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1.1 REVISED ANL-REPORTED TENSILE DATA FOR UNIRRADIATED AND IRRADIATED
(FFTF, HFIR) V-Ti AND V-Cr-Ti ALLOYS — M. C. Billone (Argonne National Laboratory 3

The tensile data for all unirradiated and irradiated vanadium alloys samples tested at
Argonne National Laboratory (ANL) have been critically reviewed and, when
necessary, revised. The review and revision are based on reanalyzing the original
load-displacement strip chart recordings by a methodology consistent with current
ASTM standards. For unirradiated alloys (162 samples), the revised values differ
from the previous values as follows: -11+19 MPa (-4+6%) for yield strength (YS),
-3+15 MPa (-1£3%) for ultimate tensile strength (UTS), -5+2% strain for uniform
elongation (UE), and -4+2% stirain for total elongation (TE). For irradiated alloys
(91 samples), the differences between the revised and previous values are:
30437 MPa (617%) for YS, -14:6MPa (0+1%) for UTS, -51+2% for UE, and -442% for
TE. Of these changes, the decrease in UE values for alloys irradiated and tested at
400-435°C is the most significant. This decrease results from the proper subtraction

- of nongauge-length deformation from measured crosshead deformation. In
previous analysis of the tensile curves, the nongauge-length deformation was not
correctly determined and subtracted from the crosshead displacemeni. The
previously reported and revised tensile values for unirradiated alloys (20-700°C) are
tabulated in Appendix A. The revised tensile values for the FFTF-irradiated (400-
600°C) and HFIR-irradiated (400°C) alloys are tabulated in Appendix B, along with
the.neutron damage and helium levels. Appendix C compares the revised values to
the previously reported values for irradiated alloys. Appendix D contains previous
and revised values for the tensile properties of unirradiated V-5Cr-5Ti (BL-63) alloy
exposed to oxygen.

1.2 IMPACT PROPERTIES OF VANADIUM-BASE ALLOYS IRRADIATED AT
<430°C — H. M. Chung and D. L. Smith (Argonne National Laboratory) 62

Recent attention to vanadium-base alloys has focused on the effect of low-
temperature (<430°C) neutron irradiation on the mechanical properties, especially
the phenomena of loss of work-hardening capability under tensile loading and loss
of dynamic toughness manifested by low impact energy and high ductile-brittle-

. transition temperature (DBTT). This paper summatrizes results of an investigation of
the low-temperature impact properties of V-5Ti, V-4Cr-4Ti, and V-3Ti-Si that were
irradiated in several fission reactor experiments, i.e., FFTF-MOTA, EBR-ll X-530, and
ATR-A1. Irradiation performance of one production-scale and one laboratory heat of
V-4Cr-4Ti and one laboratory heat of V-3Ti-Si was the focus of the investigation.
Even-among the same class of alloy, strong heat-to-heat variation was observed in
low-temperature impact properties. A laboratory heat of V-4Cr-4Ti and V-3Ti-1Si
exhibited good impact properties, whereas a 500-kg heat of V-4Cr-4Ti exhibited
unacceptably high DBTT. The strong heat-to-heat variation in impact properties of
V-4Cr-4Ti indicates that fabrication procedures and minor impurities play important
roles in the low-temperature irradiation performance of the alloys.

1.3 TENSILE AND IMPACT PROPERTIES OF VANADIUM-BASE ALLOYS IRRADIATED
AT LOW TEMPERATURES IN THE ATR-A1 EXPERIMENT — H. Tsai, L. J. Nowicki,
M. C. Billone, H. M. Chung, and D. L. Smith (Argonne National Laboratory) 70

Subsize tensiles and Charpy specimens made from several V-(4-5)Cr-(4-5)Ti alloys
were irradiated in the ATR-A1 experiment to study the effects of low-temperature
irradiation on mechanical properties. These specimens were contained in lithium-
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bonded subcapsules and irradiated at temperature between =200 and 300°C. The
peak neutron damage was =4.7 dpa. Postirradiation testing of these specimens has
begun. -Preliminary resuits from a limited number of specimens indicate a significant
loss of work-hardening capability and dynamic toughness due to the irradiation.
These results are consistent with data from previous low-temperature neutron
irradiation experiments on these alloys.

STRAIN RATE DEPENDENCE OF THE TENSILE PROPERTIES OF V-(4-5%)
Cr-(4-5%)Ti IRRADIATED IN EBR-il AND HFBR — S. J. Zinkle, L. L. Snead,
J. P. Robertson and A. F. Rowcliffe (Oak Ridge National Laboratory)

Elevated temperature tensile tests performed on V-(4-5)Cr-(4-5)Ti indicate that the
yield stress increases with increasing strain rate for irradiation and test temperatures

77

near 200°C, and decreases with increasing strain rate for irradiation and test

temperatures near 400°C. This observation is in qualitative agreement with the
temperature-dependent strain rate effects observed on unirradiated specimens,
and implies that some interstitial solute remains free to migrate in irradiated
specimens. Additional strain rate data at different temperatures are needed.

SUMMARY OF THE INVESTIGATION OF LOW TEMPERATURE, LOW DOSE
RADIATION EFFECTS ON THE V-4Cr-4Ti ALLOY — L. L. Snead, S. J. Zinkle,

D. J. Alexander, A. F. Rowcliffe, J. P. Robertson, and W.S. Eatherly (Oak Ridge
National Laboratory)

Experimental details, raw data, method of analysis, and results are presented for the
low-temperature, low-dose HFBR-V1 through V4 irradiation experiments conducted
at ORNL on V-4Cr-4Ti specimens (U.S. Fusion Program Heat #832665). Four
separate capsules were irradiated in the V-15 and V16 In-Core Thimbles of the High
Flux Beam Reactor at the Brookhaven National Laboratory to doses of 0.1 or 0.5
dpa at temperatures between 100 and 505°C. Testing included microhardness,
electrical resistivity, tensile properties, and Charpy impact properties.

THERMOPHYSICAL AND MECHANICAL PROPERTIES OF V-(4-5)%Cr-(4-5)%Ti
ALLOYS — S. J. Zinkle (Oak Ridge National Laboratory)

Solid solution V-Cr-Ti alloys exhibit a good combination of high thermal conductivity,
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adequate tensile strength, and low thermal expansion. The key thermophysical and

mechanical properties for V-(4-5)%Cr-(4-5)%Ti alloys are summarized in this report.
Some of these data are available in the ITER Materials Properties Handbook (IMPH),
whereas other data have been collected from recent studies. The IMPH is updated
regularly, and should be used as the reference point for design calculations
whenever possible.

EFFECT OF THICKNESS AND LOADING MODE ON THE FRACTURE PROPERTIES
OF V-4Cr-4Ti AT ROOM TEMPERATURE — H. Li, J. Kurtz, and R. H. Jones (Pacific
Northwest National Laboratory)

Extended Abstract

GRAIN BOUNDARY CHEMISTRY AND HEAT TREATMENT EFFECTS ON THE
DUCTILE-TO-BRITTLE TRANSITION BEHAVIOR OF VANADIUM ALLOYS —
IR. J. Kurtz, M. L. Hamilton, and H. Li (Pacific Northwest National Laboratory)

One-third scale Charpy impact specimens of V-4Cr-4Ti were given the same heat
treatments applied to equivalent specimens of V-5Cr-5Ti. Auger specimens of
V-4Cr-4Ti were also heat treated with the Charpy specimens to enable grain

109

111




1.9

1.1

1.12

vii

boundary chemistry measurements. The microstructural, microchemical, and
Charpy impact response of V-4Cr-4Ti displayed trends similar to those observed for
V-5Cr-5Ti. The results show that grain size plays an important role in determining
the ductile-to-brittie transition temperature (DBTT) of these materials and that a
threshold level of grain boundary segregant appears to be required to cause grain
boundary embrittlement and intergranular fracture.

TEMPERATURE DEPENDENCE OF THE RADIATION DAMAGE MICROSTRUCTURE

IN V-4Cr-4Ti NEUTRON IRRADIATED TO LOW DOSE — P. M. Rice and S. J. Zinkle
(Oak Rldge National Laboratory)

Extended Abstract

MICROSTRUCTURAL EXAMINATION OF IRRADIATED V-(4-5%)Cr-(4-5%)Ti —
D. S. Gelles (Pacific Northwest Nationa!l Laboratory), P. M. Rice and S. J. Zinkle
(Oak Ridge National Laboratory), and H. M. Chung (Argonne National Laboratory)

Extended Abstract

MICROSTRUCTURE OF V-Cr-4Ti ALLOY AFTER LOW-TEMPERATURE
IRRADIATION BY IONS AND NEUTRONS — J. Gazda and M. Meshii
(Northwestern University), and H. M. Chung (Argonne National Laboratory)

Mechanical properties of V-4Cr-4Ti alloy were investigated after low-temperature
(<420°C) irradiation. The effects of fast neutrons at 380°C were investigated by
irradiation to =4 dpa in the X530 experiment in the EBR-Il reactor; these tests were
complemented by irradiation with the single (4.5-MeV Ni**) and dual ion beams
(350-KeV Het simultaneously with 4.5-MeV Ni*+), TEM observations showed the
formation of a high density of point-defect clusters and dislocation loops (<30 nm
diameter) distributed uniformly in the specimens. Mechanical-property testing
showed embrittiement of the alioy. TEM investigations of deformed microstructures
were used to determine. the causes of embrittiement and yielded observation of
dislocation channels propagating through the undeformed matrix. Channels are the
sole slip paths and cause early onset of necking and loss of work-hardening in this
alloy. Based on a review of the available literature, suggestions are made for further
research of slip localization in V-base alloys.

RESEARCH AND DEVELOPMENT ON VANADIUM ALLOYS FOR FUSION
APPLICATIONS — S. J. Zinkle (Oak Ridge National Laboratory), H. Matsui (Tohoku
University}, D. L. Smith (Argonne National Laboratory), A. F. Rowcliffe (ORNL),

E. van Osch (NERF-Petten), K. Abe (Tohoku University), and V. A. Kazakov
(RIAR-Dimitrovgrad)

Extended Abstract
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 has been initiated 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
the hydrogen uptake in the samples and its influence on the microstructure and
tensile properties of the alloys. At present four heats of alloys (BL-63, BL-71, and
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787, plus 44 from General Atomics) are 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.
Experiments conducted thus far on specimens of various V-Cr-Ti alloys exposed to
pHo levels of 0.01 and 3 x 1076 torr showed negligible effect of Hy on either
maximum engineering stress or uniform/total elongation. Further, preliminary tests
on specimens annealed at different temperatures showed that grain size variation
by a factor of =2 had a negligible effect on tensile properties.

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

A systematic study was conducted to evaluate the oxidation kinetics of V-4Cr-4Ti
("44 alloy") and V-5Cr-5Ti alloys ("55 alloy") and to establish the role of oxygen
ingress on the tensile behavior of the alloys at room temperature and at 500°C. The
oxidation rate of the 44 alloy is slightly higher than that of the 55 ailoy. The oxidation
process followed parabolic kinetics. Maximum engineering stress for 55 alloy
increased with an increase in oxidation time at 500°C. The maximum stress values
for 55 alloy were higher at rcom temperature than at 500°C for the same oxidation
treatment. Maximum engineering stresses for 44 alloy were substantially lower than
those for 55 alloy in the same oxidation treatment. Uniform and total elongation
values for 55 alloy were almost zero at room temperature after =500 h exposure in air
at 500°C; the same values were 4.8 and 6.1%, respectively, at 500°C after ~2060 h
oxidation in air at 500°C. Uniform and total elongation values for 44 alloy were
1.6 and 3.6% at 500°C after 2060 h oxidation in air at 500°C.

Maximum engineering stress for 44 alloy at room temperature was 421.6-440.6 MPa
after =250 h exposure at 500°C in environments with a pOa range of 1 x 1076 to 760
torr. The corresponding uniform and total elongation values were 11-14.4% and
14.5-21.7%, respectively. Measurements of crack depths in various specimens

showed that depth is independent of pO2 in the preexposure environment and was

of 70-95 um after 250-275 h exposure at 500°C.

LASER-WELDED V-Cr-Ti ALLOYS: MICROSTRUCTURAL AND MECHANICAL
PROPERTIES — K. Natesan, D. L. Smith, P. G. Sanders, and K. H. Leong
(Argonne National Laboratory)

A systematic study has been initiated to examine the use of lasers to weld sheet
materials of V-Cr-Ti alloys and to characterize the microstructural and mechanical
properties of the laser-welded materials. in addition, several post-welding heat
treatments are being applied to the welded samples to evaluate their benefits, if
any, to the structure and properties of the weldments. Hardness measurements are
made across the welded regions of different samples to evaluate differences in the
characteristics of various weldments.

PERFORMANCE OF V-4Cr-4Ti MATERIAL EXPOSED TO THE DHI-D TOKAMAK
ENVIRONMENT — H. Tsai, D. L. Smith, H. M. Chung (Argonne National Laboratory),
W. R. Johnson and J. P. Smith (General Atomics), and W. R. Wampler (Sandia
National Laboratory)

A series of tests is being conducted in the DilI-D tokamak {o determine the effects of
environmental exposure on a V-4Cr-4Ti vanadium alloy. These tests are part of the
effort to build and install a water-cooled vanadium V alloy structure in the upgrade of
the DIli-D radiative diverior. Data from the test series indicate that the performance
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. of the V-4Cr-4Ti alioy would not be significantly affected by environmental

exposure. Interstitial absorption by the material appears to be limited to the surface,
and neither the tensile nor the impact properties of the material appear to be
affected by the exposure.

IRRADIATION CREEP OF VANADIUM-BASE ALLOYS — H. Tsai, M. Billone,
R. V. Strain, and D. L. Smith (Argonne National Laboratory), and H. Matsui
(Tohoku University)

A study of irradiation creep in vanadium-base alloys is underway with experiments in
the Advanced Test Reactor (ATR) and the High Flux Isotope Reactor (HFIR) in the
United States. Test specimens are thin-wall sealed tubes with internal pressure
loading. The results from the initial ATR irradiation at low temperature (200-300°C)
to a neutron damage level of 4.7 dpa show creep rates ranging from =010 1.2 x 10"
5/ dpa/MPa for a 500-kg heat of V-4Cr-4Ti alloy. These rates were generally lower
than reported from a previous experiment in BR-10. Because both the attained
neutron damage levels and the creep strains were low in the present study,
however, these creep rates should be regarded as only preliminary. Substantially
more testing is required before a data base on irradiation creep of vanadium alloys
can be developed and used with confidence.

-PROCUREMENT OF V-Cr-Ti ALLOYS TO STUDY MINOR VARIATIONS ON

V-4Cr-4Ti — M. L. Grossbeck (Oak Ridge National Laboratory)

The alloys V-6Cr-3Ti, V-4Cr-4Ti-Si, V-6Cr-6Ti, and V-3Cr-3Ti, were prepared by
Teledyne Wah Chang Albany Corp. In 1994. Plate and sheet ranging from 0.76 mm
to 6.35 mm with residual material being left in 12-20 mm thick bar were fabricated.
Although the heats were prepared on a pilot plant scale using different equipment,
an effort was made to keep the processing as close to Wah Chang Heat 832665,
the reference fusion heat of V-4Cr-4Ti, as possible.

SILICON CARBIDE COMPOSITE MATERIALS

RADIATION RESPONSE OF SiC-BASED FIBERS — G. E. Youngblood and
R. H. Jones (Pacific Northwest National Laboratory), Akira Kohyama (Institute of -
Advanced Energy, Kyoto, Japan), and L. L. Snead (Oak Ridge National Laboratory)

Extended Abstract

METHODS OF RADIATION EFFECTS EVALUATION OF SiC/SiC COMPOSITE
AND SiC FIBERS — G. E. Youngblood and.R. H. Jones (Pacific Northwest
National Laboratory)

This report covers material presented at the IEA/Jupiter Joint international
Workshop on SiC/SiC Composites for Fusion Structural Applications held in
conjunction with ICFRM-8, Sendai, Japan, Oct. 23-24, 1997. Several methods for
radiation effects evaluation of SiC fibers and fiber-reinforced SiC-SiC composite are
presented. '

FIBER CREEP RATE AND HIGH-TEMPERATURE PROPERTIES OF SiC/SiC
COMPOSITES — C. A. Lewinsohn, R. H. Jones, G. E. Youngbiood, and
C. H. Henager, Jr. (Pacific Northwest National Laboratory

Extended Abstract
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2.4 HIGH THERMAL CONDUCTIVITY SiC/SiC COMPOSITES FOR FUSION
APPLICATIONS-II — W. Kowbel, K. T. Tsou, and J. C. Withers (MER Corporation,
Tucson, AZ), and G. E. Youngblood (Pacific Northwest National Laboratory) 172

This report covers material presented at the IEA/Jupiter Joint International
Workshop on SiC/SiC Composites for Fusion Structural Applications held in
conjunction with ICFRM-8, Sendai, Japan, October 23-24, 1997. An unirradiated
SiC/SiC composite made with MER-developed CVR SiC matrix exhibited room
temperature transverse thermal conductivity of 45 W/mK. An unirradiated SiC/SiC
composite made from conductivity values of 75 and 35 W/mK at 25 and 1000°C,
respectively. Both types of SiC/SiC composites exhibited non-brittle failure in
flexure testing.

2.5 MINIMUM BAR SIZE FOR FLEXURE TESTING OF IRRADIATED SiC/SiC
COMPOSITE — G. E. Youngblood and R. H. Jones (Pacific Northwest National
Laboratory) 175

This report covers material presented at the IEA/Jupiter Joint International
Workshop on SiC/SiC Composites for Fusion Structural Applications held in
conjunction with ICFRM-8, Sendai, Japan, October 23-24, 1997. The minimum bar
size for 4-point flexure testing of SiC/SiC composite recommended by PNNL for
irradiation effects studies is 30 x 6 x 2 mm?3 with a span-to-depth ratio of 10/1.

3.0 FERRITIC/MARTENSITIC STEELS 177

3.1 RADIATION HARDENING AND DEFORMATION BEHAVIOR OF IRRADIATED
FERRITIC-MARTENSITIC STEELS — J. P. Robertson, R. L. Klueh (Oak Ridge
National Laboratory), K. Shiba (Japan Atomic Energy Research Institute), and
A. F. Rowcliffe (ORNL) 179

Tensile data from several 8-12% Cr alloys irradiated in the High Flux Isotope Reactor
(HFIR) to doses up to 34 dpa at temperatures ranging from 90 to 600°C are
discussed in this paper. One of the critical questions surrounding the use of ferritic-
martensitic steels in a fusion environment concerns the loss of uniform elongation
after irradiation at low temperatures. Irradiation and testing at temperatures below
200-300°C results in uniform elongations less than 1% and stress-strain curves in
which plastic instability immediately follows yielding, implying dislocation channeling
and flow localization. Reductions in area and total elongations, however, remain
high.

3.2 A REASSESSMENT OF THE EFFECTS OF HELIUM ON CHARPY IMPACT
: PROPERTIES OF FERRITIC/MARTENSITIC STEELS — D. S. Gelles and
M. L. Hamilton (Pacific Northwest Nationa! Laboratory), and G. L. Hankin
(Loughborough University, England) 188

Extended Abstract

3.3 DEVELOPMENT OF OXIDE DISPERSION STRENGTHENED FERRITIC STEELS
FOR FUSION — D. K. Mukhopadhyay (Vista Metals, Inc., McKessport, PA),
F. H. Froes (University of idaho), and D. S. Gelles (Pacific Northwest National
Laboratory) 189

Extended Abstract
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MICROSTRUCTURAL EVOLUTION OF HFIR-IRRADIATED LOW ACTIVATION F82H
AND F82H-10B STEELS — E. Wakai (Japan Atomic Energy Research Institute),

N. Hashimoto (Oak Ridge National Laboratory), K. Shiba, T. Sawai (JAERI),

J. P. Robertson, R. L. Kiueh, A. F. Rowcliffe (ORNL), and A. Hishinuma (JAERI)

Microstructures of reduced-activation F81H (8Cr-2W-0.2V-0.04Ta) and the F82H
steels doped with 10B, irradiated at 250 and 300°C to 3 and 57 dpa in the High Flux
Isotope Reactor (HFIR) have been examined by TEM. In the F82H irradiated at
250°C to 3 dpa, dislocation loops, small unidentified defect clusters with a high

number density, and very few MC precipitates were observed in the matrix. The
defect microstructure after 300°C irradiation to 57 dpa is dominated by the loops,
and the number density of loops was lower than that of the F82H-10B steel. Cavities
were observed in the F82H-10B steels, but the swelling value is insignificant. Small
patticles of MgC precipitates were formed on the Ma3Cg carbides, which were

present before the irradiation, in the F82H and the F82H-10B by irradiation at 300°C
to 57 dpa. A low number density MC precipitate was formed during irradiation at
300°C to 57 dpa in the matrix.

EFFECT OF HEAT TREATMENT AND IRRADIATION TEMPERATURE ON IMPACT
BEHAVIOR OF IRRADIATED REDUCED-ACTIVATION FERRITIC STEELS —
R. L. Kiueh and D. J. Alexander (Oak Ridge National Laboratory)

Charpy tests were conducted on eight normalized-and-tempered reduced-
activation ferritic steels irradiated in two different normalized conditions. lrradiation
was conducted in the Fast Flux Test Facility at 393°C to = 14 dpa on steels with
2.25, 5, 9, and 12% Cr (0.1% C) with varying amounts of W, V, and Ta. The different
normalization treatments involved changing the cooling rate after austenization.
The faster cooling rate produced 100% bainite in the 2.25 Cr steels, compared to
duplex structures of bainite and polygonal ferrite for the slower cooling rate. For
both cooling rates, martensite formed in the 5 and 9% Cr steels, and martensite with
= 25% &-ferrite formed in the 12% Cr steel. Irradiation caused an increase in the
ductile-brittle transition temperature (DBTT) and a decrease in the upper-shelf
energy. The difference in microstructure .in the low-chromium steels due to the
different heat treatments had little effect on properties. For the high-chromium
martensitic steels, only the 5Cr steel was affected by heat treatiment. When the
results at 393°C were compared with previous resulis at 365°C, all but 5Cr and 9Cr
steel showed the expected decrease in the shift in DBTT with increasing
temperature.

IRRADIATION CREEP OF VARIOUS FERRITIC ALLOYS IRRADIATED AT ~400°C

IN THE PFR AND FFTF REACTORS — M. B. Toloczko (Washington State University),

F. A. Gamer (Pacific Northwest National Laboratory), andC R. Eiholzer
(Westinghouse Hanford Company)

Extended Abstract

'COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS

TEMPERATURE AND STRAIN RATE EFFECTS IN HIGH STRENGTH HIGH
CONDUCTIVITY COPPER ALLOYS TESTED IN AIR — D. J. Edwards
(Pacific Northwest National Laboratory)

The tensile properties of the three candidate alloys GlidCop™ Al25, CuCrZr, and
CuNiBe are known to be sensitive to the testing conditions such as strain rate and
test temperature. This study was conducted on GlidCop™ Al25 (2 conditions) and
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Hycon 3HP™ (3 conditions) to ascertain the effect of test temperature and strain
rate when tested in open air. The results show that the vield strength and
elongation of the GlidCop™ AI25 alloys exhibit a strain rate dependence that
increases with temperature. Both the GlidCop™ and the Hycon 3HP™ exhibited an
increase in strength as the strain rate increased, but the GlidCop™ alloys proved to
be the most strain rate sensitive. The GlidCop™ failed in a ductile manner
irrespective of the test conditions, however, their strength and uniform elongation

‘decreased with increasing test temperature and the uniform elongation also

decreased dramatically at the lower strain rates. The Hycon 3HP™ alloys proved to
be extremely sensitive to test temperature, rapidly losing their strength and ductility
when the temperature increased above 250°C. As the test temperature increased
and the strain rate decreased the fracture mode shifted from a ductile transgranular
failure to a ductile intergranular failure with very localized ductility. This latter
observation is based on the presence of dimples on the grain facets, indicating that
some ductile deformation occurred near the grain boundaries. The material failed
without any reduction in area at 450°C and 3.9 x 10-4 5”1, and in several cases failed
prematurely.

THE EFFECT OF BONDING AND BAKEOUT THERMAL CYCLES ON THE
PROPERTIES OF COPPER ALLOYS IRRADIATED AT 100°C — D. J. Edwards
(Pacific Northwest National Laboratory), B. N. Singh, P. Toft, and M. Eldrup
(Risg National Laboratory) '

Extended Abstract

EFFECT OF INITIAL OXYGEN CONTENT ON THE VOID SWELLING BEHAVIOR
OF FAST NEUTRON IRRADIATED COPPER — S. J. Zinkle (Oak Ridge National
Laboratory) and F. A. Garner (Pacific Northwest National Laboratory)

Density measurements were performed on high purity copper specimens
containing <10 wt.ppm and ~120 wi.ppm oxygen following irradiation in FFTF
MOTA 2B. Significant amounts of swelling were observed in both the oxygen-free

and oxygen-doped specimens following irradiation to ~17 dpa at 375°C and ~47

dpa at 430°C. Oxygen doping up to 350 appm (90 wt.ppm) did not significantly
affect the void swelling of copper for these irradiation conditions.

AUSTENITIC STAINLESS STEELS

THE DEPENDENCE OF IRRADIATION CREEP IN AUSTENITIC ALLOYS ON
DISPLACEMENT RATE AND HELIUM TO DPA RATIO — F. A. Gamer (Pacific
Northwest National Laboratory), M. B. Toloczko (Washington State University),
and M. L. Grossbeck (Oak Ridge National Laboratory)

Extended Abstract

EXTREME EMBRITTLEMENT OF AUSTENITIC STAINLESS STEEL IRRADIATED
TO 75-81 DPA AT 335-360°C — 8. L. Porollo, A. N. Vorobjev, Yu. V. Konobeev
(Institute of Physics and Power Engineering, Obninsk, Kaluga Region, Russia),
and F. A. Gamer (Pacific Northwest National Laboratory)

Extended Abstract
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SHEAR PUNCH TESTING OF 5°Ni ISOTOPICALLY-DOPED MODEL AUSTENITIC
ALLOYS AFTER IRRADIATION IN FFTF AT DIFFERENT HE/DPA RATIOS —

G. L. Hanken and R. G. Faulkner (IPTME, Loughborough University, Leicestershire,
LE113UT, UK) and M. L. Hamilton and F. A. Gamer (Pacific Northwest National
Laboratory)

Extended Abstract

DAMAGE STRUCTURE OF AUSTENITIC STAINLESS STEEL 316LN IRRADIATED
AT LOW TEMPERATURE IN HFIR — N. Hashimoto (Oak Ridge National Laboratory),
E. Wakai (Japan Atomic Energy Research Institute), J. P. Robertson (ORNL),

M. L. Grossbeck (ORNL), and A. F. Rowclifie (ORNL)

TEM disk specimens of austenitic stainless steel 316LN irradiated to damage levels
of about 3 dpa at irradiation temperatures of either about 90 or 250°C have been
investigated by using transmission electron microscopy. The irradiation at 90 and
250°C induced a dislocation loop density of 3.5 x 1022 m™3 and 6.5 x 1022 m'3, a
black dot density of 2.2 x 1022 m3 and 1.6 x 1023 m™3, respectively, in the steels,
and a high density (<1 x 1022 m-3) of precipitates in matrix. Cavities could be
observed in the specimens after the irradiation. It is suggested that the dislocation
loops, the black dots, and the precipitates cause irradiation hardening, an increase
in the yield strength, and a decrease in the uniform elongation in the 316LN steel
irradiated at low temperature.

INSULATING CERAMICS AND OPTICAL MATERIALS
No contributions. ’
SOLID BREEDING MATERIALS

POSTIRRADIATION EXAMINATION OF BERYLLIUM PEBBLES —
D. S. Gelles (Pacific Northwest National Laboratory)*

Postirradiation examinations of COBRA-1A beryllium pebbles irradiated in the EBR-1I
fast reactor at neutron fluences which generated 2700-3700 appm helium have
been performed. Measurements included density change, optical microscopy,
scanning electron microscopy, and transmission electron microscopy. The major
change in microstructure is development of unusually shaped helium bubbles
forming as highly non-equiaxed thin platelet-like cavities on the basal plane.
Measurement of the swelling due to cavity formation was in good agreement with
density change measurements.

NEUTRON IRRADIATION OF BERYLLIUM PEBBLES — D. S. Gelles,
H. Tsail, and R. M. Ermi (Pacific Northwest National Laboratory)* and (Argonne
National Laboratory)?

Seven subcapsules from the FFTF/MOTA 2B irradiation experiment containing
97 or 100% dense sintered beryllium cylindrical specimens in depleted lithium
have been opened and the specimens retrieved for postirradiation examination.
Irradiation conditions included 370°C to 1.6 x 1022 n/cm2, 425°C to 4.8 x 1022
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n/cm2, and 550°C to 5.0 x 1022 n/cm2. TEM specimens contained in these

capsules were also retrieved, but many were broken. Density measurements of the
cylindrical specimens showed as much as 1.59% swelling following irradiation at
500°C in 100% dense beryllium. Beryllium at 97% density generally gave slightly
lower swelling values.
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STEPPED-ANNEAL HELIUM RELEASE IN 1-MM BERYLLIUM PEBBLES FROM
COBRA 1A2 — B. M. Oliver (Pacific Northwest National Laboratory)

Stepped-anneal helium release measurements on two sets of fifteen beryliium
pebbles irradiated in the Experimental Breeder Reactor-ll (EBR-ll} at Argonne
National Laboratory-West (ANL-W) are reported. The purpose of the measurements
was to determine the helium release characteristics of the beryllium using larger
sample sizes and longer anneal times relative to earlier measurements. Sequential
helium analyses were conducted over a narrower temperature range from
approximately 800 to 1100°C increments, but with longer anneal time periods. To
allow for overnight and unattended operation, a temperature controller and
associated circuitry were added to the experimental setup.

THERMAL RAMP TRITIUM RELEASE IN COBRA-1A2 C03 BERYLLIUM
PEBBLES — D. L. Baldwin (Pacific Northwest National Laboratory)

Tritium release kinetics, using the method of thermal ramp heating at three linear
ramp rates, were measured on the COBRA-1A2 C03 1-mm beryllium pebbles. This
report includes a brief discussion of the test, and the test data in graph format.

HELIUM ANALYSES OF 1-MM BERYLLIUM MICROSPHERES FROM
COBRA-1A2— B. M. Oliver (Pacific Northwest National Laboratory)

Multiple helium analyses on four beryllium microspheres irradiated in the
Experimental Breeder Reactor-ll (EBR-ll) at Argonne National Laboratory-West
(ANL-W), are reported. The purpose of the analyses was to determine the total

‘helium content of the beryllium, and to determine the helium release characteristics

of the beryllium as a function of time and temperature. For the helium release
measurements, sequential helium analyses were conducted on two of the samples
over a temperature range from 500 to 1100°C in 100°C increments. Total helium
measurements were conducted separately using our normal analysis method of
vaporizing the material in a single analysis run.

TRITIUM ANALYSES OF COBRA-1A2 BERYLLIUM PEBBLES — D. L. Baldwin
(Pacific Northwest National Laboratory)

Selected tritium measurements have been compieted for the COBRA-1A2
experiment C03 and D03 beryllium pebbles. The completed results, shown in
Tables 1, 2, and 3, include the tritium assay results for the 1-mm and 3-mm C03
pebbles, and the 1-mm D03 pebbles, stepped anneal test results for both types of
1-mm pebbles, and the residual analyses for the stepped-anneal specimens. All
results have been reported with date-of-count and are not corrected for decay.

-Stepped-anneal tritium release response is provided in addenda.

RADIATION EFFECTS, MECHANISTIC STUDIES, AND
EXPERIMENTAL METHODS

FUNDAMENTAL RADIATION EFFECTS PARAMETERS IN METALS AND

. CERAMICS — 8. J. Zinkle (Oak Ridge National Laboratory)

Extended Abstract
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VALIDATION OF THE SHEAR PUNCH-TENSILE CORRELATION TECHNIQUE
USING IRRADIATED MATERIALS — G. L. Hankin and R. G. Faulkner (IPTME,
Loughborough University, Leicestershire, LE11 3UT, UK), M. B. Toloczko
(Washington State University), and M. L. Hamilton, (Pacific Northwest National
Laboratory) ’

Extended Abstract
SUBCASCADE FORMATION IN DISPLACEMENT CASCADE SIMULATION:
IMPLICATIONS FOR FUSION REACTOR MATERIALS — Roger E. Stoller (Oak

Ridge National Laboratory and Lawrence R. Greenwood (Pacific Northwest
National Laboratory)

Extended Abstract

STOCHASTIC ANNEALING SIMULATION OF COPPER UNDER CONTINUOUS
NEUTRON IRRADIATION — H. L. Heinisch (Pacific Northwest National Laboratory)
and B. N. Singh (Risg National Laboratory)

Extended Abstract

CONTRIBUTION TO IRRADIATION CREEP ARISING FROM GAS—DRNEN BUBBLE

GROWTH — C. H. Woo (The Hong Kong Polytechnic University, Kowloon,
Hong Kong), and F. A. Garner (Pacific Northwest National Laboratory)

Extended Abstract

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION
CALCULATIONS

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE HFIR-JP-9
-12, AND -15 IRRADIATIONS — L. R. Greenwood (Pacific Northwest National
Laboratory) and C. A. Baldwin (Oak Ridge National Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for

. the joint U.S.-Japanese experiments JP-9, -12, and -15. These experiments were

conducted in target positions of the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL) for a period of nearly four years. The maximum neutron
fluence at midplane was 2.5 x 1023 n/fem? (7.1 x 1022 n/cm?2 above 0.1 MeV),
resulting in about 60 dpa and 3200 apm helium in type 316 stainiess steel.

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE HFIR-JP-20
IRRADIATION — L. R. Greenwood (Pacific Northwest National Laboratory) and
C. A. Baldwin (Oak Ridge National Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for
the joint U.S.-Japanese experiment JP-20, which was conducted in a target position
of the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
The maximum total neutron fluence at midplane was 4.2 x 1022 n/cm2 (1.0 x 1022
n/cm?2 above 0.1 MeV), resulting in about 8.4 dpa and 388 appm helium in type 316
stainiess steel.
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NEUTRON DOSIMETRY AND RADIATION DAMAGE CALCULATIONS FOR
HFBR — L. R. Greenwood and R. T. Ratner (Pacific Northwest National Laboratory)

Neutron dosimetry measurements have been conducted for various positions of
the High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory (BNL) in

order to measure the neutron flux and energy spectra. Neutron dosimetry results -

and radiation damage calculations are presented for positions V10, V14, and V15.

PRODUCTION OF 4HE AND TRITIUM FROM BE IN THE COBRA-1A2-|
IRRADIATION — L. R. Greenwood (Pacific Northwest National Laboratory)

The production of 4He and tritium has been calculated for beryllium irradiated in the
COBRA-1A2 experiment in the Experimental Breeder Reactor 1. Reactor rates were
based on adjusted neutron spectra determined from reactor dosimetry
measurements at three different elevations in the region of the beryllium capsules.
Equations are given so that gas production can be calculated for any specific
capsule elevation.

PRODUCTION OF 4HE, 3HE, AND TRITIUM FROM BE IRRADIATED IN FFTF-
MOTA-2B — L. R. Greenwood (Pacific Northwest National Laboratory)

The production of 4He, 3He, and tritium has been calculated for beryllium irradiated
in the Materials Open Test Assembly (MOTA)-2B experiment in the Fast Flux Test
Facility (FFTF). Reaction rates were based on adjusted neutron spectra determined
from reactor dosimetry measurements at seven different elevations in the irradiation
assembly. - Equations are given so that gas production, dpa, and neutron fluences
can be calculated for any specific elevation in the MOTA-2B assembly.

CALCULATION AND MEASUREMENT OF HELIUM GENERATION AND SOLID
TRANSMUTANTS IN Cu-Zn-Ni ALLOYS — L. R. Greenwood, B. M. Oliver, and
F. A. Garner (Pacific Northwest National Laboratory), and T. Muroga (National
Institute of Fusion Science, Nagoya 464-01, Japan)

Extended Abstract

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE HFIR-MFE-
200J-1 IRRADIATION — L. R. Greenwood (Pacific Northwest National Laboratory)
and C. A. Baldwin (Oak Ridge National Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for
the joint U.S.-Japanese experiment MFE-200-J-1, which was conducted in the
removable beryllium {RB*) position of the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory (ORNL). The maximum neutron fluence at midplane was
4.1 x 1022 n/fem2 (1.9 x 1022 nfcm? above 0.1 MeV), resulting in about 12 dpa and
28 appm helium in type 316 stainless steel.

NEUTRONICS ASPECTS OF A DHCE EXPERIMENT — L. C. Gomes, H. Tsai, and
D. L. Smith (Argonne National Laboratory)

The DHCE (Dynamic Helium Charging Experiment) irradiation experiment was
conceived to simulate fusion-relevant helium production in a fission reactor
irradiation. The main objective is to maintain the Helium--to-DPA ratio at, roughly,
the same level as expected in a fusion environment. The problem in fission reactor
irradiation is that Helium production is very low, because the fission neutrons, for
basically all structural materials relevant for fusion applications, do not have enough
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energy to trigger the Helium producing reactions. A DHCE experiment involves the
decay of Tritium to Helium-3 to produce the required Helium during irradiation. This
paper describes an analysis of the most important aspects of a DHCE experiment
and compares different types of fission reactors and their suitability for performing
such an experiment. It is concluded that DHCE experiments are feasible in a certain
class of mixed-spectrum fission reactors, but a careful and detailed evaluation, for
each facility and condition, must be performed to ensure the success of the
experiment.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS
No contributions.

IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL
METHODS

DESCRIPTION AND STATUS OF THE U.S./JAERI HFIR-MFE-RB-10J IRRADIATION
CAPSULE — J. P. Robertson, K. E. Lenox, M. L. Grossbeck, and A. F. Rowcliffe
(Oak Ridge National Laboratory), and S. Jitsukawa and K. Shiba (Japan Atomic
Energy Research Institute)

This report describes the HFIR-MFE-RB-10J experiment conducted under the U.S.
DOE/Japan Atomic Energy Research Institute Collaborative Testing Program. The
irradiation will take place in a Removable Beryllium (RB) position in the High Flux
Isotope Reactor (HFIR) for approximately 8 cycles (about 4 dpa in steel). The
experiment consists of two distinct parts: the upper region of the capsule will
contain vanadium specimens operating at either 420 or 480°C and the lower region
will contain austenitic and ferritic/martensitic steel specimens operating at 250°C.
The capsule will be surrounded by e Eu203 shield in order to harden the spectrum
and prevent unwanted transmutations.

SUMMARY OF THE U.S. SPECIMEN MATRIX FOR THE HFIR 13J VARYING
TEMPERATURE IRRADIATION CAPSULE — 8. J. Zinkle (Oak Ridge National
Laboratory)

The U.S. specimen matrix for the collaborative DOE/Monbusho HFIR 13J varying
temperature irradiation capsule contains two ceramics and 29 different metals,
including vanadium alloys, ferritic/martensitic steels, pure iron, austenitic stainless
steels, nickel alloys, and copper alloys. This experiment is designed to provide
fundamental information on the effects of brief low-temperature excursions on the
tensile properties and microsctructural evolution of a wide range of materials
irradiated at nominal temperatures of 350 and 500°C to a dose of ~5 dpa. A {otal of
340 miniature sheet tensile specimens and 274 TEM disks are included in the U.S.-
supplied matrix for the irradiation capsule.

SCHEDULE AND STATUS OF IRRADIATION EXPERIMENTS — A. F. Rowcliffe,
M. L. Grossbeck, and J. P. Robertson (Oak Ridge National Laboratory)

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