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FOREWORD

This is the tweny-fifth in a series of semiannual technical progress reports on fusion materials.
This report combines the full spectrum of research and development activities on both metallic
and non-metallic materials with primary emphasis on the effects of the neutronic and chemical
environment on the properties and performance of materials for in-vessel components. This
effort forms one element of the materials program being conducted in support of the Fusion
Energy Sciences Program of the U.S. Department of Energy. The other major element of the
program is concerned with the interactions between reactor materials and the plasma and is
reported separately.

The Fusion Materials Program is a national effort involving several national laboratories,
universities, and industries. A large fraction of this work, particularly in relation to fission reactor
experiments, is carried out collaboratively with our partners in Japan, Russia, and the European
Union. The purpose of this series of reports is to provide a working technical record for the use
of the program patrticipants, and to provide a means of communicating the efforts of materials
scientists to 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
Gabrielle Burn, Oak Ridge National Laboratory. Their efforts, and the efforts of the many
persons who made technical contributions, are gratefully acknowledged.

F. W. Wiffen
International and Technology Division
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VANADIUM ALLOYS

TENSILE PROPERTIES OF 832665 AND 832864 HEATS OF V-4Cr-4Ti ALLOYS
AT HIGH TEMPERATURES — H. Tsai, L. J. Nowicki, T. S. Bray, M. C. Billone, and
D. L. Smith (Argonne National Laboratory)

To explore the upper operating limit of vanadium-base alloys, SS-3 tensile
specimens were prepared from the 832665 and 832864 heats of V-4Cr-4Ti alloys
and tested at temperatures between 600 and 800°C. The results showed the
behavior of the two heats to be similar (with the 832864 heat being slightly weaker)
and the reduction of strengths with temperature insignificant at least up to 750°C.
Ductility for both materials is good in the test temperature range. These findings are

~ largely consistent with previously reported results on these two heats.

BIAXIAL THERMAL CREEP OF V-4Cr-4Ti AT 700°C AND 800°C - R. J. Kurtz
and M. L. Hamilton (Pacific Northwest National Laboratory)

A study of the thermal creep properties of V-4Cr-4Ti is being performed using
pressurized tube specimens. Creep tubes nominally 4.572 mm OD and 0.254 mm
wall thickness were pressurized with high-purity helium gas to mid-wall effective
stress levels below the uniaxial yield strength at the test temperature of interest.
Specimens are being heated to 700 and 800°C in an ultra-high vacuum furnace and
held at temperature for specific time intervals. Periodically the specimens are
removed to measure the change in OD with a high-precision laser profilometer. Initial
results show that creep rates at 800°C are substantially greater than at 700°C.

IMPACT PROPERTIES OF GA’S 832864 HEAT OF V-4Cr-4Ti ALLOY AFTER
EXPOSURE IN THE JFT-2M TOKAMAK — H. Tsai (Argonne Nationai Laboratory),
W. R. Johnson, P. W. Trester (General Atomics), S. Sengoku (Japan Atomic Energy
Research Institute)

Four Charpy impact specimens were received from General Atomics (GA) after they
were exposed in the tokamak environment of the JFT-2M. These specimens were
prepared from the GA’s 832864 heat of V-4Cr-4Ti material. The exposed specimens
were impact tested at ANL using established procedures. The results showed no
appreciable degradation of impact properties of the material from the JFT-2M

exposure.

TENSILE PROPERTIES OF V-Cr-Ti ALLOYS AFTER EXPOSURE IN HYDROGEN-
CONTAINING ENVIRONMENTS — K. Natesan and W. K. Soppet (Argonne National
Laboratory)

A systematic study is underway at Argonne National Laboratory to evaluate the
performance of several V-Cr-Ti alloys after exposure to environments containing
hydrogen at various partial pressures. The goal is to correlate the chemistry of the
exposure environment with hydrogen uptake by the samples and the resulting
influence on the microstructures and tensile properties of the alloys. At present, the
principal effort has focused on the V-4Cr-4Ti.alloy of a heat identified as BL-71;

17

21
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however, other alloys (V-5Cr-5Ti alloy of Heats BL-63 and T87, plus a V-4Cr-4Ti alloy
from General Atomics [GA]) are also being evaluated. Other variables of interest are
the effect of initial grain size on hydrogen uptake and tensile properties, and the
synergistic effects of oxygen and hydrogen on the tensile behavior of the alloys.
During this period, specimens of Heat BL-71 were exposed for 100 h to pH, in the
range of 3x 10° and 5 x 102 torr (2.7 x 10° to 0.45 Pa) at 200 and 350°C. Tensile
test results obtained on specimens exposed for 100 h at 200, 350, and 500°C to
pH, in the range of 1 x 10 to 0.01 torr, showed negligible effect of H, on either
maximum engineering stress or uniform and total elongation. However, uniform and

total elongation decreased substantially when the alloy was exposed at 500°C to 1.0
torr pH,.

TENSILE AND IMPACT PROPERTIES OF A V-3.1Ti-0.5Si ALLOY AFTER
IRRADIATION IN THE FAST FLUX TEST FACILITY — H. Tsai, L. J. Nowicki, T. S. Bray,
M. C. Billone, and D. L. Smith (Argonne National Laboratory)

Tensile and Charpy specimens made of alloy BL-42 (with a nominal composition of
V-3.1Ti-0.58i) were irradiated in the Fast Flux Test Facility (FFTF) in Cycle 11 at 520
and 600°C to up to 51 dpa. Some of these specimens were retrieved from storage
and tested in this reporting period. The interest of this material stems from recent
findings that show binary alloys of this class appear to exhibit lower susceptibility to
radiation-induced embrittlement than other V-base alloys in low-temperature
irradiation (<=400°C). The results of our tests show the BL-42 material to have good
tensile properties and fair impact properties after the 520-600°C irradiation and that
alloys of this class may warrant further development for improved low-temperature
performance.

25

EFFECT OF IRRADIATION ON TOUGHNESS-TEMPERATURE CURVES IN V-4Cr-4Ti —

E. Donahue, G. R. Odette, G. E. Lucas, And J. W. Sheckherd (University Of California,
Santa Barbara); A. F. Rowcliffe (Oak Ridge National Laboratory)

Small, pre-cracked, 1/3-sized Champy specimens of V-4Cr-4Ti were irradiated to a
dose of 0.5 dpa at a temperature of 200 + 8°C. The specimens were tested in three
point bending under static conditions to measure effective toughness-temperature
curves. Fracture processes were examined by using confocal microscopy and
fracture reconstruction methods. It was found that this alloy undergoes normal
stress-controlled cleavage transition below a characteristic temperature, and that
irradiation hardening increased the transition temperature significantly. Shifts in the
transition temperature imposed by irradiation hardening can be reasonably predicted
by a simple equivalent yield stress model.

MICROSTRUCTURAL INHOMOGENEITIES IN V-4Cr-4Ti MECHANICAL PROPERTY
SPECIMENS PREPARED FOR IRRADIATION EXPERIMENTS IN HFBR, BOR-60,
AND HFIR — A. F. Rowcliffe and D. T. Hoelzer (Oak Ridge National Laboratory)

Significant variations exist between the microstructures of the various batches of
mechanical property specimens prepared for the 500 kg heat of V-4Cr-4Ti. The
development of banded grain structures is shown to be related to non-
homogeneous distribution of Ti (OCN) particles (0.1-0.3 p in diameter) that occur in
some, but not all, plate products. Precipitation of Ti (OCN) will occur during the hot

32
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extrusion of the ingot in regions where the dislocation density is high and where the
temperature falls below the Ti (OCN) solvus at 1125°C. Investigation of the potential
benefits of a homogenizing treatment at 1150°C is recommended before
proceeding with additional fabrication of plate products from the extruded bar.

STRUCTURAL ANALYSIS OF Ti-OXYCARBONITRIDES IN V-Cr-Ti BASED
ALLOYS - D. T. Hoelzer (Oak Ridge National Laboratory)

A study was conducted to determine the crystal structure of Ti-OCN particles which
are commonly observed in V-Cr-Ti based alloys. The information obtained from this
study will be used to gain a better understanding of the physical metallurgy of the V-
Cr-Ti based alloys. The precipitates examined in this study were those that formed in
a V-4Cr-4Ti alloy (S-40) plate) that was annealed at 1000°C for 2 hours. The
precipitates are characterized as having a globular shaped morphology with some
degree of interfacial faceting. The structural analysis indicated that these
precipitates are consistent with the m3m crystal point group.

LASER-WELDED V-Cr-Ti ALLOYS: MICROSTRUCTURAL AND MECHANICAL
PROPERTIES - K. Natesan, C. B. Reed, Z. Xu, and D. L. Smith (Argonne National
Laboratory)

A systematic study has been in progress at Argonne National Laboratory to examine
the use of YAG or CO, lasers to weld sheet materials of V-Cr-Ti alloys and to
characterize the microstructural and mechanical properties of the laser-welded
materials. During this report period, thirty-eight weldments were made with a YAG
laser; the emphasis was on determining the optimal weld parameters to achieve
deep penetration in the welds while eliminating porosities found previously. A
preliminary assessment was then made of the weldments on the basis of visual
appearance and sectioning to determine depth of penetration and extent of

porosity.

DEVELOPMENT OF ELECTRICALLY INSULATING CaO COATINGS - K. Natesan,
M. Uz, and S. Wieder (Argonne National Laboratory)

A systematic vapor transport study has been initiated to develop electrically
insulating CaO coatings that are compatible with use in a liquid Li environment.
Several experiments were conducted to study how the deposition of Ca on V-4Cr-
4Ti substrate alloys is affected by variations in process temperature and time, and
specimen location, surface preparation, and pretreatment. During this reporting
period, a setup has been completed to measure the electrical resistivity of the
coatings in air or in an inert gas environment as a function of temperature up to
750°C. Some preliminary data are presented.

SILICON CARBIDE COMPOSITE MATERIALS

SiC FIBER EVALUATIONS — G. E. Youngblood and R. H. Jones (Pacific Northwest
National Laboratory)

The SiC fiber types selected for the JUPITER 14J irradiation experiment are
presented together with the rationale for their selection. The fiber diameter variation
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from fiber-to-fiber within a tow and along single filament lengths was assessed by
image analysis and SEM for four SiC-based fibers: Hi-Nicalon, Hi-Nicalon Type S,
Tyron SA, and Dow Sylramic. Because of the apparently characteristic fiber diameter
variations observed across tows (6-22 um) as well as along single filaments (up to
+1.0 pm/em), it is not appropriate to use average fiber diameters to determine
individual fiber strengths or fiber strength distributions. Generally, SiC fibers with
larger diameters have lower tensile strengths. Therefore, a 3-parameter modified
Wiebull analysis which includes a diameter dependence parameter is preferred over
the simple 2-paramater Weibull analysis to properly describe SiC fiber strength
distributions. The newly introduced diameter dependence parameter may be a
sensitive measure of fiber quality or performance.

FABRICATION OF SiC/SiC COMPOSITES USING ADVANCED FIBERS -
N. L. Vaughn, L. L. Snead, R. A. Lowden (Oak Ridge National Laboratory);
A. Kohyama and Y. Katoh (Kyoto University); J. L. Bailey, J. J. Henry, and
A. M. Williams (Oak Ridge National Laboratory)

FCVI SiC/SIC composites are being fabricated and wil be incorporated in the
upcoming 14J experiment in conjunction with the Jupiter and Crest Projects. Three
different fiber compositions, three different fiber architectures, and two different
interface thicknesses are being evaluated simultaneously. All of the fibrous
preforms received a pyrolytic carbon surface coating between the fiber and matrix
interface. Many of the non-irradiated samples have been characterized and trends
examined.

METHODS FOR JOINING SILICON CARBIDE COMPOSITES FOR HIGH
TEMPERATURE STRUCTURAL APPLICATIONS - C. A. Lewinsohn and

R. H. Jones (Pacific Northwest National Laboratory), M. Singh (NASA Lewis Research
Center), T. Shibayama (Hokkaido University), T. Hinoki, M. Ando, Y. Katoh, and

A. Kohyama (Kyoto University)

Joining methods are required to allow affordable fabrication of large or complex
SiC/SiC components for fusion energy systems. Previous analysis of the criteria for
successful and functional joints indicate that reaction-formed and polymer-derived
silicon carbide should be considered as candidate joint materials. Efforts have been
initiated to investigate the issues involved with fabrication and durability of these
joints. This report summarizes initial investigations of the long-term thermal stability
of silicon carbide joints formed by a reaction-based approach. Results indicate that
the joint may contain unreacted phases that react further during high-temperature
exposure. These results, and their implications, must be confirmed by additional
investigations.

DOSE RATE DEPENDENCE OF THE AMORPHIZATION OF SILICON CARBIDE ~
L. L. Snead, S. J.Zinkle, W. S.Eatherly, D. K. Hensley, N. L.Vaughn, J. W. Jones
(Oak Ridge National Laboratory)

Single crystal silicon carbide (SiC) has been 2 MeV silicon ion irradiated in various
irradiation temperature and ion flux ranges to measure the effect of these
parameters on the critical dose for amorphization. The temperature and flux range
for which amorphization was observed ranged from 80 to 400 K and 0.066 to 3 x 10
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dpa/s, respectively. The critical dose, D.,, was found by locating the depth of the
boundary between partially crystalline and fully amorphous material using dark field
TEM from samples prepared in cross section. This depth was compared to the
damage profile as calculated using the TRIM-96 code. The temperature
dependence of D is found to agree well with previously reported values, though
new evidence suggests a defect species becoming mobile in the 250-300 K range.
Also of significance is that D.; was dependent on flux at 340 K, ranging from 0.79
displacements per atom at the lowest ion flux to ~0.6 dpa at the highest flux level.
The dose rate dependence of D.; is compared with a chemical rate theory model
previously described by the authors. It is seen that the dose rate dependence is
substantially weaker than theorized. An extrapolation of the measured dose rate
dependence is also compared with recent data on fast neutron amorphized SiC.

INTERPHASE INTEGRITY OF NEUTRON IRRADIATED SILICON CARBIDE
COMPOSITES — L. L. Snead and E. Lara-Curzio (Oak Ridge National Laboratory) 100

SiC/SiC composites were fabricated from Hi-Nicalon™ fibers with carbon, pseudo-
porous SiC and multilayer SiC interphases. These materials were then irradiated in
the High Flux Beam Reactor with fast neutrons to a dose level equivalent to 1.1 dpa.
Resulis are presented for bend strength of both non-irradiated and irradiated
materials. Degradation in ultimate bend stress was seen for all materials studied,
while the matrix micro-cracking stress was unchanged. Within the interphases
studied the multilayer SiC interphase material showed the least degradation (8-20%)
in ultimate bend stress, while porous SiC underwent the greatest degradation
(~35%). The fiber matrix interphases are studied with TEM for both non-irradiated
and irradiated materials. While no irradiation induced microstructural evolution of the
interphase was observed, debonding of the interphase from the fiber was observed
for all cases. This debonding is attributed tensile stresses developed at the
interface due to densification of the Hi-Nicalon™ fiber. Residual stress analysis of
the fiber matrix interface clearly indicates that for densification of Hi-Nicalon™ and
volumetric expansion of the CVD SiC matrix corresponding to these irradiation
conditions tensile stresses occur well in excess of those which can be withstood by
these, or any other viable SiC composite interphase.

FERRITIC/MARTENSITIC STEELS 109

SUMMARY OF |EA WORKSHOP/WORKING GROUP MEETING ON
FERRITIC/MARTENSITIC STEELS FOR FUSION - R. L. Klueh (Oak Ridge National
Laboratory) 111

The International Energy Agency (IEA) Working Group on Ferritic/Martensitic Steels
for Fusion held a workshop at ECN Nuclear Research, Petten, The Netherlands, 1-2
October 1998. The Working Group, consisting of researchers from Japan, the
European Union, the United States, and Switzerland, met to review research that
has been completed since the previous meeting and to continue planning and
coordinating an international collaborative test program on reduced-activation
ferritic/martensitic steels for fusion applications. At the workshop, data were
presented from the continuing research on the IEA heats of steel that are being
studied in the collaboration. Data on these and other reduced-activation steels in
the irradiated and unirradiated condition were presented. Other subjects that were
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discussed included effects of a ferromagnetic steel in a fusion machine, the effect of
helium on properties, and the development and application of oxide dispersion-
strengthened steels for fusion. A Working Group status-review meeting is planned
in conjunction with the International Conference on Fusion Reactor Materials
(ICFRM-9} in Colorado Springs, 10-15 October 1999, at which time plans for a
workshop to be held in 2000 will be finalized.

MECHANICAL PROPERTIES OF TWO 7-9Cr FERRITIC/MARTENSITIC STEELS -
G .R. Odette, G. E. Lucas, and P. Spétig (University of California, Santa Barbara)

Tensile and fracture tests were performed on two ferritic/martensitic stainless steels.
The temperature dependence of the vyield stress and the thermal stress
dependence of the activation volume were found to be in good agreement with a
model based on the propagation of double kinks on screw dislocation segments.
Effective fracture toughness-temperature curves were developed for two specimen
sizes, and a constraint correction based on a critical stress (o)-critical area (A) model
was found to rationalize the differences. The status of the Master Curve Experiment
is discussed.

EFFECT OF SMALL AMOUNTS OF RHENIUM AND OSMIUM ON MECHANICAL

PROPERTIES OF A 9Cr-2W-0.25V-0.07Ta-0.1C Steel - R. L. Klueh, D. J. Alexander,

and M. A. Sokolov (Oak Ridge National Laboratory)

The nuclear transmutation of tungsten to rhenium and osmium in a tungsten-
containing steel irradiated in a fission or fusion reactor could change substantially the
chemical composition of the steel. To determine the possible consequences of
such changes on mechanical properties, tensile and Charpy impact properties were
determined on five 9Cr-2W-0.25V-0.07Ta-0.1C steels that contained different
amounts of rhenium, osmium, and tungsten. The mechanical properties changes
due to these changes in composition were relatively minor. Observations were also
made on the effect of carbon concentration. The effect of carbon on tensile
behavior was relatively minor, but there was a large effect on Charpy properties. The
steels showed relatively littie effect of tempering temperature on the Charpy
transition temperature, which was tentatively atiributed to the silicon and/or
manganese concentration.

SHEAR PUNCH TESTING OF IRRADIATED ISOTOPICALLY TAILORED
FERRITIC/MARTENSITIC STEELS — M. L. Hamilton, D. S. Gelles (Pacific Northwest
National Laboratory, S. Ohnuki (Hokkaido University), K. Shiba (JAERI), Y. Kohno
(University of Tokyo), and A. Kohyama (Kyoto University)

Single variable experiments are being conducted to study effects of H/He/dpa on
properties based on isotopically tailored alloys. **Fe has been used to prepare an
isotopically tailored duplicate of the commercial steel F82H, and a small number of
TEM disks have been irradiated in order to study radiation embrittiement. From
single disk specimens, mechanical properties were obtained using a shear punch
technique that produces a 1 mm blank from the 3 mm disk. Results indicate that
shear punch testing can be used successfully to provide mechanical property data
from single TEM disks. Little effect of helium on properties was found, either in %Fe
isotopically tailored specimens or in a boron-doped specimen.
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3.5 MICROSTRUCTURAL EXAMINATION OF IRRADIATED ISOTOPICALLY TAILORED

FERRITIC/MARTENSITIC STEELS FOLLOWING SHEAR PUNCH TESTING -

D. S. Gelles (Pacific Northwest National Laboratory), S. Ohnuki (Hokkaido University),

K. Shiba (JAERI), Y. Kohno (University of Tokyo), A. Kohyama (Kyoto University),

J. P. Robertson (Oak Ridge National Laboratory), and M. L. Hamilton (Pacific

Northwest National Laboratory) 143

Single variable experiments are being conducted to study effects of H/He/dpa on
properties based on isotopically tailored alloys. *‘Fe has been used to prepare an
isotopically tailored duplicate of the commercial steel F82H, and a small number of
TEM disks have been irradiated in order to study radiation embrittlement. From
single disk specimens, mechanical properties were obtained using a shear punch
technique that produces a 1 mm blank from the 3 mm disk. The 1 mm blanks have
been thinned and examined by TEM. The novel thinning procedures are described
and microstructural observation presented in detail. Little effect of helium on
microstructure was found, either in %Fe isotopically tailored specimens or in a boron
doped specimen.

3.6 HYDROGEN PRODUCTION EFFECT ON MICROSTRUCTURE OF HFIR-IRRADIATED
LLOW-ACTIVATION F82H STEEL USING *Fe ISOTOPE — E. Wakai (Japan Atomic
Energy Research Institute), N. Hashimoto (Oak Ridge National Laboratory), K. Shiba
and Y. Miwa (JAERI), and J. P. Robertson and R. L. Klueh (Oak Ridge National

Laboratory) 151

Reduced-activation F82H-std and a similar F82H doped with *Fe (F82[(**Fe]) steels
were irradiated at 250°C to 2.8 dpa in HFIR and examined by TEM. The produced
hydrogen concentration in the F82H(*Fe) steel is estimated to be 68 appm. Pre-
irradiation microstructures of F82H(**Fe) steel were very similar to those of F82H-std
steel. A few small cavities were formed in the irradiated F82H(**Fe) steel, but the
swelling is insignificant, while in the F82H-std steel no cavities were observed.
Precipitates with contrast similar to o’ phase were observed on many dislocation
loops in these steels. The number density and mean size for dislocation loops in the
F82H-std and Fu2H(*Fe) steels are 1.4 x 102 m® and 7.9 nm, and 2.1 x 10®? m* and
6.6 nm, respectively. These types of loops are b=(a/2)<111> for the F82H-std and
b=(a/2)<111> and a<100> for the F82H(*Fe) steel. The concentration of a<111>
type to all loops in the F82H(*Fe) steel is about 73%.

3.7 SWELLING OF THE HFIR-IRRADIATED F82H, F82H+ B AND F82H+ %®Ni STEELS —
E. Wakai (Japan Atomic Energy Research Institute), N. Hashimoto (Oak Ridge National
Laboratory), K. Shiba, and Y. Miwa (JAERI), and J. P. Robertson and R. L. Klueh (Oak
Ridge National Laboratory) 161

Swelling of reduced-activation F82H-std and F82H steels doped with natural boron
(311 appm), isotope "B (325 appm), 1.35 at% *Ni, and 1.31 at% ®Ni irradiated at
300 and 400°C to 52 dpa in the HFIR have been examined by TEM. The swelling of
F82H-std irradiated at 400°C to 52 dpa is about 0.6% and the natural B and '°B
doped F82H steels is about 0.9 and 1.1%, respectively. In the *Ni and ®Ni doped
F82H steels, swelling is 0.02 and 0%, respectively, even though the %®Ni-doped
specimen has the highest helium production. Large cavities in the F82H-std are
observed in the matrix but not observed near many lath boundaries, while in the B
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doped specimens, cavities are formed even near lath boundaries. While the cavities
formed at 300°C to 52 dpa are observed in only F82H+ '°B and F82H+ *®Ni steels,
the swelling value is insignificant. The number densities of dislocation loops formed
in these steels at 300°C to 52 dpa are very high (i.e., on the order of 10?2 m®), and at
400°C to 52 dpa the number densities are very low (i.e., on the order of 10 m?). A
high density of precipitates is formed in the matrix of the Ni-doped F82H steels. The
low swelling of Ni-doped specimens at 400°C of 52 dpa may be caused by the
formation of a high density of precipitates.

MICROSTRUCTURE OF ISOTOPICALLY-TAILORED F82H AND HT9 IRRADIATED
AT 400°C IN HFIR — N. Hashimoto, J. P. Roberison, A. F. Rowcliffe (Oak Ridge
National Laboratory, Y. Miwa and K. Shiba (Japan Atomic Energy Research institute)

Microstructures of reduced-activation ferritic/martensitic steels, F82H (8Cr-2W-0.2V-
0.04Ta), 8Cr-2WVTa doped with 58Ni, HT9 (12Cr-1MoVW) and HT9 doped with N,
irradiated at 400°C to 7 dpa in the High Flux Isotope Reactor (HFIR), were
investigated by transmission electron microscopy. Cavities were observed in the
standard F82H (f82H-std.) and 8 Cr-2WVTa-®Ni, but not in the standard HT9 (HT9-
std.) and HT9-*Ni alloys. The irradiation induced a,<100> and (a/2)<111> type
dislocation loops in all alloys; the number density and the mean diameter of
(a2)<111> type loops were lower and smaller than that of a,<100> type loops.
Also, there is a tendency that the number density of loops in the F82H and 8Cr-
2WVTa-*Ni alloys were lower than those in the HT9 alloys.

SWELLING OF F82H IRRADIATED AT 673 K TO 7 dpa in HFIR - Y. Miwa, E. Wakai,
K. Shiba (Japan Atomic Energy Research Institute), N. Hashimoto, J. P. Robertson,
and A. F. Rowcliffe (Oak Ridge National Laboratory)

A reduced activation ferritic/martensitic steel F82H (F82H-std) and a heat with the
addition of isotope '°B (F82H+'°B) were irradiated at 673 K to 7 and 51 dpa in HFIR.
The swelling behavior of these alloys was examined by transmission electron
microscopy. In the F82H-std irradiated to 7 dpa, small cavities (~8 nm in dia) were
observed in lath cells, but not on the interfaces of lath boundaries or precipitates.
The cavity number density (N,) was about 4 x 10%* m3. The swelling was about 0.2%.
In the F82H+'°B irradiated to 7 dpa, smaller cavities (~5 nm in dia) were observed in
lath cells, and some cavities occurred on the interfaces of lath boundaries or small
precipitates. The N, was about 1.5 x 102 m?®, and the swelling was about 0.2%. In
the F82H std irradiated to 51 dpa, large and small cavities were observed in lath cells,
but not on the interfaces of lath boundaries or precipitates. The N, was about 1 x
10%' m?, and the swelling was about 0.6%.

COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS

TEMPERATURE AND STRAIN RATE EFFECTS IN SOLUTION ANNEALED CuCrZr —
D. J. Edwards (Pacific Northwest National Laboratory)

Previous reports presented the effects of strain rate and test temperature on the
tensile properties of GlidCop™ Al25 and Hycon 3HP™ tested in air. The present
report summarizes the results of a similar set of tests on solution annealed (SA)
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CuCrZr. The SA CuCrZr proved to have only a slight dependence on test
temperature up to 350°C in comparison to the other alloys tested in this series.
Tests conducted at 450°C, irrespective of the strain rate used, produced a low level
of precipitate aging in the solution annealed alloy that masked any potential effect of
strain rate and test temperature. For a given strain rate the yield and ultimate
strength decreased slightly up to 350°C, then increased significantly at 450°C as the
aging began. The uniform and total elongation both decreased steadily as the test
temperature was increased to 450°C. The reduction in area was less sensitive to
temperature up to 250°C, then decreased steadily up to 450°C. In general the
tensile results showed little dependence on strain rate with the exception that the
reduction in area was somewhat higher at the two highest strain rates (1.5 x 10" and
1.5 s") when tested at 350 and 450°C, which may be a consequence 1o the age
hardening. Failure mode in the material appeared ductile throughout the range of
strain rate and test temperatures.

AUSTENITIC STAINLESS STEELS 195

MICROSTRUCTURAL EVOLUTION OF COLD-WORKED AUSTENITIC STAINLESS
STEELS IRRADIATED TO 17 dpa IN SPECTRALLY TAILORED EXPERIMENTS OF
THE ORR AND HFIR AT 400°C — E. Wakai (Japan Atomic Energy Research Institute),

N. Hashimoto and J. P. Robertson (Oak Ridge National Laboratory), and T. Sawai and
A. Hishinuma (JAERI) 197

The microstructural evolution of cold-worked JPCA, 316R, C, K steels irradiated at
400°C in spectrally tailored experiments of the ORR and HFIR was investigated. The
helium generation rates were about 12-16 appm He/dpa on the average up to 17.3
dpa. The number density and average diameter of dislocation loops in the steels
had ranges of 3 x 10?' to 8 x 10?' m® and 14.4 to 23.7 nm, respectively. Carbides
were formed in all steels by the irradiation, and the number density and average
diameter had ranges of 2 x 10?' to 1 x 10¥ m™® and 3.4 to 17.7 nm, respectively. The
number density and root mean cube of radius for cavities were 6 x 10*' to 2 x 102 mr
3, and 1.2 to 2.4 nm, respectively, in these steels, and the swelling was 0.007 to
0.1% in these steels. JPCA-CW which has the lowest swelling shows the highest
number density of carbides, while K-CW which has the highest swelling shows the
fowest density of carbides.

INSULATING CERAMICS AND OPTICAL MATERIALS 203

EFFECT OF LOW TEMPERATURE ION IRRADIATION ON THE MICROSTRUCTURE
OF NITRIDE CERAMICS - S. J. Zinkle, L. L. Snead, W. S. Eatherly, J. W. Jones,
and D. K. Hensley (Oak Ridge National Laboratory) 205

Cross-section transmission electron microscopy was used to investigate the
microstructure of polycrystalline silicon nitride (Si;N,) and aluminum nitride (AIN)
following 2 MeV Si ion irradiation at 80 and 400 K up to a fluence of 4 x 10%° ions/m?
(maximum damage of ~10 displacements per atom, dpa). A buried amorphous band
was observed at both temperatures in Si;N, in the region corresponding to the
peaks in the implanted ion and displacement damage. From a comparison of SiN,
specimens irradiated at different fluences, it is concluded that the amorphization is
primarily controlled by the implanted Si concentration rather than the displacement
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damage level. SigN, amorphization did not occur in regions well-separated from the
implanted ions for doses up to at least 3 dpa at 80 K, whereas amorphization
occurred in the ion implanted region (calculated Si concentration >0.01 at.%) for
damage levels as low as ~0.6 dpa. The volumetric swelling associated with the
amorphization of SiyN, is <10%. Amorphization was not observed in any of the
irradiated AIN specimens. A moderate density of small (~3 nm) defect clusters were
observed in the crystalline damaged regions of both the Si3N4 and AIN specimens
at both irradiation temperatures. Aligned network dislocations were also observed in
the AIN specimen irradiated to high dose at 80 K.

6.2 PHONON SCATTERING RATE AND THERMAL CONDUCTIVITY REDUCTION DUE
TO DISLOCATION LOOPS IN ALUMINA - D. P. White (Oak Ridge National
Laboratory and Merrimack College) 212

The phonon scattering rate due to dislocation loops has been calculated. The
dislocation loops are modeled as plate-like inclusions in the lattice. Using the
calculated value of the phonon scattering relaxation time the reduction in the lattice
thermal conductivity is estimated. It is found that for characteristic values of loop size
and number density in irradiated alumina dislocation loops will produce a fractional
reduction in the thermal conductivity of approximately 33 percent, assuming this is
the only scattering mechanism other than intrinsic scattering.

7.0 SOLID BREEDING MATERIALS 217
No contributions.

8.0 RADIATION EFFECTS, MECHANISTIC STUDIES, AND
EXPERIMENTAL METHODS 219

8.1 DEVELOPMENT OF SUPERPOSITION RULES FOR HARDENING IN ALLOYS
CONTAINING MULTIPLE DEFECT POPULATIONS — G. R. Odette, G. E. Lucas,
G. Tedeski, and B. D. Wirth (University of California, Santa Barbara) 221

In this study extensive computer simulations were carried out to calculate the yield
strengths arising from the presence of two defect populations. The motion of an
individual dislocation through a random obstacle field containing varying ratios of
obstacles with two different barrier strengths (strong and weak) was computed
based on equilibrium bowing of dislocation segments between adjacent obstacles.
Yield stress was determined as the minimum stress necessary for the dislocation to
successfully traverse the obstacle field. The resuits show that the superposition law
is neither linear nor root sum square, but can be approximately represented by a
superposition weighting parameter that is a simple analytical function of the
individual strong and weak barrier strengths. Illustrations of the implications of this
law are provided.

8.2 MECHANISMS OF PLASTIC AND FRACTURE INSTABILITIES OF FUSION
STRUCTURAL MATERIALS ~ N. M. Ghoniem (University of California, Santa Barbara) 227

The main thrust of the current modeling effort is to identify the mechanisms which
lead to localization of plastic deformation, the accelerated cavitation at grain
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boundaries, the detrimental influence of helium transmutations, and the loss of
ductile crack propagation in irradiated materials. We report here our initial research
findings on the problem of accumulation of nano-scale prismatic defect clusters in
the vicinity of dislocations. Under irradiation conditions, small defect clusters are
produced in collision cascades. These mobile clusters interact with dislocations
hindering its motion. Thus, radiation hardening takes place as a result of these
interactions. However, it is shown here that once these nano-phase clusters
approach dislocations, they may be trapped in their elastic strain fields. Trapping is
shown to occur by elastic interactions within a zone of 10 nm in bce Fe, and 20 nm in
fcc Cu at RT. If the local stress (i.e. applied plus internal) is high, clusters are
absorbed in the core of grown-in dislocations as a result of unbalanced moments,
providing sufficient energy for rotation of their Burgers vectors in a zone of 2-3 nm in
Fe. Near the dislocation core, sessile defect clusters in Cu are shown to convert to a
glissile configuration.

EVALUATION OF FRACTURE TOUGHNESS, CONSTRAINT AND SIZE EFFECTS
FROM CRITICAL CRACK TP OPENING MEASUREMENTS USING CONFOCAL
MICROSCOPY AND FRACTURE RECONSTRUCTION METHODS - G. R. Odette,

G. E. Lucas, K. Edsinger, E. Donahue, and H. Rathbun (University of California,

Santa Barbara) 243

This work demonstrates the use of confocal microscopy and fracture reconstruction
methods to measure the critical crack tip opening displacement for several candidate
fusion reactor structural materials — including both tempered martensitic steels and
V-4Cr-4Ti — as well as other alloys for a variety of testing conditions and specimen
sizes and configurations. Extensions of the method to regimes that deviate from
small scale yielding, including stable crack growth and small specimens, based on
local measures of toughness combined with simulations of crack tip fields are also
described.

COMPARISON OF SWELLING AND IRRADIATION CREEP BEHAVIOR OF FCC-
AUSTENITIC AND BCC-FERRITIC/MARTENSITIC ALLOYS AT HIGH NEUTRON
EXPOSURE - F. A. Garner (Pacific Northwest National Laboratory), M. B. Toloczko
(Washington State University), and B. H. Sencer (New Mexico Tech) 252

Extended Abstract

PROGRESS ON THE INTEGRATED FOCUS ON FUNDAMENTAL STUDIES -
VANADIUM INITIATIVE - H. L. Heinisch (Pacific Northwest National Laboratory) 254

IFFS-VI was initiated at the JUPITER Workshop on Theory and Modeling for Fusion
Materials held October 30, 1997, during ICFRM-8 in Sendai, Japan. The original
initiative is described, participants and collaborations are identified, and recent
progress and future plans are discussed.
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SIMULATION OF DAMAGE EVOLUTION AND ACCUMULATION IN VANADIUM -
E. Alonso, M.-J. Caturla, T. Diaz de la Rubia (Lawrence Livermore National Laboratory),
and J.M. Perlado’ "(Instituto de Fusion Nuclear, José Gutiérrez Abascal, 2 E.T.S.l.I) 259

Energetic atoms which have been knocked off their lattice sites by neutron or ion
irradiation leave a trail of vacancies and interstitials in their wake. Most of these
defects recombine or cluster within their own collision cascade. Some fraction,
however, escape to become freely migrating defects (FMD) in the bulk of the
material. The interaction of FMD with the microstructure has long been linked to
changes in the macroscopic properties of materals under irradiation. We calculate
the fraction of FMD in pure vanadium for a wide range of temperatures and primary
knock-on atom (PKA) energies. The collision cascade database is obtained from
molecular dynamics (MD) simulations with an embedded atom method (EAM)
potential. The actual FMD calculation is carried out by a kinetic Monte Caro (kMC)
code with a set of parameters extracted either from the experimental literature or
from MD simulations. We take two different approaches to the problem and compare
them. The first consists of an idealized simulation for single cascades. Annealing
each cascade at different temperatures allows the mobile species to escape and
account for FMD. The second analyzes bulk diffusion and damage accumulation in a
specimen irradiated at a low dose rate in the presence of impurities, in order to mimic
experimental conditions. At the temperature studied, beginning of stage V, we
observe that only vacancies are free to move whereas most interstitials are stopped
by impurities. The fraction of FMD obtained is 11% for high purity vanadium, which is
in good agreement with the figures reported in literature. We also analyze the role of
impurities in damage accumulation.

KINETIC MONTE CARLO STUDIES OF THE EFFECTS OF ONE-DIMENSIONAL

GLIDE ON THE REACTION KINETICS OF INTERSTITIAL CLUSTERS —- H. L. Heinisch
(Pacific Northwest National Laboratory), B. N. Singh (Risg National Laboratory),

and S. |. Golubov (Institute of Physics and Power Engineering) 271

Extended abstract.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION
CALCULATIONS 275

No contributions.
MATERIALS ENGINEERING AND DESIGN REQUIREMENTS 277

MATERIALS INPUT FOR THE ARIES-ST DESIGN PROGRAM — M. C. Billone
(Argonne National Laboratory) 279

The ARIES-ST design incorporates a number of materials for which data and design
criteria are required. The materials input includes the present status of the materials
database, as well as progress in fabrication techniques and materials development
which can be reasonably achieved over the next 25-50 years. During the past year,
input was provided for the copper alloys considered for the electrically-conducting
center post, the aluminum alloys proposed for the toroidal field return outer shell,
the ferritic steels (low-activation and ODS) to be used as first-wall and blanket
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structural material, the compatibility between the slow-flowing Pb-Li breeder and the
SiC thermal barrier and the ferritic steel structural material, and the tungsten selected
for both the plasma-facing divertor material and the divertor coolant pipes. Some
guidance was also provided with regard to fabrication and joining techniques. The
level of detail provided with regard to the database and design guidelines for the
various components depended on the functional importance of the component and
the status of the database.

11.0 IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL
METHODS 283

11.1 ACCELERATED HELIUM PRODUCTION IN Fe-54 DOPED ALLOYS -
MEASUREMENTS AND CALCULATIONS FOR THE FIST (FERRITIC ISOTOPIC
TAILORING) EXPERIMENT — L. R. Greenwood, B. M. Oliver, D. S. Gelles (Pacific
Northwest National Laboratory), S. Ohnuki (Hokkaido University), K. Shiba (JAERI),

Y. Kohno (University of Tokyo), A. Kohyama (Kyoto University), and J. P. Robertson
(Oak Ridge National Laboratory) 285

Iron alloys enriched in Fe-54 were irradiated in the High Flux Isotopes Reactor
(HFIR). Measurements and calculations have been performed to demonstrate and
to predict the accelerated helium production due to higher fast and/or thermal
neutron cross sections for helium-producing reactions on the iron isotopes of Fe-54
and Fe-55. A helium/dpa ratio of 2.3 was achieved for a 1.25-year irradiation.

11.2 MODULATED-BEAM MASS SPECTROMETRY SYSTEM FOR THE DETERMINATION
OF LOW LEVELS OF HYDROGEN IN IRRADIATED MATERIALS - B. M. Oliver,
J. A. Abrefah, F. A. Garner (Pacific Northwest National Laboratory), and A. Kumar
(University of Missouri, Rolla) 291

A high-sensitivity analysis system has been developed for the measurement of
hydrogen in solid materials. The system is based on a low-volume hot crucible
hydrogen extraction furnace in combination with a modulated-beam quadrupole
mass spectrometer detector system. Calibration of the system is conducted using a
commercially available hydrogen leak source attached to the detector volume input
line. Initial tests on the system using 5 to 10 mg sized specimens cut from a
hydrogen-containing steel standard of 5.2 = 0.3 wppm gave an average
concentration of 5.8 + 0.2 wppm. The ultimate system detection limit is currently ~5
x 10" atoms, or ~5 appm for a 10 mg specimen. Future work will now involve
analysis of a number of irradiated materials from various fission and fusion research
programs.

11.3 CONCEPTUAL DEVELOPMENT OF THE FUSION-2 EXPERIMENT FOR IRRADIATION
TESTING OF VANADIUM ALLOYS IN A LITHIUM ENVIRONMENT AT 500-700°C IN
THE BOR-60 REACTOR - V. Kazakov, V. Chakin, V. Efimov, V. Petukhov,
A. Tuktabiev, P. Gabiev (Research Institute of Atomic Reactors), H. Tsai, T. S. Bray,
D. L. Smith (Argonne National Laboratory), and A. Rowcliffe (Oak Ridge Nationall
Laboratory) 296

The specific requirements of this task were to complete the conceptual designs of
irradiation capsules to a neutron dose of approximately 20 dpa in BOR-60. The
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specimen matrix wil include sheet tensile, compact tension, bend bars, irradiation
creep tubes, and TEM disks. The irradiation temperatures will be approximately 500,
550, 600, and 650°C; the temperature changes related to changes in reactor
operating conditions are to be minimized; and all specimens are to be encapsulated
in lithium. In addition, the possibility of a multi-temperature assembly and
reconstitution of assemblies was assessed.

PROGRESS REPORT ON THE OPERATION OF THE VARYING TEMPERATURE
EXPERIMENT (HFIR-MFE-RB-13J) — A. L. Qualls (Oak Ridge National Laboratory)
and T. Muroga (National Institute for Fusion Science)

Irradiation of the HFIR-MFE-RB-13J irradiation experiment began during this
reporting period. Four cycles of operation were completed and the fifth cycle began
during the reporting period. While the operating temperatures of the experiment are
slightly higher than anticipated, control of the experiment has worked as expected
including temperature control during reactor startup.

OPERATING HISTORY OF THE HFIR-MFE-RB-11J AND -12J (P3-2 AND P3-3)

EXPERIMENTS - K. E. Lenox and M. L. Grossbeck (Oak Ridge National Laboratory) 307

The HFIR MFE-RB-11J and —12J experiments are being conducted under the
auspices of the Japanese Monbusho, the Japan Atomic Energy Research Institute
(JAER), and the U.S. Fusion Energy Sciences Program. The irradiation of the
experiments was completed in July of 1998, and the disassembly of the
experiments is scheduled to be complete in early 1999. The operating history of
both experiments, including the operating temperatures of the specimens, is
discussed.

AS-BUILT CONDITION AND OPERATING HISTORY OF THE U.S./JAERI HFIR
MFE-RB-10J CAPSULE - K. E. Lenox and J. P. Robertson (Oak Ridge National
Laboratory)

The HFIR-MFE-RB-10J experiment is being conducted under the auspices of the
U.S. Depantment of Energy (DOE)/Japan Atomic Energy Research Institute (JAERI)
Collaborative Testing Program. The final specimen loading lists, operating
constraints, and operating history of the experiment are discussed. The experiment
has undergone approximately ten (10) days of irradiation, but has been removed
from HFIR due to the development of a leak in the primary containment vessel. The
associated europium liner has also been removed. Efforts are underway to apply for
approval to continue the irradiation of the RB-10J experiment as soon as possible.

STATUS OF DOE/JAERI COLLABORATIVE PROGRAM PHASE Il AND PHASE ll|
CAPSULES —- J. P. Robertson, K.E. Lenox (Oak Ridge National Laboratory), and
Y. Miwa (Japan Atomic Energy Research Institute)

Significant progress continues to be made in the post-irradiation examinations (PIE)
of the specimens from the DOE ORNL/JAER! collaborative capsules and in the
design and fabrication of additional capsules. This report serves as a summary of the
irradiation parameters for the capsules and the Fusion Materials progress reports
related to the design, loading, operation, and dosimetry.
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SCHEDULE AND STATUS OF IRRADIATION EXPERIMENTS - A. F. Rowcliffe
and J. P. Robertson (Oak Ridge National Laboratory) 337

The current status of reactor irradiation experiments is presented in tables
summarizing the experimental objectives, conditions, and schedule.

PROGRESS REPORT ON THE TRIST-TC1 EXPERIMENT — A. L. Qualis, L. L. Snead,

S. J. Zinkle, W. S. Eatherly, R.G. Sitterson, and D.W. Sparks (Oak Ridge National
Laboratory), R. Yamada (Japan Atomic Energy Research Institute), and Y. Katoh

(Kyoto University, Institute of Advanced Energy) 345

Fabrication of the experiment began during this reporting period. Forly specimens,
in addition to eight heat generation measurement standards, were cut to size and
brazed into twenty-four specimen pads. The specimen pads were assembled into
three temperature zones comprising the experimental region of the capsule.
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TENSILE PROPERTIES OF 832665 AND 832864 HEATS OF V-4Cr4Ti ALLOY AT HIGH
TEMPERATURES* - H. Tsai, L. J. Nowicki, T. S. Bray, M. C. Billone, D. L. Smith (Argonne National
Laboratory) and W. R. Johnson (General Atomics)

Summary

To explore the upper operating limit of vanadium-base alloys, SS-3 tensile specimens were prepared
from the 832665 and 832864 heats of V-4Cr-4Ti alloy and tested at temperatures between 600 and
800°C. The results showed the behavior of the two heats to be similar {with the 832864 heat being
slightly weaker) and the reduction of strengths with temperature insignificant at least up to 750°C.
Ductility for both materials is good in the test temperature range. These findings are largely
consistent with previously reported results on these two heats.

Objective

The objective of this task is to determine the high-temperature tensile properties of the 832665 and
832864 heats of V-4Cr-4Ti alloys. The 832665 heat[1] is the “500-kg” heat procured by the U.S.
DOE and the 832864 heat[2] is the “1200-kg” heat procured by General Atomics (GA) for the DIlI-D
radiative divertor upgrade(3].

Background

Susceptibility of vanadium-base alloys to low-temperature embrittlement[4,5,6] during neutron
irradiation may limit the application of these alloys in low-temperature (<~400°C) regimes. To extend
the service window, it is necessary to assess the performance of the materials in the high-
temperature end, i.e., in the ~700-800°C range. While the performance at high-temperature may be
limited by many factors, including helium effects and creep, adequate tensile properties remain an
important consideration.

The tensile properties for the GA’'s 832864 heat have been measured up to 380°C[7]. Those for the
832665 heat have been measured to 700°C and recently to 800°C[8,9].

Test Specimens

The test specimens for this study were prepared from the 832665 and 832864 heats of V-4Cr-4Ti
alloys. The compositions of the two heats are shown in Table 1.

Table 1. Chemical composition of the two alloys investigated

Heat ingot Nom. Composition Interstitial Content (wppm)
Number Size (kg) (wt. %) 0 N C Si
832665 500 V-3.8Cr-3.9Ti 310 85 80 780
832864 1200 V-3.8Cr-3.8Ti 370 120 30 270

The specimens had nominal gauge dimensions of 0.76 (t) x 1.52 (w) x 7.6 (I) mm. The
longitudinal direction was parallel to the final rolling direction of the sheets. The 832665
specimens were cut by electric-discharge machining (EDM) from a cold-rolled sheet with the
appropriate thickness. For the 832864 heat, as sheets of the required thickness were not
available, EDM was used to slice sheets of the correct thickness from a 4.8-mm-thick plate and
then prepare the specimens from the sliced sheets. This method avoided rolling of the plate, thus

‘Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W31-108-Eng-38.



preserving the plate’s as-rolled microstructure. (4.8-mm-thick plate is a major product form for the
DIlI-D application.)

After the machining, all specimens were held in a Ti boat and annealed at 1000°C for 1 h in a
vacuum better than 107 torr.

Experimental Procedure

The tests were performed with the specimens and the test train contained in a quartz tube purged
with high-purity argon. An impurity getter made of Ti foil was used to protect the specimen at
temperature. Heating was achieved with a radiant furnace and the specimen temperature was
indirectly measured with a thermocouple attached to the lower specimen grip. As no
extensometer was used, gauge section extension was determined from the crosshead
displacement after the slack in the grip and the deformation of the load frame were subtracted.
The strain rate for all tests was 1.09 x 10%/s, except one, which was conducted at 1.09 x 10%/s to
investigate strain-rate effects.

Resuits and Discussion

The results of our tests are summarized in Table 2. For both materials, in the 600-800°C-test
range, the maximum strength appears to occur at 700°C. All specimens display substantial
ductility, with uniform elongation ranging from 7.4 to 12.3% and total elongation from 15.2 to
20.9%. In comparison, as has been seen before in lower-temperature tests[7], the 832864 heat
appears to be slightly weaker than the 832665 heat. Not unexpectedly, the 832864 heat exhibits
slightly greater ductility. Serrations in the load curve, due to dynamic strain aging, were observed
in both materials only at 600°C. At higher test temperatures, serrations could not be identified.
Strain-rate effects at 750°C appear to be slight.

Our results exhibit fairly good agreement against previously reported tensile data, as shown in
Figs. 1 and 2. The overall database indicates that degradation of the tensile properties due to
high temperatures appears not to be an issue, at least at temperature up to ~750°C.

Table 2. Summary results of the high-temperature tensile tests

Heat/ Specimen Test Strain Rate 0.2% OS UTS UE TE
Material No. Temp.(°C) (s YS (MPa) (MPa) (%) (%)
832665 133 600 1.09 x 103 227 413 9.8 18.6
(V-4Cr-4Ti) 134 700 1.09x 103 238 428 10.6 17.3
135 750 1.09 x 10 233 395 9.6 18.4
137 750 1.09 x 10* 230 401 7.4 15.8
136 800 1.09 x 10° 217 357 7.8 15.2
832864 114 600 1.09x 103 199 382 10.0 18.7
(V-4Cr-4Ti) 115 700 1.09 x 103 223 398 12.3 20.9
116 750 1.09 x 103 174 388 11.5 16.3
117 800 1.09 x 10° 173 350 10.5 16.3
Future Activities

The fracture surface of the specimens will be examined with scanning electron microscopy to
delineate the fracture mode and to determine areal reduction.
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Fig. 1 Comparison of tensile strength of 832665 and 832864 heats with the existing
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open symbols depict 0.2% offset yield strength.
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BIAXIAL THERMAL CREEP OF V-4Cr-4Ti AT 700°C AND 800°C ~ R. J. Kurtz and M. L.
Hamilton (Pacific Northwest National Laboratory)*

OBJECTIVE

To determine the biaxial thermal creep characteristics of V-4Cr-4Ti over the temperature
range 600 to 800°C at realistic stresses for comparison with uniaxial creep tests and
irradiation creep experiments.

SUMMARY

A study of the thermal creep properties of V-4Cr-4Ti is being performed using pressurized
tube specimens. Creep tubes nominally 4.572 mm OD and 0.254 mm wall thickness were
pressurized with high-purity helium gas to mid-wall effective stress levels below the uniaxial
yield strength at the test temperature of interest. Specimens are being heated to 700 and
800°C in an ultra-high vacuum furnace and held at temperature for specific time intervals.
Periodically the specimens are removed to measure the change in OD with a high-precision
laser profilometer. Initial results show that creep rates at 800°C are substantially greater
than at 700°C.

PROGRESS AND STATUS
Introduction

Vanadium-base alloys are attractive candidate materials for fusion first-wall/blanket
structural materials, in part, because of their potentially high service temperatures.
Information on the time-dependent, high-temperature deformation properties of vanadium
and vanadium alloys is limited, and within the existing data base there are uncertainties
which may have influenced the results such as the interstitial impurity content of test
specimens and vacuum quality. Because of this paucity of data it is a priority for the U.S.
Advanced Materials Program to characterize the creep and creep rupture properties of the
reference vanadium alloy V-4Cr-4Ti.

To develop a suitable test matrix, the pertinent data on thermal creep of pure vanadium and
vanadium alloys was collected and summarized [1-8]. Wheeler, et al. [1] determined the
secondary creep rate of pure polycrystalline vanadium over the temperature range from 477
to 1600°C. Their results showed that the activation energy for creep increased linearly from
234 to 507 kJ/mole as the stress decreased from 147 MPa to 2.5 MPa. The activation
energy for creep was seen to be larger than that for self-diffusion at any given temperature.

A fifth power dependence of the minimum creep rate on applied stress was found when the
ratio of strain rate to diffusivity was less than 10° cm™2. Above this ratio a stronger stress
dependence was observed. Figure 1 presents a graph of the stress dependence of the
minimum creep rate for pure vanadium over the temperature range of 600 to 850°C. The
650 and 800°C data in Figure 1 were generated by Shirra [2]. Note the stress exponent is
about 11.3 at stresses above 40 MPa but drops to 6.2 at stress levels below 30 MPa.

*Pacific Northwest National Laboratory (PNNL) is operated for the U.S. Department of
Energy by Battelle Memorial Institute under contract DE-AC06-76RLO-1830.
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Figure 1 . Stress dependence of the minimum creep rate of pure vanadium.

The stress dependence of the secondary creep rate for V-Ti alloys is similar to that for pure
vanadium [3-6]. The available data suggests that for Ti concentrations around 5 w/o,
temperatures in the 650 to 700°C range, and stress levels above about 200 MPa the stress
exponent is around 11. The stress exponent decreased to values between 2 and 6 for
specimens with higher Ti content and tested at higher temperatures and lower stresses.
Higher titanium levels have been observed to increase the secondary creep rate.

The creep behavior of V-Cr-Ti alloys tested between 600 and 800°C is plotted in Figure 2
[7.8]. The Ti concentration was about 4 to 5 w/o while the Cr concentration ranged from 4 to
15 w/o. The creep resistance of V-Cr-Ti alloys appears to increase with increasing Cr level,
although this observation is not unequivocal. The stress exponent is between 10 and 11 for
the bulk of these data. It should be noted that all of the creep data shown in Figure 2 was
generated at stress levels greater than 200 MPa. Recently summarized tensile property
data for V-4Cr-4Ti [9-11] shows that stresses of this magnitude are very close to the yield
strength at temperatures between 300 and 700°C. Furthermore, a preliminary design
analysis for V-4Cr-4Ti using the procedures given in the ASME Boiler and Pressure Vessel
Code and the ITER interim Structural Design Criteria indicates that the primary membrane
stress limit in the temperature range of 500 to 700°C is about 110 MPa [12]. Thus, the initial
test matrix was selected to explore the thermal creep properties of V-4Cr-4Ti at stress levels
bounding the conditions that a vanadium first-wall structural material might experience.
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Figure 2. Stress dependence of the minimum creep rate of V-Cr-Ti alloys between
600-800°C.

Table 1 lists the temperatures and mid-wall hoop stress levels planned for the initial series of
experiments. Since the ratio of inner radius to wall thickness for our creep tubes is less than
10, it is more appropriate to calculate tube stresses using the expressions for a thick-wall
cylinder rather than the approximate thin-wall equations. The mid-wall hoop stresses given
in Table 1 were obtained from

__PR | R
g, —mlﬁb?y (1)

where R, is the outer radius, R is the inner radius, p is the internal pressure at the test
temperature and R, is the mid-wall radius. As highlighted in Table 1 by bold italicized
entries the first tests will focus on the 700 and 800°C temperatures since these should be
completed in the shortest time. It should be noted the stress levels and test temperatures
may be revised and updated to reflect early results.

Experimental Procedure

Sactions of V-4Cr-4Ti tubing with a nominal 4.572 mm OD, 0.254 mm wall thickness and
~45% cold work level were obtained from Argonne National Laboratory (ANL) for fabricating



Table 1. Planned matrix for biaxial thermal creep experiments. Italicized values represent

10

specimens tested during the first campaign.

Test Temp., °C Mid-Wall Hoop Stress, MPa
600 - 100 150 175 200 225 250
700 75 100 125 150 175 200
800 25 50 75 100 125 150

creep specimens. Figure 3 shows a sketch of the specimen geometry including end-caps.
Details of the tubing fabrication have been reported previously [13]. Specimen blanks 25.4
mm long were cut from the tubing and measurements of the ID and OD were performed at
two axial locations (x/L. = 1/3 and 2/3) and at 45° azimuthal intervals prior to cleaning.
Specimen blanks and end-caps were then prepared for welding by cleaning in accordance
with modified ANL Procedure IPS-181-00-00. The modifications to this procedure included a
somewhat shorter exposure to the pickling solution (~3 min.) and deletion of the oven drying
step. Following cleaning, specimen thickness was measured using a metallurgical
microscope at eight equally spaced azimuthal locations around each tube end. Five TEM
disks punched from pure titanium foil were inserted into each specimen and end-caps were
electron-beam welded to the tubes. Following end-cap welding the specimens were loosely
wrapped with titanium foil and annealed in a vacuum (107 torr) at 1000°C for 1 h. After
heat treatment specimen ODs were re-measured using a laser profilometer. The sensitivity
of the laser profilometer is +5x10* mm which translates to a strain measurement sensitivity
of about £0.01%. The diameter measurements were made at five axial locations (x/I of 0.1,
0.3, 0.5, 0.7 and 0.9). Specimens were then filled with 98.989% purity helium gas to the
desired pressure and sealed by laser welding. Fill pressures were determined with a
computer code that accounted for the thermal expansion of the tubing and compressibility of
the helium fill gas at the test temperature of interest. The specimen OD was again
measured using the laser profilometer to determine the elastic diametral displacements for
each tube. Table 2 summarizes the pre-fill dimensional measurements for each specimen
currently under test along with the fill pressures and mid-wall hoop stresses.

4.064 mm

NP pePpmy | P X Lt R e e

AR

&— 274 mm

Figure 3. Sketch of creep tube specimen geometry.
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Table 2. Unpressurized creep tube dimensions, fill pressures and mid-wall hoop stress
levels.

Test Specimen Specimen Specimen Fill Mid-Wall Hoop
Temp., °C Code OD, mm Wall, mm | Press., MPa | Stress, MPa

700 AR11 4.5674 0.2601 2.896 72.5
AR12 4.5662 0.2532 3.909 99.9
AR13 4.5672 0.2456 4.937 129.6
AR14 4.5657 0.2499 5.930 151.9
AR15 4.5659 0.2553 6.964 173.4

800 AR16 4.5684 0.2477 2.654 77.3
AR17 45667 0.2507 3.571 101.2
AR18 4.5664 0.2461 4.482 128.7
AR19 4.5667 0.2543 5.419 149.4

Prior to insertion into the vacuum furnace each specimen was loosely wrapped with titanium
foil to provide additional protection against oxygen pickup during the experiment. Initially
tube diameters were measured weekly until it was apparent that longer intervals could be
tolerated. Testing will be conducted for several months to permit measurement of secondary
creep rates and in some cases the time to failure. Two tube sections without end-caps were
also included with the pressurized specimens at each test temperature to enable periodic

assays for oxygen pickup.

Besuits

Tube diameters were measured as a function of time using the same equipment, procedures
and personnel as before test. Tables 3 and 4 give the time dependence of the specimen
diameter and effective mid-wall creep strains for the 700 and 800°C test temperatures,
respectively. To preclude end effects only the middle three measurements along the length
of the tube were used to compute the average diametral strain. For failed specimens the
creep strain is based on the diameter measurement taken nearest to the failure location.
Creep strains were calculated from the total measured strain minus the elastic contribution.
Conversion from outer diameter strain to mid-wall strain was done using the expression
derived by Gilbert and Blackburn [14]. it should be noted the conversion factor is only a
constant for very small strain levels. The conversion factor decreases with increasing strain.
The Gilbert and Blackburn expressions were evaluated numerically to give values of the
conversion factor up to diametral strains of 0.3. The results are plotted in Figure 4. Mid-wall
hoop strains were converted to effective strains by

2
g, = ;/_3_8" @

where ¢, is the effective mid-wall creep strain and &, is the mid-wall hoop strain. The resuits
in Tables 3 and 4 are plotted in Figures 5 and 6. Effective mid-wall stresses obtained from
the Von Mises distortion energy criterion are presented in Figures 5 and 6 rather than the
mid-wall hoop stresses. The principal stresses inserted into the Von Mises equation were
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the appropriate expressions for stress in a thick-wall, closed end cylinder. The ratio of mid-
wall effective stress to mid-wall hoop stress is given by

o, 3R
—t =R (3)
o, R +R,

where o, is the effective mid-wall stress and all other variables are the same as above.
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Figure 4. Ratio of mid-wall hoop strain to diametral strain as a function of diametral strain.
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Table 3. Time dependence of specimen diameter and effective mid-wall creep strain for
700°C tests.

Time, AR11 AR12 AR13 AR14 AR15

h oD* A oD g, oD g, oD g, oD £,

0 4.5682 | 0.0000 | 4.5674 | 0.0000 | 4.5687 | 0.0000 | 4.5672 { 0.0000 | 4.5674 | 0.0000

168 | 4.5684 | 0.0072 | 4.5674 | 0.0000 | 4.5690 | 0.0072 | 4.5674 | 0.0072 | 4.5682 | 0.0217

242 | 4.5684 | 0.0072 | 4.5674 | 0.0000 | 4.5690 | 0.0072 | 4.5677 | 0.0145 | 4.5687 | 0.0361

357 | 4.5684 | 0.0072 | 4.5677 | 0.0072 | 4.5690 | 0.0072 | 4.5682 | 0.0289 | 4.5702 | 0.0795

598 | 4.5684 | 0.0072 | 4.5682 | 0.0217 | 4.5692 | 0.0145 | 4.5692 | 0.0578 | 4.5748 | 0.2096

1375 | 4.5684 | 0.0072 | 4.5679 | 0.0145 | 4.5695 | 0.0217 | 4.5715 | 0.1229 | 4.5999 | 0.9246

1523 | 4.5684 | 0.0072 | 4.5674 | 0.0000 | 4.5700 | 0.0361 | 4.5720 | 0.1373 | 4.6124 | 1.2783

*Quter diameter in mm.
**g, = offective mid-wall strain, %




13

Table 4. Time dependence of specimen diameter and effective mid-wall creep strain for
800°C tests.

Time, AR16 AR17 AR18 AR19
h oD | e~ oD & 0D oD e

29
0 4.5695 | 0.0000 | 4.5674 | 0.0000 | 4.5679 | 0.0000 | 4.5677 | 0.0000

168 | 4.5705 | 0.0289 | 4.5697 | 0.0650 | 4.5730 | 0.1445 | 4.6942 | 3.5917

242 | 4.5707 | 0.0361 | 4.5715 | 0.1156 | 4.5898 | 0.6212 | 5.0874 | 14.709

412 | 4.5735 | 0.1156 | 4.5959 | 0.8089 | 4.7724 | 5.7999 - -

488 | 4.5758 | 0.1806 | 4.6213 | 1.5306 | 4.9507 | 10.832 - -

578 | 4.5817 | 0.3466 | 4.6708 | 2.9363 | 5.4242 | 24.141 - -

727 | 4.5989 | 0.8375 | 4.7937 | 6.4173 - - - R

864 | 4.6228 | 1.5156 | 5.0013 | 12.290 - - - -

1031 | 4.6622 | 2.6327 - - - - - -

1343 | 4.7615 | 5.4454 - - - - - .

1491 | 4.8204 | 7.1108 - - - - - -

1784 | 4.9525 | 10.835 - - - - - -

*Quter diameter in mm.
»»g, = offactive mid-wall strain, %
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Figure 5. Time dependence of effective mid-wall creep strain at 700°C for unirradiated V-
4Cr-4T..
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Figure 6. Time dependence of effective mid-wall creep strain at 800°C for unirradiated V-
4Cr-4Ti.

Di .

It is apparent from the results to date that the creep rate at 800°C is considerably higher than
the creep rate at 700°C. For the three highest stresses at 800°C it appears that the
secondary creep regime was very short in duration. Even at the lowest stress the results
suggest the specimen is exhibiting tertiary rather than secondary creep. Only the highest
stress level for the 700°C tests exhibits measurable strain at this juncture. The other stress
levels may be too low to cause significant creep at this temperature. These tests will be
continued to give an adequate opportunity to accurately measure the secondary creep rate.
Significantly more testing is required before meaningful interpretation of the data can be
made and comparison of results with those obtained by other investigators.

FUTURE WORK

Considerable work remains to be done on the specimens which have failed at 800°C. We
plan to perform fractographic and microstructural analyses to determine deformation and
failure mechanisms. Chemical analyses are also planned to determine if oxygen pickup has
influenced the deformation behavior in any way.
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IMPACT PROPERTIES OF GA’S 832864 HEAT OF V-4Cr-4Ti ALLOY AFTER EXPOSURE IN
THE JFT-2M TOKAMAK - H. Tsai (Argonne National Laboratory), W. R. Johnson, P. W. Trester
(General Atomics), S. Sengoku (Japan Atomic Energy Research Institute)

SUMMARY

Four Charpy impact specimens were received from General Atomics (GA) after they were exposed
in the tokamak environment of the JFT-2M. These specimens were prepared from the GA's 832864
heat of V-4Cr-4Ti material. The exposed specimens were impact tested at ANL using established
procedures. The results showed no appreciable degradation of impact properties of the material
from the JFT-2M exposure.

OBJECTIVE

The objective of this task was to determine the impact properties of the 832864 heat specimens after
the exposure in the JFT-2M tokamak.

BACKGROUND

A long-term test has been conducted in the JFT-2M tokamak fusion device to determine the
effects of environmental exposure on the mechanical and chemical behavior of a V-4Cr-4Ti alloy.
Test specimens of the alloy were exposed in the outward divertor chamber of JFT-2M in a region
away from direct contact with the plasma, and were held in a fixture which contained a heater to
preheat the specimens to 300C prior to plasma discharges. During their nine-month residence in
JFT-2M, the specimens experienced exposure to air, low-pressure hydrogen and deuterium (=107
Pa), titanium (during vessel interior conditioning via sputtering of titanium by Ar ions with
magnetron-type RF discharges), and interaction with neutral high energy particles, including
metallic species, during 2,210 plasma shots and disruptions. The latter included approximately
200 lower-single-null divertor shots for which high energy particle fluxes to the test specimens
were significant, and a number of non-divertor disruptions and upper-single-null divertor shots for
which high energy particle fluxes to the test specimens were very low.

Similar specimens from a different heat of V-4Cr-4Ti alloy (Heat 832665) have been exposed to the
DIIl-D tokamak environment. Results to date from those tests[1] indicate the absorption of

interstitials is limited to the very near surface, and that neither the strength nor the Charpy impact
properties of the alloy are significantly changed.

EXPERIMENTAL PROCEDURE

Test Specimens

The test specimens for this study were prepared from the 832864 heat[2] of V-4Cr-4Ti alloy. The
composition of the material is shown in Table 1.

Table 1. Chemical composition of the 832864 heat

Heat Ingot Nom. Composition Interstitial Content (wppm)
Number Size (kg) (wt. %) O N C Si
832864 1200 V-3.8Cr-3.8Ti 370 120 30 270

The Charpy impact specimens were 1/3-size, 3.3 mm (t) x 3.3 mm (w) x 25.4 mm (l), with a 30°,

*Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W31-109-Eng-38.
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0.61-mm-deep, 0.08-mm-root radius machined notch. The notch orientation (i.e., crack
propagation direction) was perpendicular to the final rolling direction and into the thickness of the
ptate. This Charpy specimen design is a de facto standard and has been used extensively in
previous fusion materials tests.

Test Procedure

The Charpy impact tests were conducted .in air with a Dynatup drop-weight tester following
established procedures. Specimen temperature during the impact test was measured with a

thermocouple spot-welded to the end of the specimen. For the above-ambient-temperature tests,
a hot-air blower was used to provide the heating. For the below-room-temperature tests, liquid
nitrogen was used to chiil the specimens.

RESULTS AND DISCUSSION

The results of the Charpy tests are summarized in Table 2 and Fig. 1. From Fig. 1, which also
shows the baseline data for the 832864{3] heat and other relevant data of the sibling 832665 heat,
it appears that the impact properties of the JFT-2M-exposed 832864 specimens are essentially
unchanged from the nonexposed baseline. The exposed material still possesses excellent impact
properties at temperatures as low as —150°C.

SEM fractographic examination of the tested specimens confirmed these positive findings. Even
at a low temperature of —150°C, the fracture was ductile tear. Only at —195°C, did the specimen
show brittle cleavage fracture. These results are shown in Fig. 2.

Table 2. Charpy impact properties of the 832864 specimens after the JFT-2M exposure

Spec. Test temperature Absorbed
G1 23 9.7
G2 -195 3.5
G3 -150 11.8
G4 200 9.9
20 {—e-832864, Baseline |
] o 832665, 1000°C/1h ‘
18 - a 832665, 1000°C/2h
& 832665, 1100°C2h i
18 1 o ! o 832665,950°C/1h
14 ° ° ] o 8326865, 1050°C/2h )
5 s ° : —4— 832864, JFT-2M Exp |
3 o A— 852004, F1-2MBxp
& 121
2
w10
3
N
4 4
2 o .
o +

-250 -200 -150 -100 -50 0 50 100 150 200

Temperature (°C)

Fig. 1. Charpy impact properties of Heat 832864 specimens after the JFT-2M exposure
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-150°C

25, Ou. - 400.0% 18MM 20KV

-195°C

Fig.2. SEM fractography of the JFT-2M-exposed Charpy specimens showing ductile tear at -150°C
and brittle cleavage at —195°C.
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TENSILE PROPERTIES OF V-Cr-Ti ALLOYS AFTER EXPOSURE IN HYDROGEN-CONTAINING
ENVIRONMENTS’
K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) determine the hydrogen uptake of V-Cr-Ti alloys as a function of
temperature and partial pressure of hydrogen (pHs) in the exposure environment, (b) examine the
microstructural characteristics of surfaces and cross sections of the alloys after exposure,
(c) evaluate the influence of hydrogen uptake in low-pHs2 environments on the tensile properties
and cracking propensity of the alloys at room and elevated temperatures, and (d) determine the
effects of oxygen/hydrogen interactions on the tensile properties of the alloys.

SUMMARY

A systematic study is underway at Argonne National Laboratory to evaluate the performance of
several V-Cr-Ti alloys after exposure to environments containing hydrogen at various partial
pressures. The goal is to correlate the chemistry of the exposure environment with hydrogen
uptake by the samples and the resulting influence on the microstructures and tensile properties of
the alloys. At present, the principal effort has focused on the V-4Cr-4Ti alloy of a heat identified as
BL-71; however, other alloys (V-5Cr-5Ti alloy of Heats BL-63 and T87, plus a V-4Cr-4Ti alloy from
General Atomics [GA]) are also being evaluated. Other variables of interest are the effect of initial
grain size on hydrogen uptake and tensile properties, and the synergistic effects of oxygen and
hydrogen on the tensile behavior of the alloys. During this period, specimens of Heat BL-71 were
exposed for 100 h to pHo in the range of 3 x 106 to 5 x 102 torr (2.7 x 10°3 t0 0.45 Pa) at 200 and
350°C. Tensile test results, obtained on specimens exposed for 100 h at 200, 350, and 500°C to
pHs in the range of 1 x 1076 to 0.01 torr, showed negligible effect of Hy on either maximum

engineering stress or uniform and total elongation. However, uniform and total elongation
decreased substantially when the alloy was exposed at 500°C to 1.0 torr pHao.

EXPERIMENTAL PROGRAM

The nominal compositions of the heats of vanadium alloys selected for the study were V-5 wt.% Cr-5
wt.% Ti (designated as BL-63 and T87) and V-4 wt.% Cr-4 wt.% Ti (designated as BL-71 and 44 from
the GA heat). Detailed chemical analyses of these heats were presented in an earlier report.! The
tensile specimens were fabricated according to ASTM Standard E8-69 specifications and had a
gauge length of =19 mm and a gauge width of =4.5 mm. Specimens were annealed for 1 h at
1000°C before hydrogen exposure and tensile testing. During this period, tensile specimens of
Heat BL-71 were exposed for 100 h at 200 and 350°C to environments with pHo levels of 1 x 10°6
and 1 x 102 torr; they were subsequently tensile-tested at a strain rate of 1.8 x 104 571 in room-
temperature air. The specimens were loaded by means of pins that pass through holes in the grips
and the enlarged end sections of the specimen, thus minimizing misalignment. Total elongation
was measured with a vernier caliper and load/elongation chart records. The fracture surfaces and
longitudinal and axial cross sections of the tested specimens are being examined by scanning
electron microscopy. The specimens are also being analyzed for hydrogen content.

RESULTS AND DISCUSSION

The engineering stress/engineering strain plots at room temperature for V-4Cr-4Ti and V-5Cr-5Ti
materials in as-annealed condition and after exposure at 500°C in pHa levels of 3 x 106 and 1 torr
were reported in Refs. 1 and 2. The results showed that in the pHo range of the present study, BL-

"This work has been supported by the U.S. Department of Energy, Office of Fusion Energy
Research, under Contract W-31-109-Eng-38.
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71 exhibited a small decrease in uniform and total elongation after exposure to hydrogen at 500°C.
During this period, additional tensile specimens of V-4Cr-4Ti were exposed for 100 h at 200 and
850°C to pHp levels of 1 x 1076, 1 x 1074, and 5 x 102 torr. Engineering stress/engineering strain
curves from various tests at room temperature were analyzed to evaluate the tensile properties of
the alloy after several exposures to hydrogen. Table 1 shows the values for maximum engineering
stress and uniform and total elongation of the alloy after exposure at several pHo levels and at
various temperatures.

Figure 1 shows the engineering stress-engineering strain curves for V-4Cr-4Ti alloy specimens that
were exposed to various pHg levels at 200, 350, and 500°C and subsequently tensile tested at
room temperature air. Figure 2 shows the maximum engineering stress values as a function of
hydrogen concentration for the alloy at 200, 350, and 500°C. The results show that pHo levels in
the range of the present study have little or no effect on the maximum engineering stress for the
alloy. The uniform and total elongation values for the alloy are 0.14-0.20 and 0.19-0.31,
respectively, at pHs levels of 1 x 1076 to 5 x 1072 torr. After exposure at a pHp of 1 torr at 500°C, the
alloy showed a significant decrease in uniform and total elongation, indicating that this pH» level may
be the threshold for embrittlement of the alloy. Figures 3 and 4 are plots of uniform and total
elongation values as a function of Ho concentration for the alloy exposed at 200, 350, and 500°C
and tested at room temperature. The hydrogen concentration in the alloy after exposure for 100 h
at 500°C in 1 torr pHo was 358 wppm. Examination of the fracture surfaces and specimen cross
sections, and measurements of hardness profiles are in progress, and the results will be used to
correlate the microstructure, hydrogen concentration, and hardness data with the tensile properties
of the alloys.

Table 1. Effects of 100-h hydrogen exposure at 200, 350, and 500°C on room-temperature
tensile properties of V-Cr-Ti alloys, initially annealed for 1 h at 1050°C in vacuum

Exposure pHo in exposure Maximum
temperature environment engineering stress

{°C) (torr) (MPa) Uniform elongation  Total elongation

200 3% 106 421 0.199 0.302
1x 104 420 0.178 0.313
5x 1072 419 0.138 0.207

350 3x 1076 434 0.133 0.184
1x104 525 0.182 0.242
5x 102 460 0.183 0.294

500 - 424 0.186 0.322
3x 106 440 0.174 0.263
1x 104 467 0.154 0.227
1x 1042 491 0.148 0.206
1x 102 459 0.169 0.263
5x 1072 477 0.142 0.191

1 468 0.0016 0.0016

aRepeat
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TENSILE AND IMPACT PROPERTIES OF A V-3.1Ti-0.5Si ALLOY AFTER IRRADIATION IN THE
FAST FLUX TEST FACILITY - H. Tsai, L. J. Nowicki, T. S. Bray, M. C. Billone, and D. L. Smith
(Argonne National Laboratory)

SUMMARY

Tensile and Charpy specimens made of alloy BL-42 (with a nominal composition of V-3.1Ti-0.5Si)
were irradiated in the Fast Flux Test Facility (FFTF) in Cycle 11 at 520 and 600°C to up to 51 dpa.
Some of these specimens were retfrieved from storage and tested in this reporting period. The
interest of this material stems from recent findings that show binary alloys of this class appear to
exhibit lower susceptibility fo radiation-induced embrititement than other V-base alloys in low-
temperature irradiation (<~400°C). The results of our tests show the BL-42 material to have good
tensile properties and fair impact properties after the 520-600°C irradiation and that alloys of this
class may warrant further development for improved low-temperature performance.

OBJECTIVE

The objective of this task was to determine the tensile and impact properties of the BL-42 specimens
(with a nominal composition of V-3.1Ti-0.58Si) irradiated in FFTF at 520 and 600°C to 41-51 dpa.

BACKGROUND

In the last several years, significant efforts have been devoted to the development of ternary alloy V-
4Cr-4Ti for fusion reactor applications. Prior to that, binary V-(3-5)Ti alloys with Si additions up to
~1% were also considered as promising candidates. The V-4Cr-4Ti alloys were selected as the
reference because of their overall superior performance in terms of strength, ductility, and most
importantly, radiation resistance determined in irradiation tests in temperatures >~400°C. Recent
irradiation experiments at temperatures <~400°C, however, show these alloys may be susceptible to
significant low-temperature embrittlement{1,2,3]. In the same low-temperature irradiation
experiments, the binary V-Ti alloys appear to exhibit less irradiation hardening and embrittliement
than the V-4Cr-4Ti alloys{4,5]. For this reason, it was decided to retrieve the BL-42 V-3.1Ti-0.5Si
specimens from storage and to complete their postirradiation evaluation.

EXPERIMENTAL PROCEDURE

Test Specimens

BL-42 was a small laboratory heat produced by Teledyne Wah Chang. The composition of the
material is shown in Table 1.

Table 1. Composition of the BL-42 alloy

Concentration (wt.%) interstitial Concentration (ppm)
Ti Fe o N C Si
3.1 0.02 580 190 140 5400

The tensile specimens were of the SS-3 design, which is the de facto standard for the fusion
materials program. The nominal dimensions of the gauge section were 0.76 (t) x 1.52 (w) x 7.6 ()
mm, and the longitudinal direction of the gauge was parallel to the final rolling direction of the
plate.

FWork supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W31-109-Eng-38.
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The Charpy impact specimens were 1/3-size, 3.3 mm (t) x 3.3 mm (w) x 25.4 mm (I), with a 45°,
0.61-mm-deep, 0.08-mm-root radius machined notch. The notch orientation (i.e., crack
propagation direction) was perpendicular to the final rolling direction and into the thickness of the
plate. This Charpy specimen design is also a de facto standard and has been used extensively in
previous fusion materials tests.

The test specimens were irradiated in Li-bonded capsules in the Materials Open Test Assembly
(MOTA) of FFTF in Cycle 11. The irradiation conditions of the specimens are summarized in
Table 2.

No hydrogen-outgassing (e.g., at 400°C for one hour) was performed on these specimens prior to
the mechanical testing.

Table 2. Irradiation conditions of the BL-42 test specimens in FFTF Cycle 11

Specimen MOTA trradiation
Specimen Type No. Capsule No. Temp. (°C) dpa
S$S-3 Tensile 143 V549 520 41
144 V552 520 46
146 V653 600 47
147 V656 600 51
148 V656 600 51
149 V657 600 51
1/3-Size Charpy 152 V656 600 51
153 V656 600 51
154 V657 600 51
155 V657 600 51

Test Procedure

Only one tensile test (with specimen 149) was conducted at room temperature; all others were
conducted at the specimens’ respective irradiation temperatures. The room-temperature test was
conducted in air; the elevated-temperature tests were conducted in high-purity flowing argon with
the specimens protected by a Ti-foil impurity getter. The tests were performed with an Instron
machine without an extensometer attached to the specimen gauge. Extensions due to slack in
the grip and deformation of the load frame were subtracted from the crosshead displacement to
obtain the correct gauge-section extension. The strain rate for all tests was 1.09 x 10%/s, which is
the reference used in many previous fusion materials tensile tests.

All Charpy impact tests were conducted in air with a Dynatup drop-weight tester. Specimen
temperature during the impact test was measured with a thermocouple spot-welded to the end of
the specimen. For the above-ambient-temperature tests, a hot-air blower was used to provide the
heating. For the below-room-temperature tests, liquid nitrogen was used to chill the specimens.
RESULTS AND DISCUSSION

Tensile Tests

The results of the tensile tests are summarized in Table 3. A representative load/displacement
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curve (for specimen 146) is shown in Fig. 1. Reduction-in-area measurements and fractographic
examinations have not yet been conducted.

Table 3. Tensile properties of BL-42 specimens after the FFTF irradiation

Spec. dpa Irradiation  Test 0.2% Yield Ultimate Uniform Total
No. Temp. Temp. Strength Tensile Elongation  Elongation
(°C) (°C) (MPa) Strength (MPa) (%) (%)
143 41 520 520 525 624 42 8.1
144 46 520 520 453 559 7.7 16.4
146 47 600 600 373 541 11.0 15.9
147 51 600 600 368 566 10.4 14.4
148 51 600 600 380 539 11.7 17.2
149 51 600 22 424 615 11.7 15.0
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Fig. 1. Load-displacement curve for a 600°C tensile test (with specimen 146)

In all six tests, the specimens show only moderate irradiation hardening when compared with the
nonirradiated yield and ultimate tensile strengths of ~300 and 480 MPa, respectively, for this heat
of material at 520°C[6]. As shown in Figs. 2 and 3, these measured strengths are fairly consistent
with previously reported data for MOTA-irradiated specimens of several other vanadium-base

alloys.

All BL-42 specimens tested displayed high ductility, with the uniform elongation ranging from ~4 to
12% and total elongation from =8 to 17%.
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Charpy Impact Tests

The results of the Charpy tests are summarized in Table 4 and Fig. 4. There appears to be no
clear ductile-to-brittle transition and the absorbed energies are relatively low (<6 J). SEM
fractography showed the mode of fracture to be ductile tear at 23 and 100°C and a mixture of
ductile tear and brittle cleavage at —50 and —-195°C (Fig. 5). The mixed-mode fracture at low
temperatures is consistent with the “non-zero” absorbed-energy measurement at -195°C and at
least partially explains the lack of marked ductile-to-brittle transition in the absorbed-energy curve.
Further evaluation is necessary to fully assess the fracture behavior of these specimens. (Ref. 7
reported an absorbed energy of 5.5 J at room temperature from a test of a specimen from this
group. That data point, also shown in Fig. 4, is essentially consistent with the present work.)

Table 4. Charpy impact properties of BL-42 specimens after the FFTF irradiation

Spec. Irradiation Test Absorbed
No. dpa Temp. (°C) Temp. (°C) Energy (J)
162 51 600 23 4.6
153 ~ 51 600 100- 3.9
154 51 600 -50 3.6
155 51 600 -195 22

10

Absorbed Energy (J)
- N W S OO N (D

-200 -150 -100 -50 0 50 100

Impact Temperature (°C)

Fig. 4. Charpy impact properties of BL-42 specimens after the FFTF
irradiation. “+" denotes the data point reported in Ref. 7.
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Fig. 5 SEM fractography of the BL-42 Charpy specimens showing ductile tear in the 23°C (a)
and 100°C (b) specimens and mixed ductile tear and brittle cleavage in the -50°C (c) and
—195°C (d) specimens.
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FUTURE ACTIVITIES

Fractographic examination of the test specimens will be completed to determine the areal reduction
in the tensile specimens and to further elucidate the fracture behavior of the Charpy specimens.
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EFFECT OF IRRADIATION ON TOUGHNESS-TEMPERATURE CURVES IN
V-4CR-4Tl — E. Donahue, G. R. Odette, G. E. Lucas, and J. W. Sheckherd (University of Califor-
nia, Santa Barbara); A. Rowcliffe (Oak Ridge National Lab)

OBJECTIVE

The objective of this work is to explore the variation of effective fracture toughness with test tem-
perature in V-based alloys, and to assess the effect of neutron irradiation on this toughness-tem-
perature relationship.

SUMMARY

Small, pre-cracked, 1/3-sized Charpy specimens of V-4Cr-4Ti were irradiated to a dose of 0.5 dpa
at a temperature of 200 + 8 “C. The specimens were tested in three point bending under static
conditions to measure effective toughness-temperature curves. Fracture processes were exam-
ined by using confocal microscopy and fracture reconstruction methods. It was found that this al-
loy undergoes normal stress-controlled cleavage transition below a characteristic temperature,
and that irradiation hardening increased the transition temperature significantly. Shifts in the tran-
sition temperature imposed by irradiation hardening can be reasonably predicted by a simple
equivalent yield stress model.

PROGRESS AND STATUS
Introduction

Vanadium alloys are attractive candidates for structural applications in fusion reactors because of
their low neutron activation, favorable thermal properties and potential for radiation stability. How-
ever, a potential problem that these alloys share with other body centered cubic (bcc) metals is a
transition in fracture mode from ductile to brittle cleavage transition below a temperature (Tt), with
an attendant loss in fracture toughness. Moreover, Tt may be significantly elevated as a conse-
quence of irradiation. Preliminary studies using nonstandard tests — including one-third-size
Charpy V-notch and disc bend specimens — have suggested that alloy compositions in the range
V-4Cr-4Ti are highly resistant to embrittiement, with Tt in the vicinity of or below -196°C [1-5].

However, Tt depends on the details of the test procedure[6], and it cannot be used to quantify
structural stress and strain limits; hence, it is neither a fundamental material property nor a useful
engineering parameter. A more useful quantitative measure of fracture resistance is the effective
toughness as a function of temperature, Kg(T); however, this too depends on variables such as
size scales and flaw geometry, loading rate, irradiation and other sources of embrittlement (e.g.,
hydrogen). As discussed in detail elsewhere[7], it may be possible to develop a method to predict
the stress and strain limits of flawed fusion structures using a Kg(T) curve adjusted on an abso-
lute temperature scale using measured shifts to account for variables such as irradiation, con-
straint, and strain rate. Hence, in support of this approach the objective of this study was to exam-
ine the effects of irradiation on the Kg(T) of a V-4Cr-4Ti alloy, and to evaluate these effects within
the context of understanding the mechanisms of fracture and the effects of irradiation on these
mechanisms in this alloy system.
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Experiment

The study was carried out on a 3.8 mm thick plate in the 40% warm-rolled (400°C) condition
taken from the program heat of V-4Cr-4Ti (#832665) [8]. Small, 1/3-sized Charpy V-notch speci-
mens (3.33 x 3.33 x 25.4 mm) were electro-discharge machined from the plate. The machined
specimens were annealed for 2h at 1000°C in a vacuum of better than 104 Pato produce a re-
crystallized microstructure and remove residual hydrogen. This series of heat treatments pro-
duces an average grain size of about 25 um and a Vickers microhardness of about 150+5 [9,10].
Fatigue pre-cracking was carried out at a final AK < 15 MPavm to a nominal crack length (a) to
specimen width (W) ratio of a/W = 0.5. The specimens were encapsulated and irradiated in the
High Flux Beam Reactor (HFBR) to a dose of 0.5 dpa at 200+8 °C.[14]

Following irradiation, the specimens were tested in three point bending over a temperature range
from -60 to 20°C at approximate loading rates of 2.5 x 106 m/s. Load and load-line displacement
were monitored during testing. In most cases a cleavage pop-in occurred after some permanent
displacement. In most of the pop-in cases, the specimen was post-test fatigued to mark the final
location of the pop-in. In all these cases Ke was determined from

Ke = +/JieE' (1)

where E’ is the plane strain elastic modulus and Jje is the effective energy release rate deter-
mined from the area under the stress-displacement curve up to the load drop at cleavage pop-in.
In several cases, a maximum load was exhibited without pop-in, and corresponding fractography
indicated subcritical crack growth; in these cases Ke was also determined from equation (1), but
Jle was determined from the area under the stress-displacement curve up to maximum load. Fi-
nally, the specimen tested at 20°C exhibited no pop-in and no maximum load before the test was
terminated. In this case, Jjg was taken from the total area under the stress-displacement curve.

Following testing, specimen fracture surfaces were examined by both scanning electron micros-
copy (SEM) and confocal microscopy (CM). As described elsewhere [11,12], the CM images can
be used to obtain quantitative, three-dimensional topographs of conjugate fracture surfaces.
These topographs can be used with fracture reconstruction (FR) methods to determine the se-
quence of events in front of the crack tip ultimately leading to macroscopic fracture {e.g., a macro-
scopic pop-in). The post-pop-in fatigue crack provides an additional reference to improve the
alignment of images in FR. The CM/FR method also provides a measure of the critical crack tip

opening 8" at the point of initiation of crack extension, from which an effective toughness Kg§ can

be estimated by
Kes = /28 *oyE' 2

where oy is the yield stress. [11,12]

Tensile tests were also performed on unirradiated and irradiated specimens of this same alloy
and the results have been reported elsewhere. [13,14]
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Results

Figure 1 summarizes the Kg(T) data for the irradiated materials and compares these data to the
trend line for the unirradiated material tested under similar conditions [13). As can be seen, in the
irradiated material Kg transitions from a lower shelf value of about 30 MPavm to a value of about
160 MPavm over a fairly narrow temperature range of about -30+ 10°C. This is about 170°C
higher than the unirradiated data trend. As noted previously, at room temperature the irradiated
specimen did not fracture, but merely deformed to maximum displacement in the test fixture with
a corresponding lower bound Kg min value of about 145 MPavm. As shown in Figure 1, speci-
mens primarily failed by cleavage pop-in in the lower shelf and transition regime, but in several in-
stances the load-displacement curves showed a maximum load without a pop-in, indicative of
subcritical crack growth. Indeed, both types of behavior were exhibited at the same test tempera-
ture, reflecting the statistical variability in fracture mode in the transition regime.

Figures 2-4 show representative results for selected test temperatures that corroborate some of
the observations noted above. Each figure provides: 1) a load displacement trace from the me-
chanical test and the corresponding point on the Kg(T) plot; 2) a side view and 3) a top view of
the sequence of events ahead of the crack front determined from CM/FR; and 4) an SEM micro-
graph from a region of interest.

Figure 2 shows results for one of the tests at -30°C. In this case, the load displacement trace
showed a load drop at maximum load, with a Kg of 160 MPavm. The SEM fractography showed
the formation of a cleavage pop-in corresponding to this load drop. The CM/FR images show side
views of the fracture surface overlaps (shaded regions being separated) and top views of the
crack plane (again shaded regions being separated and white intact) at several values of §.
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Figure 1 Variation of Kg with test temperature for irradiated and unirradiated V-4Cr-4Ti.



L

35

180
T T T T T 000
160 | O) I ; ' I ‘ l [
e * : 800 ]
Z 120} ] 600
% 100 ¢ o E j
; 80 | . ° : 400 ]
60 | e Pop-in E
40k O Ducule teanng-K,_ ] 200 N
2 b e o | A Nofrucrre
e | R R 0 NSRS R
8 -0 40" 20 020 40 0200300 600 800 1000 1200
T (O Displacement (um)
500um

Figure2  Load-displacement curve, CM/FR results and representive SEM micrograph for a
specimen tested at -30°C.



36

These show that the pop-in was preceded by the formation of microcleavage cracks ahead of the

crack tip; these microcracks accumulate in a single process zone and coalesce to form the pop-in
at a §* of about 125 um corresponding to a Keg of 168 MPavm. SEM in the pop-in region shows
well-formed cleavage facets with some out-of-plane fissures and little or no evidence of inter-
granular fracture.

Figure 3 shows results for a second test at -30°C. In this case, the load displacement trace shows
two load drops, the first occurring before maximum load after substantially less displacement than
that shown in Figure 2; the corresponding Ke was about 75 MPavm. Again the CM/FR showed
the initial formation of microcleavage cracks ahead of the crack tip, which accumulate in approxi-
mately three process zones; microcrack coalescence to form the pop-in occurred at a 8* of about
30 um corresponding to a Kgg of 82 MPavym. The SEM micrograph shows the well formed inter-
face between the cleavage facets in the pop-in region and the post-pop-in fatigue crack.Figure 4
shows resulits for the test at -20°C. In this case, the load displacement trace exhibited a maxi-
mum, indicative of subcritical crack growth, and the test was terminated after about 1000um of
displacement; the corresponding Ke max obtained at the maximum load was about 90 MPavm.
The SEM and CM/FR indeed showed two regions of subcritical crack growth at the flanks of the
pre-crack front, with crack initiation occurring at a 8* of about 35 um corresponding to a Kgg of 87
MPavm. The SEM micrograph taken from one of these regions shows discrete steps along the
crack front, perhaps indicative of localized plastic flow.

As shown in Figure 5, the values of Ke measured from the load-displacement data were in very
good agreement with the values of Kg§ determined from CM/FR.

Discussion

Cleavage fracture is believed to occur in this alloy system (as well as other bcc systems) when
the tensile stresses ahead of a crack tip exceed some critical value (c*) over a sufficiently large
area (A*) [11,12,15). Hence, ¢*/A* are local measures of toughness that are intrinsic to the mate-
rial and its microstructure. Since the peak stresses ot ahead of a crack tip are some mulitiple M of
the yield stress, where M reflects the degree of constraint imposed by the specimen size and
crack geometry, the onset of cleavage requires sufficiently low temperatures for ot = Moy to ex-
ceed ¢”. Hence, increasing oy (e.g., by irradiation hardening or strain rate) results in the onset of
cleavage at higher temperatures; and decreasing M (for instance by decreasing specimen size or
notch/crack acuity decreases Tt. Indeed, the previously reported low transition temperatures in
the V-4Cr-4Ti system are consistent with a relatively low oy in the unirradiated material combined
with specimen sizes and geometries with low M.

If — as is the case for bcc steel alloys [11,15] — o* and A* are relatively insensitive to tempera-
ture, strain rate and the fine scale damage imposed by irradiation, a simple way to model shifts in
a reference transition temperature (AT¢) due to irradiation hardening (or loading rate) is to define
transition temperatures at an equivalent reference yield stress oy,ref- The appropriate reference
condition is near the highest temperature of elastic cleavage fracture, here about Kg = 60
MPavm. Hence, ATy can be modeled from a knowledge of the dependence of oy on temperature,
irradiation and strain rate. For instance, assuming that the overall constitutive relation o(€) for dif-
ferent temperatures, strain rates and levels of irradiation hardening (Acj) are similar if the oy are
the same, and that Aoj is independent of temperature and strain rate, the effects of irradiation on
shift can be predicted from Agj by an equivalent yield stress model (EYSM) as follows.
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ATr = Tl'l - Truywhere O'yl(Trl) = GYU (Tru) + AC| (3)

and the “u” and “i” subscripts refer to the unirradiated and irradiated condition, respectively.

Using the irradiation hardening results obtained for this alloy from previous work [16], estimates of
ATy were obtained from equation (3); and these are compared to values measured in this study in
Figure 6. Also shown for comparison are the measured and predicted values of ATy for other irra-
diation conditions of the same alloy reported by Alexander and Snead [16], and for the effects of
strain rate on shift determined from static and dynamic data previously reported for this alloy [13].
in the latter case, the effects of strain rate can be predicted from the EYSM by

ATr = Trd - Trs' where Gy(és,Trs) = O'y(éd’Trd) (4)

and the “d” and “s” subscripts refer to dynamic and static conditions, respectively. In ali cases the
agreement between predicted and measured values is quite good, supporting both the assump-
tions and the physics underlying the EYSM.

SUMMARY AND CONCLUSIONS

In summary, the data and analysis presented here demonstrate that the program heat of V-4Cr-
4Ti undergoes a “normal” stress-controlled ductile-to-cleavage transition, typical of bec alloys.
The temperature delineating this transition is shifted by irradiation hardening by an amount that is
predictable by an equivalent yield stress model. This demonstrates the primary role of irradiation
hardening in embrittlement of these alloys, and strongly contradicts alternate ad hoc explanations
(e.g., impurity pickup).
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MICROSTRUCTURAL INHOMOGENEITIES IN V-4Cr-4Ti MECHANICAL
PROPERTY SPECIMENS PREPARED FOR IRRADIATION EXPERIMENTS IN
HFBR, BOR-60, AND HFIR — A. F. Rowcliffe and D. T. Hoelzer (Oak Ridge National
Laboratory)

SUMMARY

Significant variations exist between the microstructures of the various batches of mechanical
property specimens prepared for the 500 kg heat of V-4Cr-4Ti. The development of banded
grain structures is shown to be related to non-homogeneous distribution of Ti (OCN) particles

(0.1-0.3 p in diameter) that occur in some, but not all, plate products. Precipitation of Ti (OCN) will
occur during the hot extrusion of the ingot in regions where the disiocation density is high and
where the temperature falls below the Ti (OCN) solvus at 1125°C. Investigation of the potential
benefits of a homogenizing treatment at 1150°C is recommended before proceeding with
additional fabrication of plate products from the extruded bar.

PROGRESS AND STATUS

Intro ion

Beginning at the end of 1994, a series of sheet and plate materials prepared from the 500 kg heat
of V-4Cr-4Ti (heat No. 832665) were supplied to ORNL from Teledyne Wah-Chang, Albany
(TWCA) via ANL. These batches have been used to prepare a series of SS-3 tensile specimens
and one-third-size Charpy Vee-Notch (CVN) specimens for unirradiated measurements and for
irradiated testing.

Variations in the processing and manufacturing conditions have resulted in small differences in
final microstructure between various batches and recently it has been observed [1] that there are
significant differences in fracture behavior between different batches of CVN specimens. This
report: (a) summarizes the fabrication histories of the various starting materials and specimens;
(b) characterizes the microstructural differences between the various batches; and (c) seeks to
understand the origins of the observed microstructural inhomogeneities.

RESULTS

Table 1 summarizes the identification codes, dimensions, and metallurgical condition of plate and
sheet stock supplied by TWCA via ANL. Table 2 summarizes the specimen identification codes
used by ORNL researchers in various irradiation experiments. The SS-3 specimens were
prepared in four separate campaigns from three different initial batches of plate-stock, as
described in Table 3. The CVN specimens were prepared in four separate campaigns from three
different plates, as described in Table 4.

SS-3 Tensile Specimens

A summary of physical and mechanical properties of the four batches of SS-3 tensiles is shown in
Table 5 (specimens labeled RC or RD are from the same batch of material). Although the tensile
specimens came from different plates and were subjected to different final processing steps,
significant differences in hardness and resistivity could not be detected. However, there were
some small but significant differences in RT yield strength; the ST and RC/D series being stronger
by 20 to 25 MPa than the WH and WE series tensile specimens.




Table 1:

Identification of Plate and Sheet Stock of V-4Cr-4Ti (832665)

TWCA
ANL Date Dimensions Thickness Supplied ORNL Experimental
L.D. Received {cm) {cm) Condition I.D. Use
Plate B 8/94 9.5x10 0.38 Ann. L150 WA series
1050°C/2h CVN
Plate A 9/94 18.5 x 23.5 0.38 Ann. M150 WB series
1050°C/2h CVN
Plate D 9/94 24 x 26.5 0.10 ~50% CW N40 WE, WH series
SS-3
Plate C 9/94 16.5 x 33 0.64 Ann. P250 Welding
1050°C/2h
Plate A 5/95 14 x 30 0.64 Ann. Q250 QC series
Ann. 1050°C/2h CVN
- 10/95 17 x 18 0.64 Ann. - Welding
1050°C/2h
— 10/95 19.5 x 20 0.10 ~50% CW — -
- 2/96 23 x 39 0.64 Ann, R250A Welding
1000°C/1h
- 2/96 23 x 39 0.64 ~50% CW R250 RC series
CVN, 88-3
- 2/96 23 x 39 0.38 ~50% CW T150 —
- 2/96 24 x 36.5 0.10 ~50% CW S40 ST series
S8-3
Plate DD 8/98 20 x 39 0.38 ~50% CW V150 —
Plate D 8/98 12.5 x 27 0.64 ~50% CW V250 -

]




Table 2. Identification Codes for V-4Cr-4Ti (832665) lrradiation Specimens
1.D. Codes I.D. Codes 1.D. Codes
trradiation Experiment SS-3 CVN DCT
HFBR-V1 WH 01-03 WB 83-151 -
HFBR-V2 WH 08-14 WB 78-159 —
HFBR-V3 WH 23-25 QC 95-199 -
ST 12-44
HFBR-V4 ST 53-75 QC 113-202 -
ATR-A1 - QC 01-10 QA 05-06
BOR-60 (Fusion 1) WE 01-12 WB 32-77 WC 01-18
WE 21-25
HFIR-RB-10J RC 06-47 RC 11-97 RC 01-03

vy




Table 3.

Processing Histories

for SS-3 Tensile Specimens

ST Series WH Series WE Series RC/D Series
Plate S40 Plate N40 Plate N40 Plate R250
1.02 mm thick 1.02 mm thick 1.02 mm thick S
~50% CR ~50% CR ~50% CR Vac. ann.
l d l 1000°C, 2h
Machined specimens Machined specimens Vac. ann. \J
d 950°C, 2h 40% cross-rolled
Vac. ann. Vac. ann. d to 3.8 mm thick
1000°C, 2h 1000°C, 2h 50% CR to 91:76 mm thick in 10 passes

Machined fpecimens

Vac. ann.
1000 or 1050°C, 2h

ORNL I.E).: R150
Machined fpecimens

Vac. ann.
1000°C, 2h

V4




Table 4.

Processing Histories for CVN Specimens

WB Series QC (01-40) QC (41-210) RC Series
Plate M150 Plate Q250 Plate Q250 Plate R250
3.8 mm thick 6.4 mm thick 6.4 mm thick 6.4 mm thick
1050°C, 2h 1050°C, 2h 1050°C, 2h 50% CR
(FV\iCA) ('W\iCA) (TV\iCA) (W\iCA)
Machined specimens Machined specimens 40% cross-rolied Vac. ann.
(LT orientation) (LT orientation) to 3.8 mm thick 1000°C, 2h
! \J in 10 passes !
Vac. ann. Vac. ann. 40% cross-rolled
1000°C, 2h 1000°C, 2h Machined specimens to 3.8 mm thick

(LT oriintation)

Vac. ann.
1000°C, 2h

in 10 passes

Machined specimens
(LT oriintation

Vac. ann.
1000°C, 2h

*LT orientation in each case is with respect to the cold-rolling direction of the TWCA plate.

9%




Table 5. Average Physical and Mechanical Properties of

§8-3 Specimens

Following Final Anneal (1000°C, 2h)

Grain Size Hardness RT Yield Resistivity

SS-3 Series +2 um +5 VHN +10 MPa +0.6 n O-m
ST 15 140 356 283.7
WH 26 134 330 280.3
WE 12/40 banded 141 334 281.4
RC/D 23 137 356 281.9

LY
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There are significant differences in grain size and in microstructural homogeneity between the
batches. The ST and WH series of tensiles were machined directly from the cold-worked plates
S40 and N40, followed by final annealing at 1000°C/2h. The microstructure of both batches are
fairly homogeneous, with grains slightly elongated in the rolling direction (Fig. 1a and b). The
average grain size of the WH series (~26 p) is significantly larger than that of the ST series (~15 p),
probably as a result of differing final levels of CW in the two plates. On the other hand, the
microstructure of the WE series is relatively inhomogeneous (Fig. 2a, b, and ¢), with bands of
coarse grains (~40 p dia) interspersed with regions of finer grains (15-20 p dia). The finer grains
are associated with bands of Ti (OCN) particles aligned along the rolling direction of the plate. In
contrast, the microstructure of the RC/D series (Fig. 1c) is uniform, with a more uniaxed grain
structure than the other three series, presumably as a result of the 40% cross-rolling treatment
prior to the final anneal (Table 3).

CVN Specimens

The CVN specimens used in the HFBR, BOR-60, ATR, and HFIR irradiation experiments were
fabricated in four campaigns, as shown in Table 4. In each campaign, the specimens were
machined in an L-T orientation with respect to the rolling direction marked on the plate material
received from TWCA. The WB series and the WC (01-40) specimens were machined directly from
the TWCA annealed plate. On the other hand, the CVN specimens with ID numbers QC (41-20)
and the RC series were machined from plates which had been 40% cold-rolled at ORNL in a
direction perpendicular to the TWCA rolling direction.

QC Series

Both sets of specimens (01-40) and (41-210) originated from plate Q250 and both sets are
characterized by dispersions of Ti (OCN) particles unevenly distributed in bands throughout the
microstructure. The bands of particles are typically 200-300 p wide in the transverse plate
direction (T), around 20-100 p thick in the short plate direction (S), and almost continuous in the
longitudinal or rolling direction (L) [Figs. 3 and 4]. Within the precipitate rich regions, grain growth
is restricted and a microstructure of alternating bands of coarse (30-50 y dia) and fine (10-20 | dia)
grains develops during the final recrystallization treatment at 1000°C. The Ti (OCN) particles are
believed to develop during the hot extrusion of the cast billet and to persist during subsequent
cold rolling and annealing operations, as discussed below. The banded nature of the grain
structure is less pronounced in the QC (41-210) series of specimens (Fig. 4) than in the QC (01-
40) series (Fig. 3); as a result of differences in processing history (Table 4). Before machining the
QC (41-210) series, the 6.4 mm plate was cold-rolled 40% in a direction perpendicular to the
TWCA rolling direction. The cross-rolled material subsequently develops a more equiaxed and
less banded grain structure during the final recrystallization treatment at 1000°C. The QC (01-40)
series, on the other hand, were machined directly from the annealed plates supplied by TWCA,
and the post-machining anneal at 1000°C only served to remove any hydrogen picked-up during
machining and did not affect the microstructure.

WB Series

This set of specimens originated from the TWCA annealed plate M150 and the microstructure is
very similar to that of the QC (01-40) specimens, with the characteristic banded grain distribution
associated with a non-uniform dispersion of Ti (OCN) [Fig. 5]. The distribution of particles within a
band is shown in Fib. 5b in an LS section and in Fig. 5c in an LT section.
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RC Series

The microstructure of these specimens, which originated from plate R250, is quite different from
those of the other three sets that were derived from plates Q250 and M150. As shown in the low
magnification micrographs in Fig. 6a and b, the grain structure is uniform (average grain size

~23 p), with no evidence of the bands of fine grains that characterize the other sets. The TI (OCN)
patticles, while showing some tendency toward alignment in the rolling direction (Fig. 6c), are
much more uniformly dispersed than in the other sets of specimens.

Precipitation of Ti (OCN)

In an accompanying article 2], it is shown that the globular phase referred to as Ti (OCN) is based
upon the fcc TiC phase, which accommodates the other interstitials O and N. In an earlier
progress report, Kurtz et al. [3] showed with optical microscopy that the volume fraction of globular
particles in heat 832665 can be significantly reduced by heat treating at 1125°C for one hour. The
coarse particles re-precipitated during a subsequent treatment at 890°C for two hours. This
observation indicates that a solvus for the Ti (OCN) phase exists in the vicinity of 1125°C. As
further confirmation of this solvus, a CVN specimen with an inhomogeneous banded
microstructure (QC30) was heat treated at 1125°C for two hours in a vacuum of 5 x 107 torr.
Dissolution of the Ti (OCN) occurred, accompanied by rapid grain growth in the regions between

the original bands of particles. Within the banded regions, however, particle dissolution was not
complete and the finer grain sizes still persisted. This is illustrated in Fig. 7. These micrographs of
the specimen heat treated at 1125°C provide a graphic illustration of the inhomogeneous nature
of the microstructures derived from plate Q250. To investigate the origins of this inhomogeneity,
metallographic samples were prepared from sections taken from an as-extruded bar (6.3 x 6.3 x
50 cm). The extrusion of the 500 kg heat was carried out by sealing a semi-ingot in a stainless
steel jacket and heating at 1150°C for three hours before extrusion [4].

The microstructure of the as-extruded material shown in Fig. 8 consists of an inhomogeneous
mixture of small grains (20-60 p), coarse grains (100-150 p), and elongated deformed regions
arranged in bands parallel to the extrusion direction. Examination of six different metallographic
specimens failed to produce any evidence of Ti (OCN) precipitation, although the optical
technique being used would not detect particles below about 0.1 p.

During extrusion, non-homogeneous plastic flow patterns develop that depend upon the alloy
flow properties, temperature distribution, die friction, and extrusion speed. The thermal situation
is complex and temperatures are influenced by heat generation due to plastic deformation,
internal shear, friction with the tooling, and the heat transfer within the billet and through the
tooling. Typically, the emergent temperature increases with ram displacement, ram speed, and
with reduction ratio. The temperature at the product surface is higher than at the product center.

During extrusion of the V-4Cr-4Ti, dynamic recovery and recrystallization occur to an extent that
reflects the inhomogeneity of the deformation rate and temperature distribution. At the same
time, precipitation of Ti (OCN) will occur whenever the temperature falls below the solvus at
~1125°C. Because of the incoherent nature of the Tl (OCN) precipitate-matrix interface,
precipitation will occur most rapidly in areas of high dislocation density. Precipitation of Ti (OCN)
can occur (a) during hot deformation in regions where the temperature falls below ~1125°C, and,
to a lesser extent, (b) in regions of high dislocation density during cool-down of the extrusion.

Because of the inhomogeneous nature of both the deformation and temperature distribution, it is
very likely that precipitation of Ti (OCN) will also be distributed non-homogeneously. However, in
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Fig. 6. Optical microstructure of CVN specimen from the
RC series showing a more uniform distribution of Ti
(OCN) particles and absence of banded grain structure:
(a) LT orientation; (b) and (c) LS orientation.
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regions of the billet where the temperature remains above ~1125°C during extrusion,
precipitation during deformation will not occur and subsequent precipitation of Ti (OCN) during
secondary processing is likely to be much more uniformly dispersed.

Secondary processing consists of rolling to a maximum of 50% reduction at temperatures in the
range RT to 400°C with intermediate annealing at 1050 to 1075°C. Since this is below the Ti

(OCN) solvus, inhomogeneous distributions of Ti (OCN) developed during extrusion cannot be
eliminated. Grain growth is inhibited in regions of high particle density and a banded recrystallized
grain structure develops that persists in the final microstructure of the mechanical property
specimen. This seems to be the situation with the QC and WB series of CVN specimens and
indicates that plates M150 and Q250 came from parts of an extrusion that cooled below 1125°C
during the extrusion process. In contrast, the RC series of specimens have relatively uniform
microstructures, suggesting that plate R250 came from a section of the extrusion that did not cool
below 1125°C during the extrusion process. With regard to the tensile specimens, the uniformity
of the microstructure of the ST and RC/D series similarly indicates that plates S40 and R250 came
from sections of the extrusion that were maintained >1125°C. However, the fact that one series of
tensiles (WE) made from plate N40 was banded and the other (WH) was not indicates that
homogeneous and non-homogeneous material can exist in a single plate.

CONCLUSIONS

A comprehensive study of the fabrication metallurgy of the V-4Cr-4Ti alloy has never been
undertaken, and consequently, the program is dealing with considerable variations in the
microstructures of specimens prepared by different processing paths. Understanding of the
kinetics of recovery, recrystallization, and precipitation is incomplete, and we can only speculate
on the dynamic interactions occurring during the hot extrusion, particularly since the extrusion
temperature is so close to the Ti (OCN) solvus.

The microstructural variations discussed in this report are unlikely to have any major impact on
tensile behavior, but the presence or absence of banded microstructures could introduce an
anisotropy in crack propagation behavior.

Before any further processing of extruded barstock into plate is undertaken, it would be advisable
to undertake a pilot study to investigate the potential benefits of introducing a homogenization
treatment at 1150°C to dissolve any Ti (OCN) formed during the extrusion process. Knowledge of
the kinetics of recovery, recrystallization, and precipitation needs to be expanded to provide a
rational basis for selecting rolling and intermediate annealing schedules that will generate
predictable and consistent microstructures.
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