russian study mentioned earliert!, additional radiation damage was introduced
by simultaneous bombardment with inert gas ions during the PDP experiments.
Simultaneous bombardment with inert gas ions increased the permeation rate in
molybdeuum but actually decreased the rate in nickel. It was postulated that the
high sputtering rate of nickel due to the inert ions caused a high re-emission rate of
hydrogen. A high re-emission rate results in a low permeation rate. Molybdenum
has a low sputtering rate so re-emission was less and the enhancement of the
permeation due to irradiation more than compensated for the low re-emission.

CONCLUSIONS

There are many factors that will influence permeability in actual operation of a
fusion reactor. Factors will he more or less important depending on the particular
material. Table 2 lists the important factors in the permeation of hydrogen isotopes
along with a brief explanation of how these factors affect permeation and the relative
magnitude of the effect.
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For the common iron and nickel-based alloys as well as for some refractory metals
such as molybdenum and tungsten, permeabilities and permeation behavior are fairly
well established. Metals such as vanadium, titanium and niobium have a high
inherent permeability, but the permeation rate is generally dominated by the surface
film. For this reason, these materials can show a wide divergence in the reported
permeability values. The permeation data on beryllium also show much variation
for reasons not well understood. More studies need to be done on beryllium to get
reliable data. The data base on PDP is limited and fragmented, primarily because
many different types of experiments have been done. The proper choice of activation
energy for PDP is not well established. Based on available data, rankings of
materials based on GDP experiments may be misleading for fusion application,
particularly for materials in which the solubility is the dominant effect in
permeation. For some materials such as vanadium, permeability is very high under
both GDP and PDP conditions.

FUTURE WORK

This review of the data on permeation of hydrogen isotopes in fusion materials is
considered to be complete with this report.



Table 2

Surface Condition

Finite surface film

Surface Composition/Structure

Surface roughness
Radiation

Trapping by defects

Radiation enhanced diffusion

Sputtering

Isofope Untake

Solution from gas phase

lon implantation

Alloy Chemistrv

Overall Composition

Hydride formation

Impurity Trapping

Environmental Effects

Pressure effects

Temperature

Isofope Composition
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Factors Influencing Permeation

Influence

Retards permeation, particularly strong in
materials with high inherent permeability

Affects recombination rate, k. Strong influence in
PDP

Effect not well studied, probably affects k

Transient influence, retards permeation by
increasing time to reach steady state

Apparently not a strong effect except possibly at
low temperatures and for stainless steel

Has strong effect by removing surface film

Dependent on gas pressure

Independent of pressure, reduces or eliminates
soluhbility term

Not strong as long as there is no phase change

May be strong, eventually decreases permeability

Not well known, effects may be neutral over long
time

Solubility dependent on pressure, not important in
PDP

Arrenhins temperature dependence, mechanism can
change in different temperature regimes

Competition effects between isotopes not well
studied but may be important. Mass effect is well
known
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6.0 DEVELOPMENT OF STRUCTURAL ALLOYS

6.1 Ferritic Martensitic and Bainitic Steels






DEVELOPMENT OF LOW-CHROMIUM, CHROMIUM-TUNGSTEN STEELS FOR FUSION --
R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory)

OBIJECTIVE

The goal of this study is the development of reduced-activation ferritic steels.

SUMMARY

High-chromium (9-12% Cr) Cr-Mo and Cr-W ferritic steels are favored as candidates for fusion
applications. In the early work to develop reduced-activation steels, an Fe-2.25Cr-2W-0.25V-0.1C steel
(designated 2 1/4Cr-2WV) had better strength than an Fe-9Cr-2W-0.25V-0.07Ta-0.1C (9Cr-2WVTa) steel
(compositions are in weight percent). However, the 2 1/4Cr-2WV had less-than-adegnate impact
toughness, as determined by the ductile-brittle transition temperature and upper-shelf energy of a Charpy
impacttest. Because low-chromium steels have some advantages over high-chromium steels, a program to
develop low-chromium steels is in progress. Microstructural analysis indicated that the reason for the
inferior impact toughness of the 2 1/4Cr-2WV was the granular-bainite microstructure obtained when the
steel was normalized. Propertiescan be improved by developing an acicular bainite structure by increasing
the cooling rate after austenitization. Alternatively, acicular hainite can be promoted by increasing the
hardenability. Hardenability was changed by adding small amounts of boron and chromium to the 2 1/4Cr-
2ZWV composition. A combination 0f B, Cr, and Ta additions resulted in low-chromium reduced-activation
steels with mechanical properties comparable to those of 9Cr-2WVTa.

PROGRESS AND STATUS
Introduction

Ferritic steels have been candidate structural materials for first wall and blanket structures of fusion power
plants since the late 1970s when fast-reactor irradiation showed them to be more swelling resistant than
austenitic stainless steels. They also have higher thermal conductivity and lower thermal expansion
coefficientsthan austenitic steels, thus providing improved resistance to thermal stresses for a fusion power
plant operating in a pulsed mode. The first femtic steels considered in the U.S. program were Sandvik
HTS (nominally 12Cr-1Mo-0.25V-0.5W-0.5Ni-0.2C, here designated 12Cr-1MoVW) [1] and modified 9Cr-
1Mo steel (9Cr-1Mo-0.2V-0.06Nb-0.1C, designated 9Cr-1MoVND) [2). To a lesser extent, 2 1/4Cr-1Mo
(2.25Cr-1Mo-0.1C) was also considered [3]. All compositions are in weight percent.

During the mid 1980s, fusion programs throughout the world began to emphasize the development of
"low-activation" or "reduced-activation" femtic steels [4-6]. The difference between these steels and
conventional steels is how rapidly the induced radioactivity in the reduced-activation steelsdecays. For that
reason, the steels have also been referred to as fast induced radioactivity decay (FIRD) steels[4]. In FIRD
or reduced-activationsteels, alloying elements that produce long-lived radioactive isotopes during neutron
irradiation are eliminated or replaced. Elementsthat must be eliminated or minimized include Mo. Ni, Nb,
Cu. and N. In the FIRD steels, tungsten replaced molybdenum to produce Cr-W steels as alternatives to
the Cr-Mo steels; small amounts of tantalum replaced the niobium.

Just as work on conventional steels emphasized high-chromium Cr-Mo steels, development of reduced-
activation steels has concentrated on chromium levels between 7 and 10wt.% [4-6]. Initial studies at Oak
Ridge National Laboratory (ORNL) were on steels with 2.25 to 12% Cr [7-91. Of the original eight
ORNL steels studied (Table 1), a 2 1/4Cr-2WV steel had the highest strength [7]. However, the impact
toughness of 2 1/4Cr-2WV, as measured in a Charpy test, was inferior to that of a 9Cr-2WVTa steel [9].
The 9Cr-2WVTa had comparable tensile properties [4] and superior Charpy impact properties [9] to those
of 9Cr-1MoVNb and 12Cr-IMoVW,
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Table 1. Nominal Compositions for Fast Induced-Radioactivity Decay Steel Development Program

Steel Nominal Chemical Compositiond (wt %)
Cr W \% Ta C

2 1/4Cr¥Y 2.25 0.25 0.1
2 1/4Cr - 1WV 2.25 1 0.25 0.1
21/4Cr - 2W 2.25 2 0.1
2 14Cr - 2WV 2.25 2 0.25 0.1
5Cr - 2WV 5 2 0.25 0.1
9Cr - 2wV 9 2 0.25 0.1
9 0-2WVTa 9 2 0.25 0.07 0.1

_12Cr - 2WV 12 2 0.25 0.1
4 Balance iron

An important property for ferritic steels is the effect of irradiation on impact toughness. Charpy specimens
of the 9Cr-1MoVNb and 12Cr-1MoVW steels irradiated to 13 dpa at 400°C in the Experimental Breeder
Reactor (EBR-II), a fast reactor, showed increases in the ductile-brittle-transition temperature(DBTT) of 52
and 124°C, respectively [10]. The $Cr-2WVTa irradiatedto 13dpa in the Fast Flux Test Facility (FFTF),
also a fast reactor, developed an increase in DB'IT of only 15°C [11].

Despite the excellent behavior of the 9Cr-2WVTa, there are advantages for low-chromiumsteels [12}. It
might he possible lo use a low-chromium steel without a post-weld heat treatment, an important
consideration for a complicated structure, such as a fusion power plant. A bainitic steel might also be used
without tempering. an economic advantage. Finally, a low-chromium steel would conserve chromium, a

strategic material.

Although relatively modest shifts in DBTT occurred for 9Cr-IMoVNb and 12Cr-1MoVW after irradiation
in the fast reactors EBR-II and FFTF,much larger shifts (>200°C) were observed when irradiated N the
High Flux Isotope Reactor (HFIR), where displacement damage is accompanied by transmutation helium
formation in the steels {13]. Helium is produced by an (n,a} reaction of nickel with the thermal neutrons in
the mixed-spectrum of HFIR. By irradiating nickel-doped and undoped steels in HFIR and EBR-II, the
difference in behavior in the two reactors was attributed to the larger amount of helium produced during
irradiation in HFIR. Helium was concluded to promote intergranular fracture {13]. This result is
important, because the high-energy neutrons from the fusion reaction will produce large amounts of
transmutation helium in the fist wall of a fusion power plant.

To minimize the effect of helium in austenitic stainless steels, microstructures were developed with a high
number density of fine precipitates [14]. For such a microstructure, the transmutation helium formed
during irradiation is trapped at the matrix/precipitate interface of the tine precipitates. Because of the large
number of precipitates, the helium is widely distributed, and the high number density of small bubbles that
form suppresses swelling. Elevated temperature helium emhrittlement is also inhibited because the
precipitates prevent helium from migrating to grain boundaries {15]. A similar process might be effective
in the ferritic steels to minimize the effect of helium on the shiftin DBIT.

The 9Cr-2WVTa has a fairly low number density of precipitates, which are mainly relatively large M73Ce,
with a lesser number of smaller MC particles [Fig. 1(a)) [8]. Figure 1{b) compares the high number
density of fine precipitates in the 2 1/4Cr-2WV to the precipitates in $Cr-2WVTa. The high density of
fine precipitates in the 2 1/4Cr-2WV are vanadium-rich MC precipitates {8]. The precipitate number
density and tyje of precipitates in 9Cr-2WVTa are similar to those in 8Cr-1IMoVND and 12Cr-1IMoVW,
which showed the effect of helium on propertieswhen irradiated in HFIR [13,16]. The My3Cg precipitates
are generally large and of low number density. MC particles are present in the high-chromium steels. but
in much lesser amounts than the M73Cg. The number of precipitates in these steels is probably too small
to be effective in trapping the helium during irradiation. Figure 1{b) indicates that it may be possible to
develop a high density of precipitatesin a low-chromium steel. Of course, to be successful it will also be



Fig. 1. A comparison of the precipitate microstructures of (a) 9Cr-2WVTa and (b) 2 1/4C4-2WV steels
aftera normalizing and tempering heat treatment
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necessary to develop a steel with improved impact toughness in the unirradiated condition over that for
2 1/ACr-2WV,

Experimental Procedure

Eight electroslag-remelted heats of FIRD steel with the nominal compositionsin Table 1 were prepared by
Combustion Engineering, Inc., Chattanooga, Tennessee. These steels were used in the original ORNL
studies on reduced-activation steels [7-9], and the results from those previous studies are the basis for the
work discussed in this paper. The tensile and Charpy tests on those steels were primarily on specimens
taken from 0.76-mm-thick sheet [8] and 15.9-mm-thick plate [9], respectively.

For the present study, 450-g vacuum arc-melted button heats were made. Table 2 lists melt compositions
and designations of the steels. which were variations of 2 1/4Cr-2WV. Material from the 2 1/4Cr-2WV
heat was used as starting stock, and Ta, B. and Cr were added, with desired additions being 0.07% Ta,
0.005% B, and 0.25% Cr. Table 2 also includes melt compositions for 2 1/4Cr-2W, 2 1/4Cr-2WV, and
9Cr-2WVTa from the original study [7]. since these will be used for comparison. Although the original
heats were designated as 2 1/4Cr steels (they were. patterned after 2 1/4Cr-1Mo steel), the actual chromium
compositionsof 2 1/4Cr-2W and 2 1/4Cr-2WV were =2.4 wt. % (Table 2).

Table 2. Chemical Composition of Steels

Steel C Si Mn P S Cr \ W Ta B

2 1/4Cr-2WVTa 0.10 0.12 040 0.016 0.006 241 024 203 0.05

2 1/4Cr-2WVB 0.090 0.12 0.38 0.015 0.007 237 024 204 0.005
2 14Cr-2WVYTaB 0.092 0.12 0.38 0.015 0008 236 0.24 2.04 0.05 0.005
2.6Cr-2WVTa 0.11 0.11 039 0014 0009 259 025 202 0.05
2.6Cr-2WVTaB 0.11 0.11 0.39 0.014 0008 260 0.25 207 0.05 0.004
2 1/4Cr-2W 0.11 0.15 0.39 0.016 0.006 2.48 1.99

2 1M4Cr-2WV 0.11 020 042 0.016 0006 241 024 1098

9Cr-2wWvTa 0.10 0.23 0.43 0.0i5 0.005 8.72 0.23 2.09 0.07

Half of each 12.1 X 25.4 x 127 mm ingot was hot rolled to 6.4 mm and half to 0.76 mm. Tensile
specimens 44.5-mm long with a reduced gage section of 20.3 X 1.52 x 0.76 mm were machined from the
0.76-mm sheet; gage lengths were parallel to the rolling direction. One-third size Charpy specimens 3.3 X
3.3 X 25.4mm with a0.51-mm-deep 30" V-notch and a 0.05- to 0.08-mm-root radius were machined from
the 6.4-mm plate. Specimens were taken along the rolling direction with the notch transverse to the
rolling direction.

Normalized-and-temperedspecimenswere tested. The 0.76-mm sheet tensile specimens were heat treated
directly, and the Charpy specimenswere taken from the heat treated 6.4-mm plate. All of the new heats, as
well as the 2 1/4Cr-2WV and the 9Cr-2WVTa were normalized by austenitizing 0.5h at 105G°C, followed
by a rapid cool in flowing helium. The 2 1/4Cr-2W was austenitized 0.5 h at 900°C. A higher
austenitizing temperature was used for the steels with vanadium and tantalum to ensure dissolution of V-
and Ta-rich carbides. Material for the Charpy specimens of 2 1/4Cr-2W, 2 1/4Cr-2WV, and 9Cr-2WVTa
were heat treated in two different forms: as 15.9-mm plate [9] and as 113-size Charpy specimens.
Specimens heat treated in the latter geometry will be used for comparison with the new steels heat treated
in the 6.4-mm plate. All steels were tested after tempering 1 h at 700°C and 1 b at 750°C.

Room temperature tensile tests were conducted in vacuum on a 44-kN-capacity Instron universal testing
machine at a nominal strain rate of 4.2 x 10-4/s. Charpy tests were carried out in a pendulum-type impact
machine specially modified to accommodate subsize specimens[17]. The absorbed energy values were fit
with @ hyperbolic tangent function to permit the upper-shelf energy (USE) and ductile-brittle transition
temperature (DBTT) to be evaluated at the energy midway between the upper- and lower-shelf energies.
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Fig. 4. Schematic representation of (a) isothermal transformation diagram that shows upper-and lower-
bainite transformation zones and (b) continuous-cooling transformation diagram that shows zones
for the formation of three morphological variations of bainite.
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RESULTS AND DISCUSSION

5 ¢ ies, of original ]

Charpy properties of the 2 1/4Cr-2W, 2 1/4Cr-2WV, and 9Cr-2WVTg steels from the original eight ORNL
heats of steel were determined on specimens taken from normalized-and-tempered 15.9-mm plate. After this
heat treatment, the 2 1/4Cr-2WV contained =20% polygonal ferrite and 80% hainite, the 2 1/4Cr-2W
contained 100% bainite, and the 9Cr-2WVTa contained 100%martensite [7]. Microstructures of the
normalized-and-temperedOyv76-mm-thick tensile specimens were 100%bainite for the 2 1/4Cr steels and
100%martensite for the 9Cr-2WVTa steel {7]. Properties for these steels in these heat-mated condition are
given in Table 3.

Table 3. Tensileand Charpy Impact Properties of Three of the Original Steels
and a Ta-Modified Low-chromium Steel

Room Temperature Tensile Strength (MPA)

Tempering Elongation DBTT Use
Steel® Temperature YS UTS (%) 0 )]
0O

Charpy Specimens of Original Heats Heat Treated as 15.9 mm Plate

2 1 ACr-2W 700 594 677 9.5 48 9.6

2 14Cr-2WV 750 684 758 9.8 0 9.7

9Cr-2wWvTa 750 645 784 1.9 -78 9.7

Charpy Specimens of Original Heats Heat Treated as 3.3 mm Bar

2 1/4Cr-2W 700 594 677 9.5 -56 11.5
750 554 626 13.2 -71 10.1

2 VAC-2WV 700 889 978 75 -9 7.0
750 684 758 9.8 -52 11.0

9Cr-2WVTa 700 823 955 6.6 -43 7.5
750 645 784 7.9 -80 10.1

Mechanical Property Data for Tantalum-Modified2 1/4Cr-2WV Steel

2 1/4Cr-2WVTa 700 908 979 7.9 -10 9.2

750 621 716 10.6 -65 13.8

#Nominal compositions: Cr, Mo, and W as indicated in designation: V=0.25%; Ta=0.07%

It was concluded that the inferior impact toughness of the 2 1/4Cr-2WV (Table 3), as measured by the
ductile-brittle transition temperature (I2BTT), was caused by the ferrite in the microstructure [18}). Table 3
also gives the Charpy properties after the three steels were heat treated in the 1/3-size Charpy geometry
(3.3-mm-square bars) to produce 100%bainite in the 2 1/4Cr-2WV. The 2 1/4Cr-2W and 9Cr-2WVTa
were again 100%bainite and 100%martensite, respectively. Although the Charpy properties of 2 1/4Cr-
2WV improved after this heat treatment, the properties were still not equivalent to those of 2 1/4Cr-2W and
9Cr-2WVTa, which showed little change after being heat treated in the smaller geometry (compare the
properties after similar tempering treatments--700°C for 2 1/4Cr-2W and 750°C for 2 1/4Cr-2WV and 9Cr-
2WVTa).

Tantalum effect

It was originally concluded that the 9Cr-2WVTa had better Charpy properties than 9Cr-2WV (tensile
properties were similar) because the grain-refining effect of the tantalum [7-9). Therefore, a 2 1/4Cr-
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2WVTa heat with =0.05% Ta was produced. The Charpy properties of the 2 1/4Cr-2WVTa were an
improvement over those for 2 1/4Cr-2WV, but the strength was not as good after the 750°C temper
(Table 3). Tensileand Charpy impact propertieswere also not as good as those for 9Cr-2WVTa.

Microstructure of 2 1/4Cr-2W and 2 1/4Cr-2wv

In addition to adding tantalum to try to improve the toughness of the 2 1/4Cr-2WV, the difference in the
microstructures of the 2 1/4Cr-2WV and 2 1/4Cr-2W steels were investigated to determine the source of the
Charpy property differences. Transmission electronmicroscopy (TEM) examination indicated a difference
in the bainitic microstructuresof the normalized-and-tempered2 1/4Cr-2W and 2 1/4Cr-2WV after the heat
treament in 15.9-mm plate (Fig. 2) [18]). Although both microstructures were tempered bainite. the
microstructures, especially the precipitates, appeared different. Indications of an elongated substructure and
precipitates appeared in the 2 1/4Cr-2W [Fig. 2(a)], giving evidence of a lath-like microstructure prior to
tempering. Precipitates in the 2 1/4Cr-2WV were globular and often appeared to form in patches [Fig. 2
(b)}. The reason for these differenceswas attributed to the differentkind of bainite that formed in the two
steels when they were normalized [18], a differenceassociated with bow rapidly the steels were cooled from
the austenitizing temperature [19,20).

To demonstrate the effect of cooling rate, pieces of tested standard-size Charpy specimens (10 x 10mm bar)
and pieces of 1/3-size Charpy specimens (3.3 x 3.3 mm bar) were austenitized in a helium atmosphere of a
tube furnace and cooled by pulling into the cold zone of the furnace. An austenitizationtreatment of 0.5 h
at900°C was used for the 2 1/4Cr-2W and 0.5 b at 1050°C for the 2 1/4Cr-2WV. To speed the cooling of
the small specimens, they were cooled in flowing helium. The large specimens were cooled in static
helium to further slow the cooling rate relative to the small specimen.

Optical metallography indicated both steels were 100% bainite after both the fast and slow cools, although
there were differences in appearance. as shown in Fig. 3 for 2 1/4Cr-2WV. The specimen given the fast
cool appeared more acicular. Similar observations were made for 2 1/4Cr-2W.

Bainite, which is generally defmed microstructurally as carbides in a femte matrix that transformed irt the
temperature range =250-550°C, was originally thought to consist of only two morphological variations,
upper and lower bainite. These bainites were defmed according to the temperature of formation and can be
differentiated by the appearance of the carbide particles relative to the axis of the bainitic femte plate or
needle. Upper bainite forms as a collection of ferrite plates or laths with carbide particles parallel to the
plates. Lower bainite consistsof femte plates or needles with carbides forming within the ferrite at about a
60° angle to the axis of the plate or needle.

Important variations from these classical bainites exist as fust pointed out by Habraken [19]. He found
morphological variations in the bainite transformation products that differed from upper and lower bainite,
although they formed in the bainite transformation temperature regime. Such "nonclassical™ bainites
formed more easily during continuous cooling than during an isothermal transformation {19,201, where
classical bainites generally formed.

Habraken and Economopoulos [20} contrasted the morphologies of the nonclassical bainite structures
formed during continuous cooling with classical bainites obtained during isothermal transformation.
Classical upper and lower bainite form when transformed in different temperature regimes of the bainite
transformation temperature region, as defined on an isothermal-transformation (IT) diagram [Fig. 4(a)] [20].
This means that the bainite transformation region of an IT diagram can be divided into two temperature
regimes by a horizontal line, above which upper bainite forms and below which lower hainite forms. For
the nonclassical bainites. Habraken and Economopoulos [20] showed that a continuous cooling transfor-
mation (CCT) diagram could be divided into three vertical regimes [Fig. 4(b)]. Three differentnonclassical
bainite microstructures form wheu cooling rates are such as to pass through these differentzones. A steel
cooled rapidly enough to pass through zone I produces a "carbide-freeacicular" structure, which consists of
side-by-side plates or laths [20]. When cooled through zone 11, a carbide-free "massive or granular”
structure results, generally referred to as granular bainite [20]. It has been determined that granular bainite
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consists Of a femte matrix with a high dislocation density that contains martensite-austenite (M-A)
"islands" [20]. Since Habraken's "pseudo bainite" microstructures developed by cooling through zone II1
were not observed in this study, they will not be discussed.

To visualize the formation of granular bainite, Habraken and Economopoulos [19] concluded there was a
dehomogenization during cooling from the austenitizing temperature. Dehomogenizationwas supposed to
have occurred above the B¢ temperature, the bainite start temperature, giving carbon-enrichedand carbon-

depleted regions. (The possibility of dehomogenization above the Bg temperature for the formation of

carbon-depleted and carbon-enriched regions has since been challenged {21], although there is no doubt that
the regions exist after cooling from the austenitization temperature [19]). In the bainite-transformation
temperature regime, the carbon-depleted zones transform to carbide-free bainitic ferrite with a high
dislocation density. The high-carbon regions do not transform to bainite. hut some of the retained austenite
transforms to martensite if the steel is cooled below the Ms temperature. Thus, the high-carbon regions
give rise to the M-A islands within the bainitic ferrite.

Microstructuresobserved by TEM on the different-sized specimens of normalized 2 1/4Cr-2W and 2 1/4Cr-
2WV are shown in Figs. 5 and 6, respectively. The slowly cooled specimensare shown in Figs. 5(a) and
6(a) and are characteristic of granular bainite {19,20]; the dark areas are the M-A islats. Micrographs of
the specimens cooled rapidly Figs. S5(b) and 6(b}] are characteristicof carbide-freeacicular bainite {19,20].
When granular bainite is tempered, large globular carbides form in the high-carbon M-A islands, whereas
elongated carbides form on lath boundaries of acicular bainite [22], just the types of morphology observed
when 2 144Cr-2W Fig. 2(a)] and 2 1/4Cr-2WV Fig. 2(b)] were tempered.

Experimental work on a 3Cr-1.5Ma-0.25V steel indicated that tempered carbide-free acicular bainite has a
higher impact toughness (low DBTT and high USE) than granular bainite after a low-temperature or short-
time (constant temperature) tempering treatment {22]. Further, optimum strength and toughness were
obtained for the carbide-free acicular bainite under modest tempering conditions, after which further
tempering had little effect on toughness. Considerably more tempering (longer time or higher temperature)
was required for the granular bainite. which meant optimum properties were achieved at a lower strength.
This could explain the difference in the effect of tempering on the DB'IT of 2 1/4Cr-2W (carbide-free
acicular) and 2 1/4Cr-2WV (granular bainite) when tempered a 700 and 750°C. Only a small difference in
DB'IT was observed for the 2 1/4Ce-2W when tempered 1 h at 760°C and 1h at 750°C, compared to a
relatively large difference for the 2 1/4Cr-2WV (Table 3).

I ‘ " |

No CCT diagrams are available for the reduced-activation steels under discussion. Figure 4 is schematic,
but even when CCT diagrams are available, details on the three cooling zones must be determined
experimentally. The reason for the large amount of proeutectoid ferrite in 2 1/4Cr-2WV and not in
2 1/4Cr-2W of the 15.9-mmplates was attributed to the difference in cooling rates caused by the different
austenitization temperatures {7]. (A temperature of 1050°C was used for the 2 1/4Cr-2WV 10 assure dis-
solution of the vanadium carbide; 900°C was used for the 2 1/4Cr-2W). If the interpretation of the effect of
microstructure is correct, it would appear that the toughness of the 2 1/4Cr-2WV could be improved if the
steel was cooled more. rapidly, perhaps by quenching instead of normalization @ir cooling).

Another possibility to promote carbide-free acicular bainite is by improving the hardenability.
Hardenability is defmed as the relative ability of a steel to avoid forming the soft ferrite phase when cooled
from the austenitizing temperature. Increasing hardenability has the same effect as increasing the cooling
rate: it moves the transformation of femte to longer times S0 the steel can ke cooled more slowly and still
obtain a bainite microstructure.

Hardenability can be changed by changing chemical composition. For example, more carbon could be
added, although carbon generally has a negative effecton DB'IT. Small amounts of boron (0.003-0.005%)
also improve hardenability {23,24]. Data at the top of Table 4 can be used to compare properties of
2 1/4Cr-2WVTa with a 2 1/4Cr-2WVB steel containing -0.005%B. Properties for the 2 1/4Cr-2WV and
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Fig. 6. Photomicrographs of bainitic microstructures of normalized 2 1/4Cr-2WV steel after (a) slow cool
and (b) fast cool from 1050°C.
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Table4. Tensile and Charpy Impact Properties of Ferritic Steels Modified
to Increase Hardenability Compared t0 Original HES

Room Temperature Tensile Strength (MPA)

Tempering® Elongation DBTT Use
Steei? Temperature ) UTS (%) O )]
O
New Reduced-Activation Chromium-Tungsten Hets

2 1/4Cr-2WVTa 700 908 979 79 -10 9.2
750 621 716 10.6 -65 136

2 1/4Cr-2WVB 700 804 889 8.6 21 8.1
750 598 691 10.7 -%0 115

21/4Cr-2WVTaB 700 876 951 76 -30 7.7
750 664 739 9.6 -78 117

2.6Cr-2WVTa 700 826 897 8.6 54 7.7
750 636 700 7.8 -103 109

2.6Cr-2WVTaB 700 823 904 8.4 50 80
750 623 702 9.1 94 111

Original Reduced-Activation Chromium-Tungsten Heats

2 1/4Cr-2W 700 594 677 9.5 56 115
750 554 626 13.2 =77 10.2
2 1/4Cr-2WV 700 889 978 7.5 10 84
750 684 758 9.8 -78 127
HCr-2WVTa 700 823 955 6.6 -43 7.5
750 645 784 79 -80 10.1

Chromium-MolybdenumSteels

9Cr-1MoVND 700 670 815 78 22 79
750 541 656 96 -22 8.7
760 57 8.8
12Cr- 1Mo VW
700 2 52
750 653 806 104 -36 6.5
780 549 716 9.9 <46 6.0

#Nominal compositions: Cr, Mo. and W & indicated in designation: ¥=0.25%; Ta=0.07%, Nbo=0.06%,
B-0.005%; nominal composition of W in 12C4- 1MoV W is 0.5%.
bAll tempering times were 1h except 2.5 b a 780°C for the 12Cr-1MoVW,

9Cr-2WVTa steels are also shown. The properties of 2 1/4Cr-2WVB shoaed an improvement in Charpy
behavior over the 2 1/4Cr-2WV and 2 1/4Cr-2WVTa--the steels without boron. AlSo shown in Table 4 are
results for 2 1/4Cr-2WVTaB, a steel containing a combination of 0.005%-B and 0.05% Ta. This
combination produced a steel with impact properties comparable to those of the 2 1/4Cr-2WVB, but with
greater strength. Therefore, increasing hardenability gave the steels improved impact properties over those
for 2 1/4Cr-2WV (@lso shown in Table 4), and the 2 1/4Cr-2WVTaB has comparable tensile properties.
After the 750°C temper, the tensile and impact properties of the 2 1/4Cr-2WVB and 2 1/4Cr-2WVTaB
steels were similar to those for 9Ce-2WVvTa (shown in Table 4).
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The optical microstructures showed the effect of boron on hardenahility (Fig. 7). The 2 1/4Cr-2WVTa
steel contained a finer prior-austenite grain size than the 2 1/4Cr-2WVB steel. However, much more
acicularity is evident in the microstructure of the 2 1/4Cr-2WVB steel Fig. 7(b)], indicating the effect of
boron on promoting the formationof carbide-free acicular bainite and thus, hardenability. From Fig.7(a) it
is not possible to determine whether the light-etching constituent is tempered granular bainite or whether
this is polygonal ferrite. The former is felt to be the case (note the light-etching material in Fig. 3in a
steel that TEM showed to be essentially 100% granular bainite). TEM is required to verify this; TEM
results will be reported separately.

Adding more chromium can also improve hardenability, An addition of 0.25% Cr, 0.07% Ta. and 0.005%
B was attempted to the 2 1/4Cr-2WV composition. The final composition indicated that about 0.2%Cr,
0.05% Ta, and 0.004% B was present to produce 2.6Cr-2W¥Ta and 2,6Cr-2WVTaB steels. Optical
microstructures of these two steels are shown in Fig. 8. An increase in acicularity for these steels is
obvious (compare Figs. 7 and 8). The acicularity in the boron-containing steel Fig. 8(a)] also appears
greater than the steel without boron [Fig. 8(b)]. These changes are taken as evidence that the improved
hardenability promoted carhide-free acicular hainite formation during the normalizing heat treatment.

The strengths of the new 2.6Cr steels are slightly below those for 9Cr-2WVTa and 2 1/4Cr-2WV
(Table 4). Both 2.6Cr steels showed an improvement in Charpy properties over the 9Cr-2WVTa
(Table 4). If a further improvement could be achieved at the 700°C tempering temperature, it would result
in a steel with both increased strength and toughness compared to 9Cr-2WVTa, which is tempered at
750°C.

Table 4 alsoshows data for the 9Cr- 1Mo VNB and 12Cr-1Mo YW, the conventional Cr-Mo steels considered
for fusion. Even after a 750*C temper, the Charpy data for 9Cr-1MoVNb and 12Cr-IMoVW are not as
good as those for the 2.6Cr steels after a 700°C temper. Tempering temperatures Of 760 and 780°C are
used forthe 9Cr-1MoVIND and 12Cr- IMoVW steels, respectively (2]; the tensile and Charpy data after such
a standard temper are shown in Table 4. Even when these higher tempering temperatures are used,
however, the Charpy properties of the 2.6Cr steelsare better than those for 12Cr-1MoVW tempered at
780°C, and equivalent to those for the 9Cr-IMoVYNb tempered at 760°C. Under these tempering
conditions, the 2.6Cr steels tempered at 700°C have a substantially higher strength then the two high-
chromium Cr-Mo steels.

The above results verified that changing hardenability by varying composition can improve the Charpy
impact properties of the 2 1/4Cr-2WV steel. Only minor changes were attempted in the composition.
Further changes in composition should be possible to optimize the properties. Such aptimization studies
are in progress.

SUMMARY AND CONCLUSIONS

A program to develop low-chromium, reduced-activation steels is underway. This program is based on
observations 0N the mechanical properties of a 2 1/4Cr-2WYV steel in the original reduced-activation Steels
tested at ORNL. Although this steel had the best strength properties of the steels tested, Charpy impact
properties were inferior to those of 9Cr-2WVTa and 2 1/4Cr-2W steels. Microstructural studies indicated
that the inferior impact properties of the 2 1/4Cr-2WV relative to the 2 1/4Cr-2W were due to the type of
bainite formed in the two steels. The 2 1/4Cr-2WV contained granular bainite, and the 2 1/4Cr-2W
contained acicular hainite. Acicular bainite formation can be enhanced by increasing the cooling rate during
the normalizing heat treatment or by increasing the hardenability. Additions of boron and chromium were
made to the 2 1/4Cr-2WV composition to increase hardenability. The resulting steelshad improved impact
toughness compared 10 the 2 1/4Cr-2WV, and the mechanical properties were equivalent to those of the
9Cr-2WV¥Ta. These preliminary studies indicate that further improvement in the mechanical properties
should be possible.



124

*D,0S01 WOIJ [000 I5J (q) PUE [00D MOS (B) JANJE [991S MT-JOP/1 T POZI[EULIOU JO SAMONNSOINI dntureq Jo sqdesdoorumolond °¢ 31q

e ; &gﬁ .. rm oy AQUN f. - sl . Amt

T (190D MOIS) AMZ-1O¥/1 T

(100D 15%3) AMZ-2O¥/1 7|

o o— -



125

Fig. 7. Optical microstructures of normal ized-and-tempered () 2 1/4Cr-2WVTa and (b) 2 1/4Cr-2WVB
steels.
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Fig.l8. Optical microstructures of normalized-and-tempered (@) 2.6Cr-2WVTa and (b) 2.6Cr2WVTaB
steels.
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MICROSTRUCTURE-MECHANICALPROPERTIES CORRELATION OF IRRADIATED
CONVENTIONAL AND REDUCED-ACTIVATIONMARTENSITIC STEELS - R. L. Klueh
(Oak Ridge National Laboratory), Ji-Jung Kai (National Tsing Hua University, Taiwan), and

D. J. Alexander (Oak Ridge National Laboratory)

OBJECTIVE

The goal of this study is the development of reduced-activation ferritic steels

SUMMARY

Tensile, Charpy, and transmission electron microscopy specimens of two conventional steels,
modified 9Cr-1Mo (9Cr-1MoVNb) and Sandvik HT9 (12Cr-1MoVW), and two reduced-activation
steels, Fe-9Cr-2W-0.25V-0.1C (9Cr-2WV) and Fe-9Cr-2W-0.25V-0.07Ta-0.1C (9Cr-2WVTa), were
irradiated in the Fast Flux Test Facility. Before irradiation, M23Cg Wes the primary precipitate in
all four steels, which also contained some MC. Neutron irradiation did not substantially alter the
M33Cs and MC. No new phases formed during irradiation of the 9Cr-2wWV and 9Cr-2WVTa, hut
chi-phase precipitated in the 9Cr-IMoVND and chi-phase and d precipitated in the 12Cr-1MoVW.
Irradiation-produced. dislocation loops were observed in 9Cr-2WV, 9Cr-2WVTa, and 12Cr-IMaVW.
The irradiation-produced microstructural changes caused the steels to harden, as measured by the
change in yield stress. Hardening was correlated with a change in the Charpy impact properties of
9Cr-1MoVNb, 12Cr-1IMoVW, and 9Cr-2WV. Although irradiation caused a yield stress increase of
the 9Cr-2WVTa similar to that for $Cr-2ZWV and 9Cr-1MoVNb, the change in Charpy properties
was considerably less for 9Cr-2WVTa. This differencein Charpy behavior of the 9Cr-2WVTa with
that of the 9Cr-2WV and 9Cr-1MoVNb was attributed to differences in the fracture stress-
temperature relationship and/or the flow stress-temperaturerelationship between the $Cr-2WVTa
and the other two 9Cr steels.

PROGRESS AND STATUS
Introduction

Ferritic and martensitic steels are being developed for service in future fusion power plants [£).
Originally, the primary candidates for fusion applications in the U. S. Department of Energy
Fusion Materials Program included the conventional Cr-Mo steels 2 1/4Cr-1Mo, 9Cr-1IMoVNDb
(modified 9Cr-iMo}, and 12Cr-1MoVW (Sandvik HT9). In recent years, a program to develop
reduced-activation ferritic/martensitic steelshas been in progress.

All steels in the first wall and blanket structure ofa fusion power plant will become highly
radioactive from transmutation reactions that are caused by high-energy neutrons from the fusion
reaction interacting with elements in the steel. Reduced-activation or fast induced-radioactivity
decay (FIRD) ferritic steels are steels in which the induced radioactivity decays quickly to low
levels. Such steels can be more readily disposed of or recycled after the reactor service lifetime than
conventional alloys {2}. A FIRD alloy cannot contain molybdenum and niobium, important
constituents in the conventional Cr-Mo steels. Experimental FIRD steels have been developed
based Oon chromium compositions of conventional Cr-Mo steels with molybdenum replaced by
tungsten and niobium replaced by tantalum {1].

Eight FIRD steels were examined in the Oak Ridge National Laboratory (ORNL) reduced-activation
steel development program (Table 1)[3-5]. These included steels with 2.25, 5, 9, and 12 wt% Cr.
The four 2.25Cr steels were bainitic, the 5 and 9Cr steels were martensitic, and the 12Cr steel was
25% &-ferrite, with the balance martensite [4]. The 2 1/4Cr-2WV steel was the strongest, followed
by 9Cr-ZWVTa and the 9Cr-2WV {3]. Based on the ductile-brittle transition temperature (DBTT)
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and the upper-shelfenergy (USE) determined in a Charpy impact test. the impact toughness of the
2 1/4Cr-2WV steel was inferior to that of the two 9Cr steels [5]. The 9Cr-2ZWVTa steel had the
best impact toughness in the unirradiated condition.

Table 1 HNominal compositions for ORNL fast induced-radiocactivity
decay sceels

steel —__Nominal Chemical Composition?® (wt &)
Cr W Vv Ta C

2 1/4CrV 2.25 0.25 0.1

2 1/4Cr-1WV 2.25 1 0.25 0.1

2 1/4Cr-2W 2.25 2 0.1

2 1/4Cr-24V 2.25 2 0.25 0.1

SCr-2wy 5 2 0.25 0.1

9Cr- 2wV 9 2 0.25 0.1

9CE-2WVTa 9 2 0.25 0.07 0.1

12Cr-2WV 12 2 0.25 01

@ Balance iron.

Neutron irradiation of ferritic steels causes an increase in strength, an increase in the DBTT, and a
decrease in the USE. All eight steels were irradiated in the Fast Flux Test Facility (FFTF), and data
on the tensileand Charpy impact properties after irradiation to 7 and 13-14 dpa at 365°C have been
reported [6-8]. For the eight FIRD steels in Table 1, the 9Cr-2WVTa was superior to the other
seven. The small shiftin DBTT in the 9Cr-2WVTa of only 4 and 15°C after irradiation tc 7 and 13
dpa, respectively, was the smallest shift ever observed for any conventional or reduced-activation
ferritic/martensitic steels irradiited to these conditions [7,8].

Irradiated specimens of 9Cr-ZWV and 9Cr-2W¥Ta have now been examined by transmission
electron microscopy (TEM). For comparison, irradiated specimens of 9Cr-IMoVNb and 12Cr-
IMoVW were also examined. A detailed analysis of the TEM observations is to be presented
separately [9]. In this report, an attempt will be made to correlate TEM observations with
mechanical properties for the 9Cr-2WV and 9Cr-2WVTa reduced-activation steels and the 9Cr-
I1MoVNb and 12Cr-1MoVW conventional steels.

Experimental Procedyre

Melt compositions of the 9Cr-2WV, 9Cr-2WVTa, 9Cr-1MoVNb, and 12Cr-1MoVW are given in
Table 2. Normalized-and-tempered steels were irradiated with normalization carried out by
austenitizing in a helium atmosphere, followed by a rapid cool in flowing helium. The 9Cr-2WYV,
9Cr-2WV¥Ta, and 12Cr-IMoV'W were austenitized & 1050°C for 0.5 h and the 9Cr-1MoVNb at
1040°C for 0.5 b. Tempering of the 9Cr-2WV and 9Cr-2WVTa was for 1 b at 750°C. the 9Cr-
IMoVNb for 1h at 760°C, and the 12Cr-1MoVW for 2.5 h at 780°C. The 750°C tempering
temperatures for the reduced-activation steels were determined in previous studies (4], and the
tempering temperatures for the 9Cr-IMoVNb and 12Cr-1IMoVW are the standard temperatures for
these steels.

Tabla 2 Chemical composition of steels tested

Steel C Si Mn p S Cr Mo Ni \% v Nb N
9Cr-2WV 012 0.25 0.51 0.0l% 0.005 8.73 0.25 2.09
SCr-2WWTa 0.10 0.23 0.43 0.015 0.005 8.72 0.23 2.09
SCr-1MoVNb 0 092 0.15 0.48 0.012 Q.004 8.32 .86 0.09 0.20 0.06 0.054
12Ce-1MoVW 0.20 0.17 ©.37 0,016 0.003 12.1 1.04 0 51 0.29 0.61 0.027
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Standard 3-mm-diameter disks punched from 0.25-mm-thick sheetstcck were irradiated in FFTF at
=420°C to =7.8 x 1026 ym?, -36dpa More details on the TEM studies have been published [9].

Sheet tensile specimens(44.5-mm long with a reduced gage section of 20.3 x 1.52x 0.76 oun) and
miniature 1/3-size Charpy specimens (3.3 x 3.3 x 25.4 mm with a 0.51-mm-deep 30" V-notch and
a 0.05- t0 0.08-m-root radius) were irradiated. Details on the tensile and Charpy specimens have
been published [6,7].

There were some differences in irradiation conditions for the mechanical properties specimensand
the TEM specimens, and irradiation conditions for all specimens are summarized in Table 3.
Tensile and Charpy specimens of the 9Cr-2WV and 9Cr-2WVTa steels were irradiated to =7 and 13-
14 dpa at 365°C. Tensile specimensof the 9Cr-1MoVNb and 12Cr-1MoVW steels were irradiated
to —7 dpa at 365°C. Charpy specimens of 9Cr-1MoVNb and 12Cr-I1MoVW were irradiated as
follows: (1) both steels to 4-5 dpa at 365°C, (2)12Cr-IMoVW to 10 dpa at 365°C, and (3) both
steels to 35-36 dpa at 420°C.

Table 3. Irradiation conditions for martensitiec steels irradiated in FFTF

TEM Specimens

9Cr-2WV 35 dpa az 420°C
9Gr-2wvTa 35 dpa at 420°C
9Cr-1MoVNb 35 dpa at 420°C
12Cr-1MoVW 35 apa at #20°C
Tensile Specimens
9Cr-2uV 7 and 14 dpa at 365°C
9Cr-2WVTa 7 and 14 dpa at 365°C
9Cr - 1MoVND 7 dpa at 365°C
12Cr-1MoVW 7 dpa at 365°C
Charpy Specimens:
9Cr-2wv 14 dpa at 365°C
9Cr-2WVTa 13 dpa at 3653°C
9Cr - 1MoVNb 5 dpa at 365*C and 36 dpa at 420°C
12Cr - 1MoVW 4 and 10 dpa at 365*C and =35 dpa at 420°C

RESULTS

g ( Mechanical P s O ,

Details on the effect of irradiation on tensile and Charpy behavior have been published [6-8,10,11].
To aid the discussion of the correlation of properties with microstructure, a brief summary of the
mechanical properties observationswill be presented. Results are given in Table 4.

Figure 1shows the yield stress for the four steels before and after irradiation 1o =7 dpa at 365°C.
Results for 7 dpa are shown because no data are available for 9Cs-1MoVNb and 12Cr-1IMoVW at
1l4dpa Data are available for 9Cr-2WV and SCr-2WVTa after 14 dpa (Table 4); based on the
observed variations, these results indicate that hardening saturates with fluence by 7 dpa. Figure 1
shows that the increase in yield stress (Agy) for 9Cr-2WVTa after 7 dpa was slightly less than for
the other two 9Cr steels. However, after irradiation to 14 dpa, there was little difference between
(Agy) for 9Cr-2WV and 9Cr-2WVTa (Table 4). Therefore, it appears that the yield stress in the
unirradiated condition and the change in yield stress after irradiation for the 9Cr-2WV, 9Cr-2WVTa,
and $Cr-1MoVNb steels were similar. The 12Cr-1IMoVW steel showed the largest increase, being
over twice that of the 9Cr steels.
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Fig. 1. Yield stress of 9Cr-2WV, 9Cr-2WVTa, 9Cr-1MoVNbD, and 12Cr-1MoVW steels as
normalized and tenpered and alter irradiation in FFTF at 365°C.

Table 4. [Irradiation effects on impact propercies of martensitic steels*
Steel specimen DBTT® ADBX Upper-Shelf AUSE  Ae,
Designation Condition® (*c3 (*C) Energy (J) (&) (MPa)
Irradiated at 365°C

9Cr-2WV N&T -60 8.4

1 (D 8 68 6.4 -24 161

1 (14) -31 29 6.3 -25 141
9Cr-2WVTa H&T -88 11.2

1N -84 4 8.6 -23 125

1 ¢13) -73 15 8.5 -24 147
9Cr - 1MoV N&T -64 10.5

1 (5} -19 45 1.6 -38 153
12Cr - LMoVW N&T -35 7.6

1 (&) 95 130 3.4 -55 364

I (1) 105 140 3.2 -58

lrzadiaged at 420°C

9Cr - I1MoVND N&T -64 10.5

1¢36) -25 39 5.2 -22 133
12Ce-M O W N&T -35 7.6

I{33) 72 107 4.1 -46 199

* One-third size Charpy specimens were tescted.
® N&T -- Normalized and tempered: | -- Irradiated: dpa Lo parentheses.
¢ Evaluated at an energy level halfway between the upper and lover shelves.
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Charpy specimens of the 9Cr-2WV and 9Cr-2WVYTa steelswere iradiated at 365°C to =7 and 13-14
dpa[7,8]. Specimens of the 9Cr-1MoVND steel were irradiated to 5 dpa [10], and specimens of the
12Cr-1MoVW steel to 4 and 10 dpa (Table 4) [10,11] . There was little change in the shift in
DBIT (ADB"IT)in going from 7 to 13-14dpa for the reduced activation steels, and little difference
in going from 4 to 10dpa for the 12Cr-1Mo VW, indicating that ADB'IT probably saturated with
fluence by =4 dpa.

Charpy specimens of the 9Cr-1MoVNDb and 12Cr-1MoVW steels were also irradiated in FFTF at
420°C to 35-36 dpa [10], similar to the irradiation conditions of the TEM specimens (Table 4).
Hardening occurred at this higher temperaturejust as it did at 365°C, and there was an increase in
DB'IT. Although the ADBTT was smaller after irradiation at420°C, the difference was small.

IEM Observations

Detailed discussion of microstructural changes, swelling. experimental verification of precipitates,
ete., will be presented in a future report [9]. This paper will concentrate on TEM observations that
affect mechanical properties. The important mechanical properties observations were that irradiation
caused an increase in strength, as measured in a tensile test, and a decrease in impact toughness. as

observed by an increase in DBTT and a decrease in USE measured in a Charpy test. Microstructural
features that cause such changes will be emphasized

The normalized-and-tempered microstructures of the four steels were 100% tempered martensite.
Prior-austenite grain sizes determined by metallography indicated that 9Cr-1Mo¥Nb and 9Cr-
2WVTa steels had the smallest grain sizes (estimated average grain diameters of 22 and 32 jum,
respectively), followed by the 12Cr-1IMoVW (45 um), and the 9Cr-2WV (65um). There was little
difference in the average lath sizes estimated by TEM.

Figures 2-5 are TEM micrographs that show the lath and precipitate structure in the unirradiated
Figs. 2(a), 3(a), 4(a), and 5(a)] and irradiated [Figs2(b), 3(b), 4(b), and 5(b}] conditions. Most of
the precipitate in the microstructure of all four steels before irradiation was M3Cg. The 12Cr-
IMoVW contained about twice as much M23Cg as the other steels [9], because it contained twice
as much carbon (0.2% vs. 0.1% for the three 9Cr steels). The 9Cr-1MoVNb, 9Cr-2WV, and
9Cr-2WVTa contained comparable amourts of M23Cg precipitate.

The only other precipitate observed in the unirradiated condition was MC. Negligible amounts were
detected in the 12Cr-1MoVW, and although present in larger quantities in the other steels, it was
much less abundant than M33Cg. In 9Cr-2WV, the MC was vanadium rich, and in the
9Cr-2WVTa it contained both V-rich and Ta-rich particles. The $Cr-1IMoVNb contained V-rich and
Nb-rich MC. The average size and number density of the MC particles in the 9Cr-1MoVNDb and
9Cr-2WVTa were similar, but the 9Cr-2WV steel contained somewhat less MC than the
9Cr-2WVTa. A comparison of the number of small MC particles relative to the larger number of
large M23Cg precipitatesis evident in the photomicrographs of Figure 6 for 3Cr-2WVTa.

Irradiation affected the microstructure in several ways, depending on the steel. Figures 2{b), 3(b},
4(b), 5(b), and 6(b) show photomicrographs of the irradiated structure for comparison with the
unirradiated microstructure Figs. 2(a). 3(a), 4(a), 5(a), and &6(a)].

The simplest changes caused by irradiation occurred in the tungsten-containing steels. Lath size
grew from about 0.3 to 0.4 pm in the 9Cr-2WV and from 0.3 to 0.45 pum in the 9Cr-2wWVvTa.
Irradiation had only a minor effect on the M23Cg and MC in these two steels. The number density

of M23Cg particles in the 9Cr-2WV was estimated at =2.9 x 1013/cm3 (average diameter 0.16 ftm)
and that in the 9Cr-2WVTa at -3.9 x 1013/cm3 (0.15 ) The MC particles grew slightly and
the number density decreased slightly during irradiation to about 1 x 1012/cm? (60 nm) for the
9Cr-2WV and 5.6 x 1012/cm3 (36 nm) for the 9Cr-2WV Ta.
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Fig. 2. Electron micrographof9Cr-2WV (
irrediation at 420°C t -36 dpa.

(531,, “ g : : (b) !

Fig. 3. Electron micrograph of 9Cr-2WVTa (@) in the normalized-and-temperedcondition and
{b) after irradiationat 420°C to -36 dpa.

-
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Fig. 4. Electron micrograph of 9Cr-1MoVNb (a) in the normalized-and-tempered condition and
(b) after irradiation at 420°Cto -36 dpa.

(b)! ; s\ , ! (a) . | &

Fig. 5. Electron micrograph of 12Cr-1IMoVW (a) in the normalized-and-temperedcondition and
{b) after irradiation at 420°C to -36 dpa.
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Fig. 6. High-magnification electron micrographs of 9Cr-2WVTa that indicates the relative
abundance of M23Cg (large panicles) and MC precipitates (a) as normalized and tempered

and (b) after irradiation at 420°C to -36 dpa Arrows indicate examples of the small MC
particles and the smaller number density of these panicles relative to the larger Mo3Cg.

(a) : ' ; (b)]

Fig. 7. Electron micrographs of dislocation loops observed in (a) 9Cr-2wV and (b) 9Cr-2WVTa
irradiated to —36 dpa at 420°C,
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Fig. 7 shows the dislocation loops in 9Cr-2WYV and 9Cr-2WVTa that formed during irradiation.
Average loop size was estimated to be 40-100 nm at a density of -3 x 10!5/cm3 for both steels.
The only other observation was void formation: 25 nm voids formed at densities of 0.5 X
10'3/cm? and 3 X 1013/cm3 in the 9Cr-2WV and 9Cr-2WV Ta, respectively [9].

No noticeable change in lath size occurred in the two molybdenum-containing steels: the lath Size
of the 9Cr-1MoVNbD remained at 0.45 pm and the 12Cr-1MoVW remained at 0.5 um. For the
9Cr-1MoVNb, the number density of MC particles was relatively unchanged at -7.3 x 1013/cm3,
but the size increased from =40 to 50-100nm. Essentially no MC was found in the 12Cr-1IMoVW,
similar to the unirradiated condition.

The major difference between the Cr-Mo and Cr-W steels wes the irradiation-inducedprecipitates
that formed in 9Cr-1MoVNb and 12Cr-1MoVW, but not in 9Cr-2WV and 9Cr-2WVTa. Two new
phases precipitated in the 12Cr-IMoVW: a high number density (L5 x 1016/cm3) of 4-8 nm
particles formed within the laths and were tentatively identified as chromium-rich & (Fig. 8). and
particles =15 nm in diameter at a number density of =6 x 1014/cm3 formed mainly on lath
boundaries and were identified as chi-phase [9]. For the Cr-IMoVNb, only the chi-phase was
observed, and it formed primarily in the matrix. These chi-phase particles were 10-15nm in
diameter at a number density of =% x 10614/cm3 (Fig. 9).

Fig. 8. Electron micrograph of the fine Fig. 9. Electron micrograph showing the
precipitates observed in the irradiated 12Cr- voids, chi-phase precipitates, and low
IMoVW that were tentatively identified as dislocation density (no loops) in irradiated
d. 9Cr-1MoVND.

An estimated 5 x 1014/cm3 (=100nm diameter) dislocation loops were observed in 12Cr-1MoVW,
which is almostan order of magnitude less than in the tungsten-containing steels. The loop density
in 9Cr-1MoVNb steel was negligible, with only a few dislocation lines present (Fig. 9). On the
other hand, the 12Cr-1MoVW steel contained very few voids (=5 x 101%/cm3) compared to the 9Cr-

1MoVNb (=6 x 1014/cm3) [9]. Examples of the voids in 9Cr-1MoVND are visible in Fig 9.
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Although most of the mechanical property test specimens were irradiated at 365°C and the TEM
disks were irradiated at 420°C, similar irradiation-produced microstructural changes are expected at
the two temperatures [12). Furthermore, as indicated by a comparison of the Charpy properties for
the 9Cr-IMoVNDb and 12Cr-1MoVW steels irradiated at 365 and 420°C (Table 4), the relative
Charpy behavior is similar at the two temperatures. Tensile specimens of 9Cr-1MoVNb and 12Cr-
IMoVW irradiated at 420°C [10] also show relative hardening changes similar to those observed
after irradiation a 365°C. At the 365°C irradiation temperature, the precipitate particles, dislocation
loops, and voids will be finer and form at a higher number density {12], leading to the higher
hardening and larger changes in Charpy properties observed at the lower temperature. Thus, because
similar irradiation processes are expected at 365 and 420°C, the comparison between microstructure
and properties made in this paper should be valid.

A comparison between the mechanical properties and microstructure of 12Cr-1IMoVW and the three
SCr steels will be made first, followed by an examination of the differences among the 9Cr steels.
In the unirradiated condition, there was little difference in the yield stresses of the four steels
(Fig. 1). However, there were differencesin the Charpy behavior: the DBTT of the 12Cr-1MoVW
was considerably higher and the USE considerably lower than for the three 9Cr steels.

The difference in the unirradiated Charpy properties of the 9Cr-1MoVNb and 12Cr-1IMoVW steels
was previously attributed to the difference in carbon concentration (0.1% in the 9Cr-1MoVNb and
0.2% in the 12Cr-1MoVW) [10]. Twice as much carbon resulted in twice as much carbide in the
12Cr-1MoVW when the steels were tempered [9], in agreement with previous observations when
9Cr-IMoVNDb and 12Cr-1MoVW were compared [13]. The larger amount of carbide can enhance
crack formation in 12Cr-1IMoVW, thus leading to the inferior fracture behavior [10]. The same
argument applies to the 12Cr-1MoVW relative to the 9Cr-2WV and 9Cr-2WVTa, since both
contain 0.1% C and half as much carbide as the 12Cr-1MoVW [9].

Inadiation had a much larger effecton the tensile and impact behavior of the 12Cr-IMoVW than on
the three 9Cr steels. To examine this difference, consider again the difference between the 9Cr-
IMoVNDb and 12Cr-1MoVW steels. Relative changes in the tensile and impact properties of these
two steels after irradiation were similar at both 365 and 420°C (the temperature at which the TEM
disks were irradiated) [10]. Both steelscontained similar amounts of chi-phase after irradiation. The
primary irradiation-produced microstructural differences were the high number density of a"
precipitates and the presence dislocation loops in 12Cr-1MoVW that were not present in 9Cr-
1MoVNb. The hardening caused by these two constituentsin the 12Cr-1MovWw could produce the
larger increase in yield swress in the 12Cr-1MoVW, which could then produce the larger ADBTT for
12Cr-IMoVW over that of the 9Cr-IMoVNb. Similarly, the & and chi-phase can account for the
difference in the irradiated properties of the 12Cr-IMoVW and the 9Cr-2WV and 9Cr-2WVTa steels,
All three of these steels contain dislocation loops, with the density greater in the 9Cr-2WV and
9Cr-2WVTa.

To understand the differencesamong the three 9Cr steels, consider fust the differencesbetween the
9Cr-2WV and 9Cr-2WVTa, which in the unirradiated condition had similar yield stresses but
different Charpy properties. Irradiation caused comparable hardening, but a smaller ADBTT and a
smaller decrease in the USE for the 9Cr-2WVTa than the 9Cr-2WYV. Since the only differences
between the two steels is the tantalum in the 9Cr-2WVTa, this difference must cause the difference
in Charpy behavior before irradiation. Tantalum refines the austenite grain size [7], which can
affectthe DBTT. The only other differencein the two steels to account for the difference in Charpy
properties is the tantalum in solid solution. (The tantalum-containing steel had about twice as
much MC, but the small amounts of MC did not appear to affect the strength before irradiation. and
the MC would not be expected to lower the DBTT). Based on the amount of tantalum-rich MC
carbides present, it was calculated that well over 50% of the tantalum remained in solid solution.
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The ADBTT of the 9Cr-2WV¥Ta (4°C) after =7 dpa at 365°C was much smaller than the shifts for
9Cr-2WV (68°C) and 9Cr-1MoVNb (45°C), given that the difference in Acy was minimal (Table 4.
This means that the ADB" IT for the 9Cr-2WVTa was not as affected by hardening as the other two
9Cr steels, because a much larger ADBTT would be expected if it was due to the change in yield
stress alone.

Figures 10 and 11 offer a possible explanation for this behavior. A schematic diagram of flow
curves as a function of temperatureare shown in Fig. 10 for two steels before and after irradiation.
Fracture stress, assumed to be the same for both steels, is also shown, and the DB'IT is taken as the
intersection of the fracture stress curve with the flow stress curve. In the unirradiated condition. Fig.
10 shows two steels with flow stresses (yield stresses) that approach each other at elevated
temperatures (the irradiation temperature), but diverge at low temperatures. thus giving Steel 1 a
lower DB'IT (T;%) than Steel 2 (T2%). The curves after irradiation are drawn for a yield stress
change that is the same for both steels, Aoyl :Acy2. Also shown is the ADB"IT for the twe
steels, and although the same change in yield stress occurred for both steels. Steel 1, with the
lowest DB" IT before irradiation,had a smaller ADBTT than Steel 2. This follows from the shape of
the flow curves.

CANL WG paad-<8

FLOW STRESS
UNIRRADIATED
IRRADIATED

T . STEEL1 ===
FRACTURE % —
STRESS / STEEL?
Fig. 10. Schematic diagram that a8
illustrates how two steels with the w 3
same fracture stress and a similar &

yield stress at an elevated
temperature (the irradiation
temperature) can show the same

increase in yield stress due to “’[_"";B =t S
irradiation and still have different Ananzl 'I‘ =
shifts in DBTT due tc the p— ' :
irradiation. noT & T
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Fig. 11. Schematic diagram that
illustrates how two steels with the
same yield stress-temperature
relationship and show the same
increase in yield stress due to
irradiation but have different
fracture stresses can have different
shifts in DB'IT due to the
irradiation.
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Alternatively, if the flow curves for the two steels were the same, but the fracture stresses were
different, the same conclusion follows (Fig. 11). In this case, the steel with the highest fracture
stress develops the smallest ADBTT, which in Fig. 11is again Steel 1.

A comparison of the yield stress behavior from room temperature to 600°C for 9Cr-2WV and
9Cr-2WVTa gives no indication that the flow stress of the two steels would be substantially
different at low temperatures. or that the flow stress of the 9Cr-2WYTa would he less than that of
the 9Cr-2WV (the opposite is indicated by the low-temperaturedata [4]}. Therefore, it appears that
the effect depicted in Fig. 11 offers the most likely explanation for the superior DB'IT of the
9Cr-2WVTa prior to irradiation and the smaller ADBTT after irradiation. lIbis, despite the two
steels having similar yield stresses before and after irradiation. Data on the effect of tantalum on
fracture stressare required to verify this possibility.

Before irradiation, the yield stresses of 9Cr-1MoVNb, 9Cr-2WV, and SCr-2WVTa were similar.
The Charpy properties of 9Cr-IMoVNb and 9Cr-2WV were similar before and after irradiation.
Irradiation hardening in the 9Cr-1MoVNb was attributed to chi-phase (an Fe-Mo intermetallic
compound), while hardening in the 9Cr-2WV and 9Cr-2WVTa was due to the dislocation loops.
These must have produced equivalent increases in yield stress. From the microstructural
observations, no obvious reason for the difference in the Charpy behavior of 9Cr-1IMoVNb and
9Cr-2WVTa could he detected. Therefore, the difference must involve the one steel containing
molybdenum and niobium and the other tungsten and tantalum. This difference in chemical
composition also manifests itself by the bigher tempering temperature (760°C) required for the
9Cr-IMoVNbD to obtain a satisfactory strength-toughness balance compared to that of the steels
containing tungsten (750°C).

Although the above discussion involved considerable speculation, some interesting inferences
follow from the observations. First the major difference in irradiation hardening between the
12Cr-1MoVW and the 9Cr steels involves the formation of & in 12Cr-1MoVW. The & is a high-
chromium phase that does not form in the 9Cr steels. A similar observation on & in 12Cr steels
was made by Dubuisson et al. [14]. Thus, even if the carbon concentration of a 12Cr steel was
lowered to improve the unirradiated Charpy behavior, post-irradiation properties would probably
remain worse in the 12Cr steel.

A second observation involves the difference between molybdenum and tungsten in the 9Cr steels.
Molybdenum-rich chi-phase formed in irradiated 9Cr-1MoVNb, whereas no new phases formed in
9Cr-2WYV and 9Cr-2WVYTa. This new phase and the lack of significant dislocation-loopformation
in 9Cr-1IMoVND constituted the major difference in the steel with molybdenum and those with
tungsten. The absence of significantloop formation in the 9Cr-1MoVYNb may mean that the faster-
diffusing molybdenum allowed loops to grow rapidly and anneal out, but the loops remained in the
9Cr-2WV and 9Cr-2WVTa because of the slower-diffusingtungsten. The diffusion coefficient of
molybdenum in ferritic steels is =1000 times greater than that of tungsten at 400°C under
nonirradiation conditions (irradiation will enhance diffusion) [15]. A somewhatsimilar observation
applies to a comparison of the loops in the 12Cr-1MoVW and the two tungsten-containing steels.
There were about an order of magnitude less loops in the 12Cr-1MoVW and they were larger than
those in the two tungsten-containing steels. The difference in loop concentrations between the
12Cr-1MoVW and the 9Cr-1MoVNDb may have been that loop evolution in the 12Cr-1IMoVW had
to compete with & formation, and this could delay loop growth in this molybdenum-containing
steel. Chi-pbase is not postulated to play arole, since it is also present in the 9Cr-1MoVNb steel,
where no loops were observed.

In the final analysis, the excellent resistance to irradiation-produced changes in impact behavior of
9Cr-2WVTa compared to the other two 9Cr steels is caused by quite minor differences in
microstructure. The better impact properties of the 9Cr-2WVTa are caused by a slightly different
fracture stress-temperaturerelationship or flow stress-temperaturerelationship for this steel before
irradiation, which must somehow be caused by the small tartalun addition.
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SUMMARY AND CONCLUSIONS

The microstructures of 9Cr-2WV, 9Cr-2WVTa, 9Cr-IMoVND, and 12Cr-IMoVW in the
nodi-and-tempered and irradiated conditions were correlated with changes in tensile and Charpy
impact behavior caused by neutron irradiation. Irradiation caused an increase in strength, an increase
in DBTT, and a decrease in USE. TEM specimenswere examined after irradiation in the FFTF to
=36 dpa at 420°C. Irradiation of mechanical property specimens was in FF¥TE to —14 dpa at 365°C.
A major objective was to determine the source of the excellent post-irradiation properties of the
9Cr-2WVTa.

The following summarizesthe observations and conclusions:

1.

Before irradiation, the microstructures of the four steels were tempered martensite containing
M23Cg and MC precipitates. The steels bad similaryield stresses, but the Charpy properties
of the 12Cr-1MoVW steel were inferior to those for the $Cr steels, because of the higher
carbon concentration of the 12Cr-1MoVW. The 9Cr-2WVTa steel had a lower DBTT and
higher USE than the other two 9Cr steels. No microstructural explanation is available for why
tantalum affected the steel in this way.

During irradiation of the 12Cr-IMoVW steel. small dislocation loops formed. along with
precipitates identified as & and chi-phase. These irradiation-inducedprecipitates and dislocation
loops caused the 12Cr-1MoVW steel to develop the largest increase in yield stress and the
largest change in impact properties of the four steels.

The only irradiation-induced microstructural change in the 9Cr-1MoVNDb steel was the
formation chi-phase. Therefore, mechanical properties changes for the 9Cr-1MoVNb were
significantly less than for the 12Cr-IMoVW.

Irradiation caused no new precipitate phases to form in the 9Cr-2WV and 9Cr-2WVTa steels,
although a relatively high density of dislocation loops formed. A similar density of loops in
the two steels caused comparable hardening, as measured by yield stress. However. the
9Cr-2WYV developed a larger change in Charpy impact properties than the 9Cr-2WVvTa. No
microstructural changes were detected to quantitatively account for this difference. The change
in yield stress and impact properties of the irradiated 9Cr-2WV were similar to those for
irradiated 9Cr- 1Mo VNbD.

In the absence of microstructural differences to account for the superior impact properties of
9Cr-2WVTa over 9Cr-2WV and 9Cr-1MoVND, the differences were attributed to a different
fracture stress-temperature relationship or flow stress-temperature relationship for the
9Cr-2WVTa and the other two 9Cr steels.
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CONSEQUENCES OF NO POSTWELD HEAT TREATMENT ON THE FRACTURE
TOUGHNESS OF LOW ACTIVATION MARTENSITIC STEELS- Huaxin Li (Associated Western
Universities, Northwest Division), D. S. Gelles and R. H. Jones (Pacific Northwest Laboratory)’

OBJECTIVE

The objective of this work is to provide guidance on the design of components using martensitic
steels.

SUMMARY

Fracture toughness has been measured for two conditions of low activation martensitic steel F-82H,
the first, a fully tempered condition and the second, completely untempered. In the fully tempered
condition, F-82H has a J,, toughness of 284 kJ/m* (K, =263.8 MPav¥m), but in the untempered
condition, the J,.. toughness is 18.4 kJ/m? (K,. =64 MPavm ). The consequences of not tempering
are discussed in light of these measurements.

PROGRESS AND STATUS
Introduction

Designers using martensitic steels are often tempted to avoid tempering welds to simplify
fabrication. Tempering requires complex postweld heat treatments. Metallurgists usually
recommend that welds be tempered to reduce embrittlement. Untempered martensitic steels are
known to be extremely brittle. However, the issue has not been quantified in terms of usable design
parameters.

The present effort is based on efforts to determine fracture toughness in the low activation ferritic
alloy F-82H as a function ofloading mode.” That work showed that F-82H has very high toughness,
as high as 500 kJ/m* for mode | J-integral toughness ¢J,.) and a tearing modulus of (360
kJ/m*}/mm. However, it is difficult using the J-integral approach to measure fracture toughness
in very brittle materials. Instead, a stress intensity factor (K,..) approach must be used, and fatigue
precracking is preferred. Therefore, it was necessary to alter procedures to provide specimens with
sharp cracks, and for the tempered condition, a thicker specimen geometry was employed in
comparison with previous work to ensure a plane strain condition and therefore valid data.

Experimental Procedure

The F-82H plate used in this study, as well as in previous fracture toughness studies,” was supplied
by Nippon Kokan Steel Company (NKK) of Japan. The chemical composition of the plate (as
provided by NKK in wt%} is: 7.71Cr-2,1W-0.18V-0.04Ta-0.096C-0.003P-0.003S. Specimens used
in this study were machined in a T-L orientation as specified in American Society for Testing and
Materials (ASTM) standard E399-90. The fully heat treated condition used 1000°C/20 h/air cooling

“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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(AC), 11p0°C/7 min/AC, and 700°C/2 h/AC in order to provide homogenization, normalization and
tempering. The untempered condition added a further treatment of 1100°C/7 min/AC,

Specimen geometries are shown in Figure 1, with the fully tempered specimen shown in Figure la
at a thickness of 14 mm and the untempered condition specimen shown in Figure 1b at a thickness
of 15 mm. Side grooves were included in the J specimen hut not shown in Figure la with a
resultant thickness reduction of 10% on each side, for a total of 20%. Fatigue precracking followed
heat treatment and produced cracks of approximately 1.5 mm. For the fully tempered condition,
J,, was determined using the single specimen technique following ASTM procedure E813-89. and
K,, testing for the untempered condition followed ASTM procedure E399-94,

Dimension: mm ) )
Dimension: mm
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Figure 1. Specimen geometries for fracture toughness testing, a) J in fully tempered F-82H
with a thickness of 14 mm and h) K,, in nntempered F-82H with a thickness of 15 mm, Side
grooves for the J,, specimen geometry are not shown.

Results

The results of fracture toughness testing are provided in Table 1, which contains values for J,,
and K,, for each condition with conversion based on the expression:
2
K
T =2 (1-v?) (1)

S

where J,, isthe critical J integral expression for fracture toughness, K,, isthe critical stress intensity
factor and v is Poisson's ratio. The tearing modulus for the fully tempered condition was {270
kJ/m?}/mm. Table 1 also provides hardness values for comparison.
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Table 1. Fracture Toughness Measurements on F-82H as a Function of Heat Treatment Condition.

Specimen Kic die Hardness
Condition
(MPadm) (KJ/m?)
Fully tempered* (263.8) 284 R; =83
Untempered? 64.3 (18.4) R, =35

HEAT TREATMENTS (with AC =air cooled, RT =room temperature)
A =1000°C/20 hr/AC to RT + 1100/7 min/AC to RT +700/2 hr/AC
B=A +1100°C/7 min/AC to RT
() indicates conversion to value given was made using equation (1)

From Table 1, it is apparent that J,. is reduced by as much as an order of magnitude when
comparing the untempered with the fully tempered condition. However, it may be noted that the
level of fracture toughness measured for the untempered condition is comparable to values obtained
for lower shelf response of fully tempered material (details to be provided in the next semiannual
report).

Discussion

The fracture toughness value obtained for fully heat treated F-82H in the present work is lower than
the value that was previously obtained." The two experiments had two differences in specimen
condition: thickness and notch acuity. The specimen thickness was increased from 7.6 to 14 mm
in the current study, and the notch was changed from an electric discharge machining (EDM) notch
of radius 0.051 mm to a fatigue precracked notch that is much sharper. Itisappropriate to identify
which factor may have been responsible for the reduction in toughness values. Because F-82H was
found to be much tougher than expected, the data given in reference 1 for the 0 degree crack angle
did not satisfy the thickness requirements for standard J,, determination, necessitating the use of
a thicker specimen in the current work.

The earlier tests gave a J,, value of 430 kJ/m* and a tearing modulus of (360 kJ/m*}/mm using a
76 mm thick specimen.' This is a factor of two higher than the toughness obtained in the present
test. However, subsequent testing of a 14 mm thick J,, specimen with only an EDM notch gave 395
kJ/m? for J,. and (348 kd/m*/mm for the tearing modulus. Therefore, the reduction in toughness
is a result of the change in notch acuity. Also, although earlier tests did not satisfy ASTM
standards, the earlier data provide a reasonable estimate for fracture toughness in F-82H.

The finding that notch acuity affects the determination of J,.. emphasizes that specimens should be
precracked whenever possible to provide the most conservative estimate of toughness. This is
similar to recent results showing that ductile to brittle transition temperature (DBTT) based on
absorbed energy in Charpy specimens is a function of the ratio of notch depth to notch root radius
that is independent of specimen size!
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The results of this work can be used to estimate the consequences of not tempering F-82H welds in
a different way. The critical crack length a, for failure in a component is related to K,, by the
expression:

B Kie
a —

o)
02

(2)

T

where a is the stress applied to the Component. Since the fracture toughness, K,., is reduced by a
factor of 4 when welds are untempered, the critical crack length is reduced by a factor of 16.
Therefore, flaw discrimination procedures must be improved by a factor of 16 to maintain safety
margins in welded components if the components are untempered. However, it may be noted that,
after a welded component has been put into service, diffusion is sufficient to relax internal stresses
and promote carbide precipitation, and the fracture toughness of the weldments can be expected
to improve dramatically.

CONCLUSIONS

The fracture toughness (K, of an untempered weld of F-82H is 64 MPaVm (J,. = 184 kJ/m?
corresponding to a reduction in toughness of a factor of 4 in comparison with the fully heat treated
condition. This equates to a requirement for improvement in flaw discrimination by a factor of 16
if no postweld heat treatment is used.

FUTURE WORK

F-82H fracture toughness results for low temperature tests will be provided in the next semiannual
report.
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MICROSTRUCTURAL EXAMINATIONOFCOMMERCIALFERRITIC ALLOYSAT200DPA -
D. S. Gelles, (Pacific Northwest Laboratory)”

OBJECTIVE

The objective of this work is to determine lifetime limits for ferritic/Martensitic alloys.

SUMMARY

Microstructures and density change measurements are reported for Martensitic commercial steels
HT-9 and Modified 9Cr-1Mo (T9) and oxide dispersion strengthened ferritic alloys MA956 and
MAQ957 following irradiation in the FFTE/MOTA at 420°C to 200 DPA. Swelling as determined by
density change remains below 2% for all conditions. Microstructures are found to be stable except
in recrystallized grains of MA957, which are fabrication artifacts, with only minor swelling in the
Martensitic steels and a precipitation in alloys with 12% or more chromium. These results further
demonstrate the high swelling resistance and microstructural stability of the ferritic alloy class.

PROGRESS AND STATUS
Introduction

Reduced activation ferritic alloys appear to be promising first wall and structural materials far
commercial fusion reactors. This expectation is based in part on limited experiments using reduced
activation alloys, hut also on a large number of experiments using commercial ferritic/Martensitic
alloys. The present effort investigates the high dose limit of the commercial steels by examining the
effect of irradiation in a fast reactor at the peak swelling temperature to a very high dose, not likely
to be exceeded for many years.

The materials being examined include two classes, Martensitic stainless steels in the 9 to 12% Cr
range and oxide dispersion strengthened (ODS) alloys made by the mechanical alloying process. The
Martensitic steels are HT-9 and Modified 9Cr-1Mo (now designated as T9), and the ODS alloys are
MA956 and MA957. Theoriginal candidate ferritic alloy for fusion structural materials applications
was HT-9, an Fe-12Cr-1Mo-0.2C-WY steel. Due to better irradiation embrittlement expectations,
T9, an Fe-9Cr-1Mo-0,1C-YNDB steel, was considered an alternative to HT-9. Mechanical alloying,
a process using high energy hall milling procedures, is expected to provide a ferritic alloy option
with applications to significantly higher temperatures,’.” albeit with worst ductile to brittle transition
temperature response. The first ferritic alloy to he manufactured commercially using mechanical
alloying was MA956, an Fe-20Cr-4A1-0.5Ti-0.5Y,0,. Asimilar alloy with lower chromium, MA957,
was invented for radiation damage resistance.” It may be noted that results of microstructural
examination have been reported previously for identical specimens of HT-9 to the lower dose of 110
dpa,’ and the density measurements for HT-9 and T9 at 200 dpa have already been reported? The
International Nickel Company kindly provided the two experimental batches of MA957 for
irradiation before commercial production was available.

‘Pacific Northwest Laboratory is operated for the US. Department of Energy by Battelle
Memorial Institute under Contract DE-AC06-76RLO 1830.



147

The present experiment is based on specimens included in early Fast Flux Test Facility/Mafterials
Open Test Assembly (FFTF/MOTA) irradiation tests. The tests were continued until the shutdown
of the reactor. Specimens were in weeper positions operating at temperatures on the order of
420°C, the temperature range found to result in peak swelling for the ferritic alloy class. As a
result, examination of these specimens allows the opportunity to evaluate the ferritic alloy class at
extremely high dose, in order to assess life limiting conditions for Martensitic and ODS steels.

Experimental Procedure

The alloy compositions and heat treatments are provided in Table 1. As indicated in the
identification (ID) codes, specimens of HT-9 and T9 were included in transmission electron
microscopy (TEM) packet FL whereas specimens of MA956 and MA957 were in TEM packet H4.
TEM packets FL and H4 were located in in-core weeper positions of the FFTE/MOTA from the
beginning of cycle 4 and throughout the operation of FFTF. The irradiation history for packet FL
was as follows:

MOTA 1B basket 1E-4 to 2.21x10% nlcm’ (all tluences are given as E > 0.1 MeV) at an
average temperature of 407°C.
MOTA 1C basket 2C-4 to 7.25x10* nfem® at 425°C.
MOTA 1D basket 2C-2 to 5.46x10** nlcm’ at 406°C.
MOTA LE basket 2C-2 to 9.59x10*? nlem’ at 403°C.
MOTA |F basket 2C-1 to 9.58x10* nlcm’ at 406°C.
MOTA 1[G basket 3A-1 to 7.96x10* n/em® at 431°C.
MOTA 2B basket 3A-4 to 6.38x10** nlem’ at 433°C.

Table 1. Compositions of commercial ferritic/Martensitic alloys

18} Alloy Heat Composition (wio) e
Code No.
Cr C Mo \4 Mn Si Ni P 3 Other
e e —— —
PTFL T9 30176 843 {9 89 24 37 16 11 011 004 Nb- .08 A
Cu: .04
RFFL HT-G 9507R2 121 20 1.04 0.28 0.57 A7 51 ole6 003 N: 027 B
RHFL W48 C
RLH4 MADS5E6 ABBOO42 19.1 a1g na na 409 10 19 009 204 Y.0, .48 [b]
[ Al 4.20
Ti. 34
RMH4 MA957 TB8793 133 na 026 na na na na na na Y0, 26 E
Ti 90
Oftotal): 32
N 031
RNH4 MAY57 T88794 131 na 027 na na na na na na Y.0, 25 E
Ti: .95
Odtotal). 28
N: 036
_—_—— = = =
HEAT TREATMENTS with AC =air cooled, RT = room temperature

A =1040°C/1 hr/AC to RT +7606/1 hr/AC

B =1000°C/20 hr/AC to RT + 110015 min/AC to RT + 700/2 hr/AC
C =1050/5 min/AC to RT + 760/0.5 hr/AC

D = 1330°C/1 hr/AC

E =1100°C/1 hr/AC
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Therefore, during that period, the specimens in packet FL received a fluence of 4.84x10% nicm’ at
an average temperature of 416 + 13°C, hereafter reported as 420°C. The irradiation history for
packet H4 was as follows:

MOTA IB basket 2F-5 to 2.98x10** n/em® at an average temperature of 431°C.
MOTA IC basket 2F-% to 6.98x10* nicm’ at 420°C.
MOTA 1D basket 2F-5 to 5.05x£0* nicm’ at 404°C,
MOTA |E basket 2F-2 to 9.67x10" n/em® at 414°C.
MOTA IF basket 2F-2 to 9.60x10* n/em?® at 405°C.
MOTA (G basket 2E-3 to 7.18x10** nicm’ at 417°C.
MOTA 26 basket 3A-5 to 6.35x10*" nlcm* at 433°C.

Therefore, during that period, the specimens in packet H4 received a fluence of 4.78x10* nfem”® at
an average temperature of 418 + 11°C, hereafter reported as 420°C. The dose achieved, calculated
from reference® which is based on dosimetry measurements from MOTA 1F, varies from 200 to 202
dpa, depending on alloy composition.

Microstructural examinations were performed on a JEOL JEM 1200EX scanning TEM operating
at 120kV and outfitted with a Tracor Northern energy dispersive x-ray fluorescence (ED X} detector
and TNA500 computer and with a Gatan Electron energy loss spectrometer. Determination of
precipitate compositions from extraction replicas involved computer analysis of EDX spectra which
included analysis for tungsten.

Results
Swelling

Results of density change measurements for commercial alloy specimens irradiated at 420°C to 200
dpa are provided in Table 2. Table 2 contains dose estimates for each alloy based on conversions
from reference! As shown from Table 2, swelling values are in the range 0.09 to 1.76%. The
highest swelling values are for T9 and one of the heats of MA957. All others are at about 1% or
less. Therefore, commercial ferritic steels are extremely resistant to radiation induced void swelling.

Table 2. Swelling as measured by density change for commercial ferritic/Martensitic alloy
specimens.

CODE Alloy Heat Treatment Dose Density Density Swelling
{dpa) Irradiated Unirradiated (%)
S
PTFL TS 760/1 hir AC 201.4 7.65245 7.7869 1.76
RFFL HT-9 700:2 hriAC 2016 7.78535 7.7924 0.09
RHFL HT-9 760/0.5 hi/AC 2016 7.76079 7.84079 1.02
RLH4 MA9Se 1330°C/ 1 heiAC 2013 7.27343 7.35823 1.17
RMII4 MA9ST H100°C/1 hr/AC 2000 761505 7 74904 1.75
RNH4 MA9ST 1100°CH hii AC 1994 7.64425 7.66355 0.25

However, significant variation can exist between different heats or different heat treatments of the
same steel. Both in the case of MA957 where two different batches of materials are compared, and
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HT-9 where the same steel in two different heat treatments is compared, swelling varies between
less than 0.25% and over 1%.

Microstructural examination

Microstructural examinations revealed that following irradiation at 420°C to 200 dpa, all specimens
contained cavities, typical of void swelling. However, large regions in each of the MA957 specimens
contained negligible cavitation, and the cavitation present in those regions is expected to be a
remnant of the mechanical alloying process. In contrast, there were regions in the MA957
specimens where significantvoid swelling and dislocation evolution had developed. The T9and HT-
9 conditions developed void structures typical of martensitic steels. These void structures consisted
of void arrays between lath boundaries and void free regions on, and adjacent to, the boundaries.

Low magnification examples are provided in Figure 1. Figure 1shows Martensite lath boundary
structures in irradiated T9 and HT-9, and subgrain structures selected to show the most typical
regions for irradiated MA956 and MA957. The example for T9 in Figure la is found to contain a
fairly uniform array of voids within laths and a moderate density of blocky carbide precipitate
decorating suhgrain boundaries. Figures I'h and le¢ for HT-9 show structures with significantly
more hlocky precipitation decorating boundaries and a lower density of sightly larger voids. It may
also he noted that the foil shown in Figure 1¢ was attacked non-uniformly by the electropolishing
electrolyte, indicating that some large scale compositional variation may develop at high dose.
Figure 1d provides an example of MA956 that shows a uniform structure, containing voids but with
several very large precipitate particles and a typical wavy grain boundary. No evidence of suhgrain
structure was found in this material. Figures le and 1f provide examples of the fine subgrain
structure retained in MA%57, Cavitation in these subgrains is very limited. However, precipitation
can be noted throughout. The precipitation is expected to include both yttria and a®,a body
centered cubic phase rich in chromium. Many examples can he found where subgrain boundaries
are denuded of precipitation. The denuded regions are typically about 15nm wide. Also, it should
be noted that Figure 1f has been selected to show a region at the lower right containing a well
developed array of voids. Further discussion of these features will follow.

Figure 2 provides examples (at higher magnification) of the microstructure found in T9 following
irradiation at 420°C to 200 dpa. Figures 2a, 2b, and 2¢ provide different imaging conditions for
the same region to define the dislocation structures. Figures 2a and 2b use § =200 and 110
respectively for an (001) foil orientation, and Figure 2¢ provides a view of the voids in absorption
contrast. By comparing Figures 2a and 2b, it can he shown that the dislocation structure is
comprised of a<100> loops and a network of 3 <111> dislocation segments. Figure 2d gives another
example of g =110 contrast for a foil near (60[) with similar dislocation development. However,
Figures 2¢ and 2f show a third region in g = 200 and 011 contrast for an (011) foil. In this case, the
dislocation structure is predominantly of Burgers vector §<111>. This difference may he a result
of the nearby suhgrain boundaries, which provided dislocation sources. However, the void structure
appears similar in all three areas, indicating that Burgers vector variations have only small effects
on void evolution.

Figure 3 provides examples at higher magnification of the microstructures found in irradiated HT-9
following a 700°C temper. The microstructures are typical of HT-9 irradiated at 420°C, and show
well developed precipitate arrays decorating suhgrain lath boundaries, non-uniform void arrays
within laths and a fine precipitate on boundaries and within laths. An area is shown in dislocation,
void and precipitate contrast, Figures 3a and 3h in g =200 and 911 contrast, Figure 3¢ in void
contrast, and Figure 3d in g = %5(333) for a foil near 011. From these figures, it can be shown that



Figure 1. Microstructures at low magnification of Commercial Ferritic Alloys Following Irradiation
at 420°C to 200 dpa (a) T9, (b) HT-9 heat treated at 790°C, (¢) HT-9 heat treated at 760°C, (d)
MA9%6, (e) MA957 heat T88793 and (f) MA957 heat T88794.
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Figure 2. Dislocation and Void Microstructuresfor T9 irradiated at 420°C to 200 dpa showing an
(001) foil orientation in a) 200 contrast, and b) 110 contrast, c) a second area in 110 Contrast and
a third area in an (011) foil orientation io d) 200 contrast, e) 01t contrast and f) void contrast.



Figure 3. Microstructuresof HT-9 tempered at 700°C and irradiated at 420°C to 200 dpa showing
an (011) foil orientation in a) 200 contrast, b) 011 contrast, c) void contrast and d) dark field
precipitate contrast.
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the dislocation structure is predominantly of type’-;<111>, but with a low density of a<100> loops,
and that voids vary in shape between cubes with {111} truncation and even truncation between
cubes and dodecahedra. Figure 3d is intended to show the precipitation that is found in irradiated
HT-9 and has previously been called G-phase by the author. The precipitate is 10 nm in diameter
within laths, but somewhat larger on subgrain boundaries. Irradiation hardening found in HT-9
can be attributed to this phase. However, comparison of Figures 3c and 3d reveals that not all
precipitates are imaged in Figure 3d; the smaller ones do not appear. These smaller precipitates
are expected to be a'.

Figure 4 provides similar examples for irradiated HT-9 following a temper at 760°C. Two areas
are shown in dislocation and void contrast, Figures 4a and 4e in g =200 contrast, Figures 4h and
4f in 011 contrast, and Figures 4c and 4d in void contrast for foils near (001) and (011) orientations,
respectively. From these figures, it can be shown that dislocation structures contain both a<100>
loops and 3<111> network segments, but where subgrain boundaries are present, the a<100>
dislocation ‘density is significantly reduced. Also, voids vary in shape, but are generally evenly
truncated between cubes and dodecahedra. Evidence for the fine precipitate noted in Figure 3 can
be found.

Figure 5provides an example of the microstructures found in MA956 following irradiation at 420°C
to 200 dpa. The same region is imaged in g =200, 011, and absorption contrast (to show voids) for
a foil near an (011) orientation. The dislocation images are difficult to interpret, but the presence
of both a<100> loops and 5 <111> network segments can be identified. The voids in Figure 5¢ are
found to vary in shape, but the dominant configuration is cuboidal with (111) octahedral facets.
Comparison with other void images in this report will confirm that the voids in MA956 are
different, showing clear (111) facets. Figure Sc also reveals the presence of precipitation, typical of
a’, as expected for an alloy with 19% Cr. The complex dislocation imaging and variability in void
shape are likely due to the & formation. However, it is noteworthy that again, no evidence of
subgrain structure can be identified.

Figures 6 and 7 give examples of the microstructures found in the experimental batches of MA957
following irradiation at 420°C to 200 dpa. Figure 6 shows three areas in batch T88793 with varying
levels of void swelling. Figure 6a gives an example where no voids are present; only a mottled
background due to precipitation can be seen. The precipitation is expected to include both @' and
yttria (Y,0Q,), and based on experience imaging the yttria in unirradiated MA957 where particle
diameters are about 2 nm, the precipitation apparent in Figure 6a is expected to be a”. Figure 6b
shows an area containing two subgrains that have developed voids on the order of 40 nm in
diameter. One of the void arrays is linear, indicating that void nucleation was heterogeneous.
Figures 6e and 6d show an area in an (011) orientation using 200 and D11 contrast, respectively.
Comparingthese images indicates that a few a<100> loops are present, but the dislocation structure
is comprised mainly of 2<111> dislocation segments (and a" precipitates complicate the analysis).
Voids are generally evenly truncated between cubic and dodahedral shapes. Figure 7 provides a
similar comparison for a large grain near (011) orientation, with adjacent subgrains that contain
no voids. Figures 7a and 7b show dislocation imaging in the large grain using 8 =200 and 011,
respectively, and Figure 7¢ provides void contrast. From this sequence, similar observations can be
made: the dislocation structure consists predominantly of 2<111> dislocation segments, and voids
are evenly truncated between cubic and dodecahedral geometries.

A summary of microstructural observations is tabulated in Table 3. From Table 3, it can be shown
that the swelling was measured as high as 5% in isolated regions, that the dislocation structure
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Figure 4. Dislocation and Void Microstructures for HT-9 tempered at 760°C and irradiated at
420°C to 200 dpa showing (011) foil orientations for two areas in a) and e) 200 contrast, b) and f)
011 contrast and ¢) and d) void contrast, respectively.



Figure 5. Example of the Microstructures found in MA956 following irradiation at 420°C to 200
dpa showing a region with foil orientation (011) in a) 200 contrast, b) in 011 contrast, and ¢) in void
contrast.



Figure 6. Precipitate, void and dislocation microstructures in MA957 heat T88793 following
irradiation at 420°C to 200 dpa for a) a region containing no voids, b) a region containing a
moderate void density and for a region in (011) orientation containing a well developed void array
in ¢) 200 contrast and d) 011 contrast.
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Figure 7. Microstructures in MA957 heat T88794 following irradiation at 420°C to 200 dpa for a
grain containing voids in (011) orientation in a) 200 contrast, b) 011 cont