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FOREWORD

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

. Alloy Development for Irradiation Performance
. Damage Analysis and Fundamental Studies
. Special Purpose Materials

These activities are concerned principally with the effects of the neutronic and chemical
environment on the properties and performance of reactor materials; together they form one element of the
overall materials programs being conducted in support of the Magnetic Fusion Energy 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. The purpose of this series of reports is to provide a working technical record
for the use of the program participants, and to provide a means of communicating the efforts of materials
scientists 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 G. L. Bum,
Oak Ridge National Laboratory. Their efforts, and the efforts of the many persons who made technical
contributions, are gratefully acknowledged.

E. W. Wiifen
Division of Advanced Physics
and Technology
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STATUS OF U.S./JAPAN COLLABORATIVE PROGRAM PHASE II HFIR TARGET
AND RB* CAPSULES - J. E. Pawel, K. E. Lenox, A. W. Longest, R. L. Senn (Oak Ridge
National Laboratory), and K. Shiba (Japan Atomic Energy Research Institute). ...........

Capsules- HFIR-MFE-JP9 through 16 were installed in the High Flux Isotope Reactor
(HFIR) target July 20, 1990 for irradiation beginning with HFIR fuel cycle 289. Of these
eight target capsules, JP10, 11, 13, and 16 accumulated 18 dpa and were removed from the
reactor in September 1991. JP14 was removed from the reactor at the end of cycle 310
(September 1992) after achieving a peak of 34 dpa. Capsules JP9, 12, and 15 completed 35
cycles on April 1, 1994 and-were removed from the target region. Each capsule had
accumulated a peak of approximately 57 dpa.

Three additional capsules, HFIR-MFE-JP20, 21, and 22, have been designed to complete the
original experiment matrix of the JP9 through JP16 series capsules. Irradiation began in
December 1993 with the start of cycle 322. Capsule JP20 was removed from the reactor on

June 3, 1994, after accumulating a peak of 8 dpa. As of September 16, 1994 (end of cycle
329), each of the other two capsules had achieved approximately 9.5 dpa.

The RB* experiments are the continuation of the ORR spectrally tailored experiments. In this
stage, a hafnium liner is used to modify the spectrum to simulate the fusion helium to
displacements per atom (He/dpa) ratio in the austenitic steel specimens. Of the four capsules
in this set, two (60J-1 and 330J-1) have been disassembled and testing is in progress. Two
capsules (200J-1 and 400J-1) are in the reactor and have accumulated 8 dpa.

VANADIUM ALLOY IRRADIATION EXPERIMENT X530 IN EBR-II — H. Tsai,
R. V. Strain, A, G, Hins, H. M. Chung, L. J. Nowicki, and D. L. Smith (Argonne
National Laboratory). . . oo i i ittt i it ittt tee et neeeeeeennanneennnennns

To obtain early irradiation performance data on the new 500-kg production heat of the V-4Cr-
4Ti material before the scheduled EBR-II shutdown, an experiment, X530, was expeditiously
designed and assembled. Charpy, compact tension, tensile and TEM specimens with different
thermal mechanical treatments (TMTs), were enclosed in two capsules and irradiated in the last
run of EBR-II, Run 170, from August 9 through September 27. For comparison, specimens
from some of the previous heats were also included in the test. The accrued exposure was 35
effective full power days, yielding a peak damage of ~4 dpa in the specimens. The irradiation
is now complete and the vehicle is awaiting to be discharged from EBR-II for postirradiation
disassembly.

DOSIMETRY, DAMAGE PARAMETERS, TRANSMUTATION, AND
ACTIVATION CALCULATIONS..........oiinuiiiiiiiiiiiinanaann.

VANADIUM IRRADIATION AT ATR — NEUTRONICS ASPECTS - 1. C. Gomes
and D. L. Smith (Argonne National Laboratory). . .. ..o o vt iviinineinennnnnnnns.

Calculations were performed to estimate damage and transmutation rates in vanadium irradiated
in the ATR (Advanced Test Reactor) located in Idaho. The main focuses of the study are to
evaluate the transmutation of vanadium to chromium and to explore ways to design the
irradiation experiment to avoid excessive transmutation. It was found that the A-hole of ATR
produces damage rate of ~15-30 dpa/full power year with a transmutation rate of ~0.2%/dpa of
vanadium to chromium. A thermal neutron filter can be incorporated into the design to reduce
the vanadium-to-chromium transmutation rate to low levels. A filter 1-2-mm thick of
gadolinium or hafnium can be used.
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NEUTRON FLUX SPECTRA AND RADIATION DAMAGE PARAMETERS FOR THE
RUSSIAN BOR-60 AND SM-2 REACTORS - A. V. Karasiov (D. V. Efremov Scientific
Research Institute of Electrophysical Apparatus, St. Petersburg, Russia) and L. R. Greenwood
(Pacific Northwest Laboratory). . . . oo v v v ittt et ie et aseoesessennoasnsas

Neutron fluence and spectral information and calculated radiation damage parameters are
presented for the BOR-60 (Fast Experimental Reactor - 60 MW) and SM-2 reactors in Russia.
Their neutron exposure characteristics are comparable with those of the Experimental Breeder
Reactor (EBR-II), the Fast Flux Test Facility (FFTF), and the High Flux Isotope Reactor
(HFIR) in the United States.

NEUTRON DOSIMETRY, DAMAGE CALCULATIONS, AND HELIUM MEASUREMENTS

FOR THE HFIR-MFE-60J-1 AND MFEE-330J-1 SPECTRAL TAILORING EXPERIMENTS —~
L. R. Greenwood (Pacific Northwest Laboratory), C. A. Baldwin (Oak Ridge National
Laboratory), and B. M. Oliver (Rockwell Intemnational). .. .......ccovvvuenennann..

Neutron fluence measurements and radiation damage calculations are reported for the joint
U.S.-Japanese MFE-60J-1 and MFE-330J-1 experiments in the hafnium-lined removable
beryllium (RB*) position of the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL). These experiments were continuations of the ORR-6J and 7J irradiations
performed in the Oak Ridge Research Reactor (ORR). The combination of irradiations was
designed to tailor the neutron spectrum in order to achieve fusion reactor helium/dpa levels in
stainless steel. These experiments produced maximum helium (appm)/dpa (displacement per
atom) levels of 10.2 at 18.5 dpa for the ORR-6J and HFIR-MFE-60J-1 combination and 11.8
at 19.0 dpa for the ORR-7J and HFIR-MFE-330]J-1 combination. A helium measurement in
one JPCA sample was in good agreement with helium calculations.

PRELIMINARY REPORT ON THE IRRADIATION CONDITIONS OF THE HFIR JP-23
EXPERIMENT - A. M. Emmi (Westinghouse Hanford Company) and D. S. Gelles (Pacific
Northwest Laboratory). . ..o oottt ittt ittt it eeeeeeenennsecacaceaannnns

The JP-23 test capsule was irradiated in the HFIR during cycles 322 and 326. The capsule
contained eight transmission electron microscopy (TEM) specimen holders, two each at
irradiation temperatures of 300, 400, 500, and 600°C The test capsule was irradiated for a total

of 110 effective full power days (EFPD), achieving estimated peak doses of 1.1 x 1022 n/cm?2
(E>0.1 MeV) and 8.8 dpa (in stainless steel).

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS...........
NO CONTRIBUTIONS
FUNDAMENTAL MECHANICAL BEHAVIOR...............ciiuiinunn.

CORRELATION BETWEEN SHEAR PUNCH AND TENSILE DATA FOR NEUTRON-
IRRADIATED ALUMINUM ALLOYS - M. L. Hamilton and D. J. Edwards (Pacific
Northwest Laboratory), M. B. Toloczko and G. E. Lucas (University of California-Santa
Barbara), W. F. Sommer and M. J. Borden (Los Alamos National Laboratory), and

J. F. Dunlap and J. F. Stubbins (University of Illinois). . .......... et

Tensile specimens and TEM disks of two aluminum alloys in two tempers were irradiated at
90-120°C with neutrons from spallation reactions in the Los Alamos Spallation Radiation
Effects Facility (LASREF) at the Los Alamos Meson Physics Facility (LAMPF). The
materials were exposed to a fluence of 3.4-4 x 1020 n/cm2, This work was part of a study to
determine the potential for using aluminum alloys as structural components in accelerators
used to produce tritium. Shear punch tests and tensile tests were performed at room
temperature and at 100°C, a temperature characteristic of the operating temperature in the
application of interest. Shear punch and tensile data from unirradiated specimens were used to
develop a correlation between shear punch and tensile strengths. Using the shear punch data
from the neutron irradiated TEM disks, the correlation predicted the tensile strength of the
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neutron irradiated condition reasonably well. Shear punch data on similar 760 MeV proton-
irradiated specimens were used with the correlation in an attempt to predict uniaxial strength in
the proton irradiated condition. ‘

RADIATION EFFECTS, MECHANISTIC STUDIES, THEORY, AND
MODELING. .. ittt it tiiittetenteennareescacasncannna

COMPARISON OF DEFECT CLLUSTER ACCUMULATION AND PATTERN
FORMATION IN IRRADIATED COPPER AND NICKEL -~ S. J. Zinkle and

L. L. Snead (Oak Ridge National Laboratory), B. N. Singh (Risg National Laboratory),

and D. J. Edwards (Pacific Northwest Laboratory). . .. ... ... o iiii it iieniieenenn

Transmission electron microscopy was used to examine the density and spatial distribution of
defect clusters produced in copper and nickel as the result of fission neutron irradiation to
damage levels of 0.01 to 0.25 displacements per atom (dpa) at irradiation temperatures between
50 and 230°C (0.24 to 0.37 Ty in Cu). A high density of small stacking fault tetrahedra
(SFT) and dislocation loops was observed in both materials, and a moderate density of small
voids was observed in the copper specimens irradiated at 230°C. The visible defect cluster
density in both materials approached a saturation value at doses >0.1 dpa. The visible defect
cluster density in nickel was a factor of 5 to 10 lower than that in copper at all damage levels.
The defect clusters in Ni organized into {001} walls at damage levels >0.1 dpa, whereas defect
cluster alignment was not observed in copper. A comparison with published results in the
literature indicates that defect cluster wall formation occurs in nickel irradiated at 0.2 to 0.4 Ty
in a wide variety of irradiation spectra. Defect cluster wall formation apparently only occurs in
copper during low temperature irradiation with electrons and light ions. These results are
discussed in terms of the thermal spike model for energetic displacement cascades.

DEVELOPMENT OF STRUCTURAL ALLOYS...... ereteteireaanaaes

EFFECT OF INTERNAL HYDROGEN ON THE MIXED-MODE I/Tll FRACTURE
TOUGHNESS OF A FERRITIC/MARTENSITIC STAINLESS STEEL - H. Li
(Associated Western Universities-Northwest Division), R. H. Jones (Pacific Northwest
Laboratory), J. P. Hirth (Washington State Universsity), and D. S. Gelles (Pacific
Northwest Laboratory). . . oo v v it i i ettt tiee et e teieeeeneeneenenoennenns

The effects of H on the mixed-mode I/III critical J-integrals (JT() and tearing moduli (dJ/da)
were examined for a ferritic/martensitic stainless steel at ambient temperature. A H content of
4 ppm (wt) was attained after charging in a Hy gas chamber (138 MPa) at 300°C for 2 weeks.
Results showed that H decreased J7g and dJ/da values compared to steel tested without H.
However, the presence of H did not change the dependence of J7g and dJ/da values on crack
angle. Both Jjg and dJK/da exhibited the highest relative values. The minimum values of
both JTg and dJ/da occurred at a crack angle between 35 and 55° [Piii + Pi) /(Piii + Pi)= 04
and 0.6]. A mechanism of the combined effect of H and mixed-mode on Jrg and dJ/da is

discussed.

DEPENDENCE OF MODE I AND MIXED MODE I/IIl FRACTURE TOUGHNESS ON
TEMPERATURE FOR A FERRITIC/MARTENSITIC STAINLESS STEEL H.Li
(Associated Western Universities-Northwest Division), R. H. Jones (Pacific Northwest
Laboratory), J. P. Hirth (Washington State University), and D. S. Gelles (Pacific Northwest

J 1103 2 1+ o'

Mode I and mixed mode I/ fracture toughnesses were investigated in the range of -95°C to
25°C for a F82-H steel heat-treated in the following way; 1000°C/20 b/air-cooled (AC),
1100°C/7 min/AC, and 700°C/2 h/AC. Mode I fracture toughness (J7¢) was determined
with standard compact tension (CT) specimens, and mixed-mode I/III fracture toughness
(Jymc) was determined with modified CT specimens, which resulted in 0.41 ratio of

83
83

8



6.1.3

6.2

6.2.1

viii

Piii/(Piii + P;). The F82-H was very tough at room temperature (RT), giving a Jj¢ value
of about 284 kJ/m2. Mixed-mode I/III loading dramatically lowered fracture toughness..
The Jysc value was only 150 kJ/m?2 at RT. Jjc values exhibited a strong temperature
dependence and decreased rapidly with decrease of temperature. Jyc at -90°C was only 30
kJ/m2. On the other hand, Jysc values depended much more weakly on temperature. Jasc
at -95°C was 50kJ/m2, about 70% higher than Jjc value at -90°C. At RT the mode I
specimens fractured by microvoid coalescence. Mixed mode specimens also fractured by
microvoid coalescence, but tortuosity and void size on fracture surfaces were significantly
less than those in mode I specimens. Interestingly, at -90°C, a crack in a mode I specimen
initiated and grew by quasi-cleavage fracture; but a crack in mixed mode specimen initiated
and propagated a short distance (0.5 mm) by a mixture of intergranular fracture and ductile
tearing. Then the crack turned to mode I and fractured by quasi-cleavage failure. Our
results indicate that crack tip plasticity was increased by mixed mode loading, and suggest
that at low temperature, mode I fracture toughness is the critical design parameter, but at
temperatures above RT, especially concerning fatigue and creep-fatigue crack growth rate, a
mixed mode loading may be more harmful than a mode I loading for this steel because a
mixed mode loading results in lower fracture toughness and higher crack tip plasticity (or
dislocation activity).

EMBRITTLEMENT OF Cr-Mo STEELS AFTER LOW FLUENCE IRRADIATION IN
HFIR-R.L.Kluehand D. J. Alexander. . . . ... oo it ittt i it terennnnnn

Subsize Charpy impact specimens of 9Cr-1MoVNDb (modified 9Cr-1Mo) and 12Cr-
1MoVW (Sandvik HT9) steels and 12Cr-1MoVW with 2% Ni (12Cr-1MoVW-2Ni) were
irradiated in the High Flux Isotope Reactor (HFIR) at 300 and 400°C to damage levels up
to 2.5 dpa. The objective was to study the effect of the simultaneous formation of
displacement damage and transmutation helium on impact toughness. Displacement
damage was produced by fast neutrons, and helium was formed by the reaction of 58Ni with
thermal neutrons in the mixed-neutron spectrum of HFIR. Despite the low fluence relative
to previous irradiations of these steels, significant increases in the ductile-brittle transition
temperature (DBTT) occurred. The 12Cr-1MoVW-2Ni steel irradiated at 400°C had the
largest increase in DBTT and displayed indications of intergranular fracture. A mechanism
is proposed to explain how helium can affect the fracture behavior of this latter steel in the
present tests, and how it affected all three steels in previous expenments where the steels
were irradiated to higher fluences.

AUSTENITIC STAINLESS STEELS..................ciiiiinn..

INTITIAIL TENSILE TEST RESULTS FROM J316 STAINLESS STEEL IRRADIATED

110

IN THE HFIR SPECTRALLY TAILORED EXPERIMENT -- J. E. Pawel, M. L. Grossbeck,

A. F. Rowcliffe (Oak Ridge National Laboratory) and K. Shiba (Japan Atomic Energy
Reseatch INStIULE). . . . .o vi ettt i ittt ittt ettt eenesseensnnnanes

The HFIR-MFE-RB* experiments are designed for irradiation in the removable beryllium
(RB¥*) positions of the High Flux Isotope Reactor. A hafpium shield surrounds the
capsules in order to reduce the thermal neutron flux and achieve a He/dpa level near that
expected in a fusion reactor. The J316 austenitic alloy specimens irradiated in this
experiment were in the solution annealed (SA) and 20% cold-worked (CW) condition. The
specimens were irradiated at 60 and 330°C to a total of 19 dpa (11 appm He/dpa). For both
irradiation temperatures, there was no significant difference between the strength properties
of the CW 1316 following irradiation to 7 dpa or 19 dpa. The strength properties saturate
at a fluence less than 7 dpa. The same is true for the SA J316 irradiated at 60°C.
However, at 330°C, there is a small but significant further increase in yield stress between
7 and 19 dpa. There is 2 marked difference in deformation behavior seen after irradiation at
60°C and 330°C. After irradiation to 19 dpa at 60°C, J316 maintains a uniform elongation
greater than 20% while the uniform elongation of the 330°C material is less than 0.5%.
The yield strength of the cold-worked material remains higher than that of the solution
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annealed material at both 7 and 19 dpa. The severe reduction in uniform elongation seen at
330°Cisa synerglsuc effect of both the uradlauon temperature and the test temperature.

REFRACTORY METAL ALLOYS .................................

CHEMICAL AND MECHANICAL INTERACTIONS OF INTERSTITIALS IN
V-5%Cr-5%Ti - 1. H. DeVan, J. R. DiStefano, J. W. Hendricks, and C. E. Matos
(Oak Ridge National Laboratory). . . . .o o v iiviiinnieeeeeneieaeseasennnns

Gas-metal reaction studies of V-5Cr-5Ti were conducted to determine the kinetics of

reactions with Hp and O, respectively, at 450-500°C. Reaction rates were determined
through weight change measurements and chemical analyses, and effects on mechanical
properties were evaluated by room temperature tensile tests. Exposures to hydrogen at
450°C and 0.1 torr pressure resulted in a significant loss in room temperature ductility in
the case of alloys that has been annealed at 1125°C but not in the case of alloys annealed at
1050°C. Adding oxygen at 500°C at concentrations as low as 200 ppm seriously
embrittled V-5Cr-5Ti specimens when the specimens were held for 100 h in vacuum at
500°C. A subsequent heat treatment in vacuum at 950°C restored the ductility. Exposure
to air at 400°C and a subsequent vacuum heat treatment at 500°C caused ductility decreases
similar to those observed after the small oxygen additions, and ductility again was restored
by a 950°C vacuum anneal. However, similar heat treatments following air exposures at
450 and 500°C, respectively, resulted in ductility losses that were not recovered by the
950°C anneal. The latter exposures also resulted in the formation of thin oxide films.

FATIGUE BEHAVIOR OF UNIRRADIATED V-5Cr-5Ti — B. G. Gieseke, C. O. Stevens,
and M. L. Grossbeck (Oak Ridge National Laboratory). . . . ..o v ivvvenennnns

The results of in-vacuum low cycle fatigue tests are presented for unirradiated V-5Cr-5Ti
tested at room temperature (25), 250, and 400°C. A comparison of the fatigue data
generated in rough and high vacuums shows that a pronounced environmental degradation
of the fatigue properties exists in this alloy at room temperature. Fatigue life was reduced
by as much as 84%. Cyclic stress range data and SEM observations suggest that this
reduction is due to a combination of increases in rates of crack initiation and subsequent
growth. The relative contribution of each difference is dependent upon the strain range.

In high vacuum, the fatigue results also show a trend of increasing cyclic life with
increasing temperature between 25 and 400°C. From the limited data available, life at
250°C averages 1.7 times that at 25°C, and at 400°C, life averages 3.2 times that at room
temperature. Like the environmental effects at 25°C, the effect of temperature seems to be
a function of strain range at each temperature.

The total strain range and cycles to failure were correlated using a power law relationship
and compared to 20% cold-worked 316 stainless steel and several vanadium-base alloys.
The results suggest that V-5Cr-5Ti has better resistance to fatigue than 316-SS in the
temperature range of 25 to 400°C. At 400°C, the data also show that V-5Cr-5Ti out
performs Vanstar alloys 7 and 8 over the entire range of strains investigated. Furthermore,
the fatigue properties of the V-5Cr-5Ti alloy compare favorably to V-15Cr-5Ti (at 25°C)
and Vanstar 9 (at 400°C) at strains greater than 1%. At lower strains, the lower fatigue
resistance of V-5Cr-5Ti is attributed to the higher strengths of the V-15Cr-5Ti and Vanstar
9 alloys.

WELDING DEVELOPMENT FOR V-Cr-Ti ALLOYS - J. F. King, G. M. Goodwin,
and D. J. Alexander (Oak Ridge National Laboratory). ... .....cvveveevinnnenns

The subsize charpy test resuits for electron beam weld metal from the V-5Cr-5Ti alloy have
shown significant improvement in charpy fracture energy compared to both GTA weld
metal and the base metal itself. These results are preliminary, however, and additional
confirmation testing and analysis will be required to explain this improvement in

properties.
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6.3.4 DISLOCATION DEVELOPMENT IN V-5Cr-5Ti AND PURE VANADIUM -~

6.3.5

6.3.6

D. S. Gelles (Pacific Northwest Laboratory) and M. L. Grossbeck (Oak Ridge
National Laboratory). . . ..o it ittt ittt et e e e it e e taenaae e

Microstructural examinations have been performed on deformed tensile specimens of V-
5Cr-5Ti and pure vanadium in order to explain notch sensitivity noted in the candidate alloy
V-5Cr-5Ti. SS-3 tensile specimens have been prepared, stress relieved and deformed to 5%
strain. The resulting deformation structures have been examined by transmission electron
microscopy. It is found that 5% deformation in V-5Cr-5Ti produces a higher dislocation
density consisting of long straight dislocations, typical of Stage II, and many small loops,
whereas in pure vanadium, the dislocation arrangements are more complex, typical of Stage
111, and the small loops are at a lower density.

These results are interpreted in light of the tendency for enhanced notch sensitivity found in
V-5Cr-5Ti.

EFFECT OF HEAT TREATMENT ON MICROSTRUCTURE AND FRACTURE
TOUGHNESS OF A V-5Cr-5Ti ALLOY - H. Li (Associated Western Universities-
Northwest Division), M. L. Hamilton and R. H. Jones (Pacific Northwest Laboratory). .

Fracture toughness and impact tests were performed on a V-5Cr-5Ti alloy. Specimens
annealed at 1125°C for 1 h and furnace cooled in a vacuum of 1.33 x 103 Pa were brittle at
room temperature (RT) and experienced a mixture of intergranular and cleavage fracture.

Fracture toughness (Jiq) at RT was 52 KJ/m2 and the impact fracture energy (IFE) was 6J.
The IFE at -100°C was only 1J. While specimens exhibited high fracture toughness at

100°C (Jyq is 485 kI/m2), fracture was a mixture of dimple and intergranular failure, with
intergranular fracture making up 40% of the total fracture surface. The ductile to brittle
transition temperature (DBTT) was estimated to be about 20°C. When some specimens
were given an additional annealing at 890°C for 24 h, they became very ductile at RT and
fractured by microvoid coalescence. The Jjq value increased from 52 KJ/m? to ~1100

kJ/m2. The impact test failed to fracture specimens at RT due to a large amount of plastic
deformation. The IFE at -115°C was 4J, four times as much as when annealed only at
1125°C. The specimens became brittle at -50°C and fractured by cleavage, giving a J1Q
value of 50 ki/m?. The DBTT was estimated to be -40°C. Analysis of Auger electron
microscopy showed significant sulfur segregation (6 at. %) on grain boundaries in the
specimens annealed only at 1125°C, but only 0.9 at. % on grain boundaries if the
additional annealing at 890°C was given. Moreover, significantly more second phase
particles were found in the specimens annealed at 1125°C plus 890°C. The possible
mechanism by which heat treatment affects fracture toughness is discussed.

FABRICATION OF 500-kg HEAT OF V-4Cr-4Ti - H. M. Chung, H.-C. Tsai, and
D. L. Smith (Argonne National Laboratory) and R. Peterson, C. Curtis, C. Wojcik,
and R. Kinney (Teledyne Wah Chang Albany). .. ... ..cviviie v innnannnnn.

A 500-kg heat of V-4C4-4Ti, and alloy identified previously as the primary vanadium-based
candidate alloy for application in fusion reactor structural components, has been produced.
The ingot was produced by electron-beam melting using screened high-quality raw materials
of vanadium and titanium. Several =63.5-mm-thick bars were extruded from the ingot, and
plates and sheets of various thicknesses ranging from 0.51 to 12.7 mm were fabricated
successfully from the extruded bars. The chemical composition of the ingot and the
secondary fabrication procedures, specified on the basis of experience and knowledge gained
from fabrication, testing, and microstructural examination of a laboratory-scale heat, were
found to be satisfactory. Charpy-impact tests showed that mechanical properties of the
large-scale heat are as good as those of the laboratory-scale heat. This demonstrates a
method of reliable fabrication of industrial-scale heats of V-4Cr-4Ti that exhibit excellent

properties.
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IMPACT PROPERTIES OF 500-kg HEAT OF V-4Cr4Ti — H. M. Chung, L. Nowicki,
J. Gazda, and D. L. Smith (Argonne National Laboratory). . .. .......oovvevn...

A 500-kg heat of V-4C4-4Ti, an alloy identified previously as the primary vanadium-based
candidate alloy for application as fusion reactor structural components, has been produced
successfully. Impact tests were conducted at -196 to 150°C on 1/3-size Charpy specimens
of the scale-up heat after final annealing for 1 h at 950, 1000, and 1050°C. The material
remained ductile at all test temperatures, and the ductile-brittle transition temperature
(DBTT) was lower than -200°C. The upper-shelf energy of the production-scale heat was
similar to that of the laboratory-scale (=15-kg) heat. Effect of annealing temperature was
not significant; however, annealing at 1000°C for 1 h produced impact properties slightly
better than those from other annealing treatments. Effect of notch geometry was also
investigated on the heat, Under otherwise similar conditions, DBTT increased =30°C when
the notch angle was reduced from 45° (root radius 0.25 mm) to 30° (root radius 0.08 mm).

HARDNESS RECOVERY OF 85% COLD-WORKED V-Ti AND V-Cr-Ti ALLOYS
UPON ANNEALING AT 180°C TO 1200°C - B. A. Loomis, L. J. Nowicki, and
D. L. Smith (Argonne National Laboratory). . . . . . v et ieiiiniiieereeeenenns

Annealing of 85% cold-worked unalloyed V and V-(1-18)Ti alloys for 1 hr at 180°C to

1200°C results in hardness maxima at 180-250°C, 420-600°C, and 1050-1200°C and in

hardness minima at 280-360°C and, depending on Ti concentration in the alloy, at 850-

1050°CC. Annealing of 85% cold-workedV-(4-15)Cr-(3-6)Ti alloys for 1 hr at 180-1200°C

results in hardness maxima at 180-250°C, 420-800°C and 1050-1200°C, and in hardness

minima at 280-360°C and 920-1050°C. Tentative interpretations are presented for the!
hardness maxima and minima. Annealing of specimens at 1200°C results in significant

increase of VHNs upon removal of a 0.05-mm-thickness surface layer from the specimens.

EFFECT OF OXIDATION OF TENSILE BEHAVIOR OF V-5Cr-5Ti ALLOY —
K. Natesan and W. K. Soppet (Argonne National Laboratory). ... ...............

Oxidation studies were conducted on V-5Cr-5Ti alloy specimens at 500°C in an air
environment. The oxidation rates calculated from measurements of thermogravimetric
testing are 10, 17, and 25 pm/y at 400, 450, and 500°C, respectively. Uniaxial tensile
specimens were oxidized for several time periods in air at 500°C and subsequently tensile-
tested at S00°C in air. The hardened layer in each of these oxidized specimens was confined
to 75 pm after 1000 h exposure at 500°C. The influence of 1000 h oxidation is to increase
the ultimate tensile strength of the alloy by =10% while decreasing the tensile rupture
strain from 0.23 to 0.14.

¢

EFFECT OF DYNAMICALLY CHARGED HELIUM ON TENSILE PROPERTIES -
OF V-4Cr-4Ti — H. M. Chung, B. A. Loomis, L. Nowicki, and D. L. Smith (Argonne
National Laboratory). . . o v v v e vttt et eneeeneneineneaonaneannecnanes

One property of vanadium-base alloys that is not well understood in terms of their potential
use as fusion reactor structural materials is the effect of simultaneous generation of helium
and neutron damage under conditions relevant to fusion reactor operation. In the present
Dynamic Helium Charging Experiment (DHCE), helium was produced uniformly in the
specimen at linear rates of =0.4 to 4.2 appm helium/dpa by the decay of tritium during
irradiation to 18-31 dpa at 425-600°C in the Li-filled DHCE capsules in the Fast Flux Test
Facility. This report presents results of postirradiation tests of tensile properties of V-4Cr-
4Ti, an alloy identified as the most promising vanadium-base alloy for fusion reactors on
the basis of its superior baseline and irradiation properties. Effects of helium on tensile
strength and ductility were insignificant after irradiation and testing at >420°C. Contrary to
initial expectation, room-temperature ductilities of DHCE specimens were higher than
those of non-DHCE specimens (in which there was negligible helinm generation), whereas
strengths were lower, indicating that different types of hardening centers are produced during
DHCE and non-DHCE irradiation. In strong contrast to tritium-trick experiments in which
dense coalescence of helium bubbles is produced on grain boundaries in the absence of
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displacement damage, no intergranular fracture were observed in any tensile specimens
irradiated in the DHCE.

DUCTILE-BRITTLE TRANSITION BEHAVIOR OF V-4Cr-4Ti IRRADIATED IN THE
DYNAMIC HELIUM CHARGING EXPERIMENT - H. M. Chung, L. J. Nowicki,
D.E. Busch, and D. L. Smith (Argonne National Laboratory). ... ..............

One property of vanadium-base alloys that is not well understood in terms of their potential
use as fusion reactor structural materials is the effect of simultaneous generation of helium
and neutron damage under conditions relevant to fusion reactor operation. In the present
DHCE, helium was produced uniformly in the specimen at linear rates ranging from =0.4
to 4.2 appm helium/dpa by the decay of tritium during irradiation to 18-31 dpa at 425-
600°C in Li-filled DHCE capsules in the Fast Flux Test Facility. Ductile-brittle transition
behavior of V-4Cr-4Ti, recently identified as the most promising vanadium-base alloy for
fusion reactor use, was determined from multiple-bending tests (at -196 to 50°C) and
quantitative SEM fractography on TEM disks (0.3-mm thick) and broken tensile specimens
(1.0-mm thick). No brittle behavior was observed at temperatures >-150°C, and
predominantly brittle-cleavage fracture morphologies were observed only at -196°C in some
specimens irradiated to 31 dpa at 425°C during DHCE. Ductile-brittle transition
temperatures (DBTTs) were -200°C to -175°C for both types of specimens. In strong
contrast to tritium-trick experiments in which dense coalescence of helium bubbles is
produced on grain boundaries in the absence of displacement damage, no intergranular
fracture was observed in the bend-tested specimens irradiated in the DHCE.

VOID STRUCTURE AND DENSITY CHANGE OF VANADIUM-BASE ALLOYS
IRRADIATED IN THE DYNAMIC HELIUM CHARGING EXPERIMENT —
H. M. Chung, L. Nowicki, J. Gazda, and D. L. Smith (Argonne National Laboratory). . .

Combined effects of dynamically charged helium and neutron damage on density change,
void distribution, and microstructural evolution of V-4Cr-4Ti alloy have been determined
after irradiation to 18-31 dpa at 425-600°C in the DHCE, and the results compared with
those from a non-DHCE in which helium generation was negligible. For specimens
irradiated to =18-31 dpa at 500-600°C with a helium generation rate of 0.4-4.2 appm
He/dpa, only a few helium bubbles were observed at the interface of grain matrices and
some of the Ti(O,N,C) precipitates, and no microvoids or helium bubbles were observed at
the interface of grain matrices and some of the Ti(O,N,C) precipitates, and no microvoids
or helium bubbles were observed either in grain matrices or near grain boundaries. Under
these conditions, dynamically produced helium atoms seem to be trapped in the grain
matrix without significant bubble nucleation or growth, and in accordance with this,
density changes from DHCE and non-DHCE (negligible helium generation) were similar
for comparable fluence and irradiation temperature. Only for specimens irradiated to =31
dpa at 425°C, when helium was generated at a rate of 0.4-0.8 appm helium/dpa, were
diffuse helium bubbles observed in limited regions of grain matrices and near =15% of the
grain boundaries in densities significantly lower than those in the extensive coalescences of
belium bubbles typical of other alloys irradiated in tritium-trick experiments. Density
changes of specimens irradiated at 425°C in the DHCE were somewhat higher than those
form non-DHCE irradiation. Microstructural evolution in V-4Cr-4Ti was similar for
DHCE and non-DHCE except for helium bubble number density and distribution. As in
non-DHCE, the irradiation-induced precipitation of ultrafine TisSi3 was observed for
DHCE at >500°C but not at 425°C.
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COPPER ALLOYS.........ociiiiiiiiiniiietiinitiiinniiennn

EFFECT OF FISSION NEUTRON IRRADIATION ON THE TENSILE AND
ELECTRICAL PROPERTIES OF COPPER AND COPPER ALLOYS - S. A. Fabritsiev

(D.V. Efremov Institute, St. Petersburg, Russia), A. S. Pokrovsky (SRIAR, Dimitrovgrad,
Russia), S. J. Zinkle (Oak Ridge National Laboratory), and D. J. Edwards (Pacific Northwest

The tensile and electrical properties of several different copper alloys have been measured
following fission neutron irradiation to ~1 and 5 dpa at temperatures between ~90 and
200°C in the SM-2 reactor. These low temperature irradiations caused significant radiation
hardening and a dramatic decrease in the work hardening ability of copper and copper alloys.
The uniform elongation was higher at 200°C compared to 100°C, but still remained below
1% for most of the copper alloys. As expected, specimens shielded from the thermal
neutrons (which produced fusion-relevant solid transmutation rates) exhibited a lower
increase in their electrical resistivity compared to unshielded specimens. A somewhat
surprising observation was that the radiation hardening was significantly higher in
unshielded copper specimens compared to spectrally-shielded specimens.

ENVIRONMENTAL EFFECTS IN STRUCTURAL MATERIALS........

FABRICATION AND PERFORMANCE TESTING OF CaO INSULATOR COATINGS
ON V-5%Cr-5%Ti IN LIQUID LITHIUM - J.-H. Park and G. Dragel (Argonne National

The electrical resistance of CaO coatings produced on V-5%Cr-5%Ti by exposure of the
alloy to liquid Li that contained 0.5-85 wt.% dissolved Ca was measured as a function of
time at temperatures between 250 and 600°C. The solute element, Ca in liquid Li, reacted
with the alloy substrate at 400-420°C to produce a CaO coating. Resistance of the coating
layer measured in-situ in liquid Li was =0.4 and 6.4 x 105 Q at 267 and 400°C,
respectively. Thermal cycling between 300 and 700°C changed the resistance of the coating
layer, which followed insulator behavior. Examination of the specimen after cooling to
room temperature revealed cracks in the CaO coating; therefore preliminary tests were
conducted to investigate in-situ self-healing behavior. At 2360°C, relatively fast healing
was indicated. These results suggest that thin homogeneous coatings can be produced on
variously shaped surfaces by controlling the exposure time, temperature, and composition
of the liquid metal. This coating method is applicable to reactor components. The liquid
metal can be used over and over because only the solutes are consumed, not the liquid metal
itself. The technique can be applied to various shapes (e.g., inside/outside of tubes,
complex geometrical shapes) because the coating is formed by liquid-phase reaction.

6.5.2 FABRICATION OF ALUMINUM NITRIDE AND ITS STABILITY IN LIQUID ALKALI

6.5.3

METALS — K. Natesan and D. L. Rink (Argonne National Laboratory). . . ..........

AIN has been selected as a prime candidate to electrically insulate the V-alloy first wall in
the self-cooled concept for ITER application. Several methods are being evaluated for
fabrication of AIN coatings with adequate thickness and the desirable physical, electrical,
chemical, and mechanical properties. Coatings developed thus far are being evaluated by
exposure to liquid Li at temperatures of 300 to 400°C.

CHEMICAL COMPATIBILITY OF STRUCTURAL MATERIALS IN ALKALI
METALS — K. Natesan, D. L. Rink, R. Haglund, and R. W. Clark (Argonne National
721707100 .2 TS S

Candidate structural materials are being evaluated with regard to their compatibility,
interstitial element transfer, and corrosion in liquid alkali metal systems such as lithium
and NaK, Type 316 stainless steel and V-5Cr-5Ti coupon specimens with and without
prealuminizing treatment have been exposed to a lithiom environment of commercial
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purity for 3200 h at 350°C. Weight change data showed negligible corrosion of these
materials at this temperature.

SOLID BREEDING MATERIALS AND BERYLLIUM........ e

AN INVESTIGATION OF THE DESORPTION OF HYDROGEN FROM LITHIUM
OXIDE USING TEMPERATURE PROGRAMMED DESORPTION AND DIFFUSE
REFLECTANCE INFRARED SPECTROSCOPY - J. P. Kopasz and C. E. Johnson
(Argonne National Laboratory) and J. Ortiz-Villafuerte (Escuela Superior de Fisica y
Matematicas, MeXiC0). . v v ittt it it ittt eetteeeeesaesnsnanaenenenans

A combination of Temperature Programmed Desorption (TPD) and Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) is being used to investigate the
desorption of hydrogen from lithium oxide. Initial studies have indicated that there are four
different types of hydroxyl groups which can be observed on a lithium oxide surface. The
particular species present vary depending on the temperature and hydrogen pressure of the
system. Under some conditions where hydrogen is present in the purge gas surface hydride

species have been observed. This suggests heterolytic adsorption of hydrogen has occurred.

CERAMICS. .t i i ettt ettt iaaanennns

FATIGUE CRACK GROWTH RATE (FCGR) BEHAVIOR OF NICALON/SiC
COMPOSITES - N. Miriyala, P. K. Liaw, N. Yu, and C. J. McHargue (University of
Tennessee), L. L. Snead (Oak Ridge National Laboratory), and D. K. Hsu (Towa State
L0114 £ 1) 1S

Ultrasonic measurements were continued on the Nicalon/SiC composite specimens to
correlate elastic moduli with percentage porosity in the in-plane as well as through-
thickness directions. A micromechanics model based on periodic microstructure was
developed to predict the elastic stiffness constants of the Nicalon/SiC composites. The
predicted values were in good agreement with the experimental results.

ADVANCED SIC COMPOSITES FOR FUSION APPLICATIONS — L. L. Snead and
O. J. Schwarz (Oak Ridge National Laboratory). . . . . e v vt e ienennnnnnnnnn

Chemically vapor infiltrated silicon carbide (SiC) composites have been fabricated from
continuous fibers of either SiC or graphite and tested for strength and thermal
conductivity. Of significance is that the Hi-NicalonT™™ SiC based fiber composite has
superior unirradiated properties as compared to the standard Nicalon grade. Based on
previous results on the stability of the Hi-Nicalon fiber, this system should prove more
resistant to neutron irradiation. A graphite fiber composite has been fabricated with very
good mechanical properties and thermal conductivity an order of magnitude higher than
typical SiC/SiC composites.

THERMAL CONDUCTIVITY DEGRADATION OF GRAPHITES IRRADIATED
AT LOW TEMPERATURE - L. L. Snead and T. D. Burchell (Oak Ridge National

Several graphites and graphite composites (C/C's) have been irradiated near150°C and at
fluences up to a displacement level of 0.24 dpa. The materials ranged in unirradiated
room temperature thermal conductivity varied from 114 W/m-K for H-451 isotropic
graphite, to 670 W/m-K for unidirectional FMI-1D C/C composite. At the irradiation
temperature a saturation reduction in thermal conductivity was seen to occur at
displacement levels of approximately 0.1 dpa. All materials were seen to degrade to
approximately 10 to 14% of their original thermal conductivity after irradiation. The
effect of postirradiation annealing on the thermal conductivity was also studied.
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INCUBATION TIME FOR SUB-CRITICAL CRACK PROPAGATION IN SiC-SiC
COMPOSITES - A. El-Azab and N. M. Ghoniem (University of California,
-\ 17 (=) () PPN

The effects of fiber thermal creep on the relaxation of crack bridging tractions in SiC-SiC
ceramic matrix composites (CMCs) is considered in the present work, with the objective
of studying the time-to propagation of sub-critical matrix cracks in this material at high
temperatures. Under the condition of fiber stress relaxation in the bridging zone, it is
found that the crack opening and the stress intensity factor increase with time for sub-
critical matrix cracks. The time elapsed before the stress intensity reaches the critical
value for crack propagation is calculated as a function of the initial crack length, applied
stress and temperature. Stability domains for matrix cracks are defined, which provide
guidelines for conducting high-temperature crack propagation experiments.

APPARENT ACTIVATION ENERGY OF SUBCRITICAL CRACK GROWTH OF
SiC/SiC COMPOSITES AT ELEVATED TEMPERATURES - Y. S. Chou (Associated
Western Universities, NW), N. M. Stackpoole and R. Bordia (University of Washington,
Seattle), C. H. Henager, Jr., C. F. Windisch, Jr., and R. H. Jones (Pacific Northwest
;144 10 ) TS

In the past six months, we have conducted studies of subcritical crack growth on
SiC/SiC composite materials in a corrosive (O2) as well as an inert (Ar) atmosphere for
temperatures ranging from 800 to 1100°C. Two materials, one with ~1 pm carbon (C)
interface and the other with ~0.5 pm boron nitride (BN), were investigated. Apparent
activation energies (Eact) were determined from both the crack velocity and
thermogravimetric analysis. In pure Ar, it was found that the apparent activation energy
gradually increased with time, consistent with the development of steady-state bridging
zone. The asymptotic value for E;¢ from crack growth data was found to be ~205
kJ/mol and ~234 kJ/mol for BN- and C-interface materials, respectively, in good
agreement with published data (~200 kJ/mol) for creep of Nicalon fibers. In the presence
of oxygen, E,¢; decreased to ~40-50 kJ/mol for C-interface and ~50-68 kJ/mol for BN-
interface. Microstructural characterization of the oxidized samples indicated that the
growth rate of the reaction front for BN-interface materials is an order of magnitude lower
than for C-interface ones. At higher temperatures, a glassy phase was observed to seal
off the BN-interface, whereas the C-interface remained open during all tests.

EFFECTS OF NEUTRON IRRADIATION ON DIMENSIONAL STABILITY AND ON
MECHANICAL PROPERTIES OF SiC/SiC COMPOSITES - G. E. Youngblood,
G. H. Henager, Jr., D. J. Senor, and G. W. Hollenberg (Pacific Northwest Laboratory). .

The dimensional stability and some mechanical properties of two similar 2D 0-90° weave
SiC¢/SiC composite made with Nicalon™ ceramic-grade (CG) fiber were characterized
and compared after neutron irradiation to those properties for B-SiC. The major difference
between these two composites was that one had a thin (150 nm) and the other a thick
(1000 nm) graphite interface layer. The irradiation conditions consisted of relatively high
doses (4.3 to 26 dpa-SiC) at high temperatures (430 to 1200°C).

Up to about 900°C, swelling of the irradiated SiCs/SiC composites (<0.5%) was slightly
less than for irradiated monolithic SiC and was relatively independent of dose. The
strengths and the modulus of these SiCg/SiC composites were reduced by about 50% by
the irradiation. During irradiation, the Nicalon CG fibers tended to densify and shrink,
thus partially decoupling the fibers from the matrix. The decoupling of the fibers from
the matrix led to loss of load transfer capability and effectively increased the porosity of
the material. Considerable microcracking of the matrix also resulted due to the residual
stresses between the shrinking fibers and the expanding matrix.

Synthesis of irradiation resistant SiCg/SiC composites in the future will require
fabrication using improved SiC fibers with better irradiation damage stability. Only then
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can the fiber/matrix interface thickness and perhaps type be optimized for better
performance.

EFFECT OF IRRADIATION SPECTRUM ON THE MICROSTRUCTURAL
EVOLUTION IN CERAMIC INSULATORS - S. J. Zinkle (Oak Ridge National
%1310 v 11+ 5.7 TR

Cross section transmission electron microscopy has been used to investigate the
microstructure of MgAlpO4 (spinel) and AlpO3 (alumina) following irradiation with
ions of varying mass and energy at room temperature and 650°C. Dislocation loop
formation was suppressed in specimens irradiated with light ions, particularly in the case
of spinel. An evaluation of the data showed that dislocation loop formation during
irradiation at 650°C was suppressed when the ratio of the electronic- to nuclear-stopping
power was greater than ~10 and ~1000 for spinel and alumina, respectively. The effect

_ of uniform background levels of ionizing radiation on the microstructural evolution in

spinel was investigated by performing simultaneous dual-beam (He* and heavy ion)
irradiations. The uniform ionizing radiation source did not affect the microstructural
evolution of spinel unless the ionization was very intense {(average electronic- to nuclear-
stopping power ratio >100). These results clearly indicate that light ion and electron
irradiations produce microstructures which are not representative of the microstructure
that would form in these ceramics during fission or fusion neutron irradiation.

DATA ACQUISITION SYSTEM USED IN RADIATION INDUCED ELECTRICAL
DEGRADATION EXPERIMENTS - D. P. White (Oak Ridge National Laboratory). . . .

It has been observed that some oxide ceramics which have an electric field applied to
them while simultaneously being irradiated may undergo a degradation of their insulating
properties under certain conditions. An in-situ DC conductivity capsule has been
constructed to study the effect of neutron irradiation on the electrical conductivity of
alumina with an applied electric field at the HFBR. The current capsule differs from a
previous design in that the current measurements are performed on the low voltage side
of the circuit.

The data acquisition system to be described here has been built and will be used to
perform the electrical conductivity measurements in an experiment scheduled to begin in
October 1994.

CATION DISORDER IN HIGH-DOSE, NEUTRON-IRRADIATED SPINEL —

K. E. Sickafus, A. C. Larson, N. Yu, M. Nastasi (Los Alamos National Laboratory),
G. W. Hollenberg and F. A. Gamer (Pacific Northwest Laboratory), and R. C. Bradt
(University of Nevada-Reno). . . ... .. .o iiiitiiii ittt tieteeenannnnnns

The crystal structures of MgAl;O4 spinel single crystals irradiated to high neutron
fluences [5-1026 n/m2 (E,;>0.1 MeV)] were examined by neutron diffraction. Crystal
structure refinement of the highest dose sample indicated that the average scattering
strength of the tetrahedral crystal sites decreased by ~20% while increasing by ~8% on
octahedral sites. Since the neutron scattering length for Mg is considerably larger than
for Al, this result is consistent with site exchange between Mg2+ ions on tetrahedral
sites and al3+ ions on octahedral sites. Least-squares refinements also indicated that, in
all irradiated samples, at least 35% of Mg2+ and Al3* ions in the crystal experienced
disordering replacements. This retained dpa on the cation sublattices is the largest
retained damage ever measured in an irradiated spinel material.
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ELASTIC STABILITY OF HIGH DOSE NEUTRON IRRADIATED SPINEL —
Z.Liand S.-K. Chan (Argonne National Laboratory), F. A. Garner (Pacific Northwest
Laboratory), and R. C. Bradt (University of Nevada-Reno). ............coounn.

Elastic constants (C11, C12, and C44) of spinel (MgAl;0y4) single crystals irradiated to
very high neutron fluences have been measured by an ultrasonic technique. Although
results of a neutron diffraction study show that cation occupation sites are significantly
changed in the irradiated samples, no measurable differences occurred in their elastic
properties. In order to understand such behavior, the elastic properties of a variety of
materials with either normal or inverse spinel structures were studied. The cation valence
and cation distribution appear to have little influence on the elastic properties of spinel
materials.

OPTICAL ABSORPTION AND LUMINESCENCE IN NEUTRON-IRRADIATED,
SILICA-BASED FIBERS -D. W. Cooke, E. H. Farnum, F. W. Clinard, Jr.,
B. L. Bennett, B. Sundlof, And W. P. Unruh (Los Alamos National Laboratory). .. ...

ITER plasma performance will be monitored by fiber optics cables capable of
transmitting light of various wavelengths in the ultraviolet, visible, and near infrared
regime. The fibers must retain their optical integrity under extreme conditions of
elevated temperature and mixed neutron and y-ray exposure. Previous research has shown
that fibers composed of pure silica cores and fluorine-doped cladding might be appropriate
candidates for this application. Optical absorption and emission on commercially-
available silica fibers containing both low (<1 ppm) and high (600-800 ppm) OH
concentrations, that had been irradiated at the Los Alamos Spallation Radiation Effects
Facility (LASREF) to a fluence of 1023 n-m?2, were measured in the wavelength interval
200-800 nm. Generally the low-OH fiber performance was superior, although neither
fiber exhibited the optimum optical integrity required for ITER diagnostic applications.
Both unirradiated fibers showed good transmissivity in the region of 400-800 nm;
however, following irradiation each exhibited strong absorption over the entire
wavelength region except for a small interval around 400 to 500 nm. Attempts to
thermally anneal or photobleach the radiation-induced damage were only partially
successful. In addition to the poor transmission properties of the irradiated fibers in the
200-800 nm region, there was intrinsic luminescence near 460 nm that occurred during
exposure to continuous x irradiation at room temperature. This emission, if induced by
neutrons and y-rays of the ITER environment, would interfere with optical diagnostic
Imeasurements. :
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STATUS OF U.S./JTAPAN COLLABORATIVE PROGRAM PHASE II HFIR TARGET AND RB*
CAPSULES - I. E. Pawel, K. E. Lenox, A. W. Longest, R. L. Senn, (Oak Ridge National Laboratory),
and K. Shiba (Japan Atomic Energy Research Institute)

OBJECTIVE

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

SUMMARY

Capsules HFIR-MFE-JP9 through 16 were installed in the High Flux Isotope Reactor (HFIR) target July
20, 1990 for irradiation beginning with HFIR fuel cycle 289. Of these eight target capsules, JP10, 11, 13,
and 16 accumulated 18 dpa and were removed from the reactor in September 1991. JP14 was removed from
the reactor at the end of cycle 310 (September 1992) after achieving a peak of 34 dpa. Capsules JP9, 12,
and 15 completed 35 cycles on April 1, 1994 and were removed from the target region. Each capsule had
accumulated a peak of approximately 57 dpa.

Three additional capsules, HFIR-MFE-JP20, 21, and 22, have been designed to complete the original
experiment matrix of the JP9 through JP16 series capsules. Irradiation began in December 1993 with the
start of cycle 322, Capsule JP20 was removed from the reactor on June 3, 1994, after accumulating a peak

of 8 dpa. As of September 16, 1994 (end of cycle 329), each of the other two capsules had achieved
approximately 9.5 dpa.’

The RB* experiments are the continuation of the ORR spectrally tailored experiments. In this stage, a
hafnium liner is used to modify the spectrum to simulate the fusion helium to displacements per atom
(He/dpa) ratio in the austenitic steel specimens. Of the four capsules in this set, two (60J-1 and 330J-1)
have been disassembled and testing is in progress. Two capsules (200J-1 and 400J-1) are in the reactor and
have accumulated 8 dpa.

PROGRESS AND STATUS

T 1 h JP1

Capsules HFIR-MFE-JP9 through 16 were installed in the High Flux Isotope Reactor (HFIR) target July
20, 1990 for irradiation beginning with HFIR fuel cycle 289. A complete description and details of the
design, construction, and installation of capsules JP9 through JP16 have been previously reported [1,2,3].
The as-built specimen matrix can be found in a previous report [3]. These capsules contain primarily
transmission electron microscopy disks (TEM) and SS-3 flat tensile specimens. A wide variety of alloys
and thermomechanical conditions are included. Many of the TEM disks were made from isotopically
tailored alloys to produce a range of He/dpa ratios (<0.1, 10, 20, 70 appm/dpa). Details of the irradiation
history of these capsules are shown in Table 1. Capsules JP10, 11, 13, and 16 were removed at the end of
Cycle 300 (September 1991) after achieving a total of 18 dpa. Capsule JP14 was removed at the end of
Cycle 310 (September 1992), after accumulating 34 dpa. Capsules JP9, 12, and 15 completed 35 cycles
and achieved a peak fluence of 57 dpa on April 1, 1994 and were removed from the reactor target region.
These three capsules were disassembled in September 1994 and specimen testing is scheduled to begin
during the next reporting period.



Table 1. Irradiation History of HFIR Target Capsules JP-9, -12, and -15

HFIR Operation

JP-9, -12, -15%

CycleNo. | StartDae | EndDae | MWd/Cycle Mwd dpa*
289 7/20/90 9/790] 1879 1879 1.64
290 9/19/90' 10/11/90| 1852 3731 3.26
201 10/17/90 11/13/90| 1838 5569 4.86
292 11/25/90 12/10/90] 1847 7416 6.47
293 12/27/90 1/23/91} 1965 REMOVED FOR 1 CYCLE
294 2/1/91 2/25/91] 1906 9322 8.14
205 3/1/91 3/24/91] 1908 11230 9.80
296 4/6/91 412891 1874 13104 1144
207 5/19/91 6/15/91| 1845 14949 13.05
298 6/20/91 711191 1747 16696 14.58
299 7125091 8/15/91 1741 18437 16.10
300 8/28/91 0/17/91] 1724 20161 17.60
301 9/27/91 10/19/91] 1851 22012 19.22
302 1012791 11/21/91) 1829 23841 20.81
303 12/1/91 12/22/91] 1821 25662 22.40
304 123191 1/24/92| 1826 27488 24.00
305 1/30/92 2127192 1876 29364 25.63
306 3/31/92 427192 1845 31209 27.25
307 5/1/92 5/28/92) 1842 33051 28.85
308 6/2/92 6/30/92] 1938 34989 30.55
309 713192 8/1/92] 1949 36938 32.25
310 8/27/92 9/18/92] 1848 38786 33.86
311 9/25/92 10M12/92] 1856 40642 3548
312 10/22/92 1114/92] 1834 42476 37.08
313 11/21/92 12/15/92] 1858 44334 38.70
314 12/20/92 112/93] 1867 46201 40.33
315 1/19/93 2/11/93] 1861 48062 41.96
316 2/17/93 4393|1807 49869 4354
317 4/23/93 5/14/93] 1841 51710 45.14
318 520193 6/13/93] 1878 53588 46.78
319 6/18/93 7/10/93] 1863 55451 48.41
320 7/15/93 8/7/93] 1934 57385 50.10
321 8/12/93 9/a/93] 1884 59269 51.74
322 12/16/93 1/7/93] 1854 61123 53.36
323 1/23/94 2/14/93| 1874 62997 55.00
324 3/5/94 anm4| 1907 64904 56.66

REMOVED EOC 324

$JP-10, -11, -13, and -16 removed at End of Cycle 300; JP-14 removed at
End of Cycle 310

*dpa levels based on 0.000873 dpa/MWd in the target capsules




Target Capsules JP20 through 22

Three additional capsules, HFIR-MFE-JP20, 21, and 22, were designed to complete the original experiment
matrix of the JP9 through JP16 series capsules [4]. Specimen temperatures in each capsule are 300, 400,
500, or 600°C. The complete test matrix is described in Reference 5. Irradiation began December 16, 1993
with the start of cycle 322. Capsule JP20 was removed from the reactor on June 3, 1994, after
accumulating a peak dose of 8 dpa, and was disassembled in September 1994. As of September 16, 1994
(end of cycle 329), each of the other two capsules had achieved approximately 9.5 dpa (see Table 2).

Table 2. Imradiation History of HFIR Target Capsules JP-20, 021, and -22

HFIR Operation JP-20, -21, -22%

Cycle No.- Start Date EndDate | MWd/Cycle Mwd dpa*

322 12/16/93 1/7/94 1854 1854 1.62

323 1/23/94 2/14/94 1874 3728 3.25
. 324 3/5/94 4/1/94 1907 5635 492

325 4/10/94 5/3/94 1907 7542 6.58

326 5/8/94 6/3/94 1825 9367 8.18

327 6/26/94 7/18/94 1903 REMOVED FOR

328 7/31/94 8/21/94 1922 2CYCLES

329 8/27/94 9/16/94 1513% 10830} 9.50

1JP-20 removed at End of Cycle 326
*dpa levels based on 0.000873 dpa/MW4 in the target capsules
$Due to power variations over this cycle, this number is not exact

* - -60]- - . -

The RB* capsules are irradiated in the removable beryllium positions of the HFIR. These experiments are
a continuation of the ORR spectrally tailored experiments ORR-MFE-6J and 7J. At this stage in the
experiment, a hafnium liner surrounds the capsules in order to harden the spectrum and achieve the expected
fusion helium generation rate in the anstenitic steel specimens. Capsule design, assembly and details of
specimen loading have been previously described [6-91. Capsules 60J-1 and 330J-1 were removed from the
reactor in November 1992 after accumulating approximately 11 dpa in the HFIR. Details concerning the
performance of these capsules can be found in Reference 10. Most of the specimens had also been irradiated
to approximately 7 dpa in the ORR (for a total of 18 dpa in these specimens). These-capsules were
disassembled in February 1994. Capsules 200]-1 and 400J-1 have completed 17 of the scheduled
20 irradiation cycles, as shown in Table 3. The capsules are performing as designed, with the temperatures
holding within the expected ranges. Details of the capsule performances have been described [11].

Gamma counting was conducted on four of the 24 flux monitors from each of 60J-1 and 330J-1. These
data have been analyzed and are reported in Reference 12. In addition to the flux analysis, helium analysis
was performed on one TEM disk, irradiated in both the 7 and 330]-1 experiments. The results indicate
that these experiments were successful in producing fusion relevant helium/dpa levels. The maximum
helium (appm)/dpa ratio is 10.2 for 60J-1 and 11.8 for 330]-1.

Tensile testing of J316 alloy specimens, in either the solution annealed or cold-worked condition, was
conducted during this reporting period. Details of these tests and the resuits are described elsewhere [13].



Table 3. Irradiation History of HFIR-MFE-200J-1 and 400]-1

HFIR Operation : 200J-1 and 400]J-1
Cycle No. Start Date EndDate | MWd/Cycle Mwd dpa*
313 11/21/92 12/15/92 1858 1858 0.46
314 12/20/92 1/12/93 1867 3725 091
315 1/19/93 2/11/93 1861 5586 1.37
316 2/17/93 4/3/93 1807 7393 1.81
317 4/23/93 5/14/93 1841 9234 2.26
318 5/20/93 6/13/93 1878 11112 2.72
319 6/18/93 7/10/93 1863 12975 3.18
320 7/15/93 8/7/93 1934 14509 3.65
321 8/12/93 9/4/93 1884 16793 4.11
322 12/16/93 1/7/94 1854 18647 4.57
323 1/23/94 2/14/94 1874 20521 5.03
324 3/5/94 4/1/94 1907 22428 5.49
325 4/10/94 5/3/94 1907 24335 5.96
326 5/8/94 6/3/94 1825 26160] 6.41
327 6/26/94 7/18/94 1903 28063 6.88
328 73194 | 8121/9 1922 29985 735
329 8/27/94 9/16/94 1513% 31498 7.72

*dpa levels based on 0.000245 dpa/MWd
$Due to power variations over this cycle, this number is not exact
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VANADIUM ALLOY IRRADIATION EXPERIMENT X530 IN EBR-IT*
H. Tsai, R. V. Strain, A. G. Hins, H. M. Chung, L. J. Nowicki, and D. L. Smith
(Argonne National Laboratory)

OBJECTIVE

The objective of the X530 experiment in EBR-II was to obtain early irradiation performance data,

particularly the fracture properties, on the new 500-kg production heat of V-4Cr-4Ti material before the
scheduled reactor shutdown at the end of September 1994.

SUMMARY

To obtain early irradiation performance data on the new 500-kg production heat of the V-4Cr-4Ti
material before the scheduled EBR-II shutdown, an experiment, X530, was expeditiously designed and
assembled. Charpy, compact tension, tensile and TEM specimens with different thermal mechanical
treatments (TMTs), were enclosed in two capsules and irradiated in the last run of EBR-II, Run 170, from
August 9 through September 27. For comparison, specimens from some of the previous heats were also
included in the test. The accrued exposure was 35 effective full power days, yielding a peak damage of
=4 dpa in the specimens. The irradiation is now complete and the vehicle is awaiting to be discharged from
EBR-II for postirradiation disassembly.

PROGRESS AND STATUS

Introduction

V-4 wt.%Cr-4 wt.%Ti has been identified as the most promising vanadium-based alloy for

application in fusion reactor first wall and blanket structures. A 500-kg production heat of the V-4Cr-4Ti
alloy was recently produced (see accompanying article in this report) as part of the developmental effort. It
is important to confirm at an early date the performance of this new heat with irradiation in a fast flux
environment. A decision was made in June 1994 to test this material in an irradiation experiment in EBR-
II before the scheduled reactor shutdown at the end of September 1994,

In addition to the production heat V-4Cr-4Ti material, several earlier heats of ternary and binary
vanadium alloys, and a Russian heat of V-4Cr-4Ti, were included in the experiment for comparison. A
10B.doped V-4Cr-4Ti material was included to study the effect of helium generation on mechanical
properties. The irradiation temperature for the test was =375-400°C, the lowest attainable in EBR-II,
because of the importance of low-temperature data for ITER.

Thermal mechanical treatments are known to have significant effects on the mechanical properties of
body-center-cubic metals, e.g., the vanadium alloys. One of the objectives of the experiment was to
investigate these effects. The production heat and a V-5Cr-5Ti material were given different heat treatments
before irradiation for this study.

Experiment Description

Hardware

The irradiation consisted of two Mark B7 (0.807-in. diameter) capsules with six subcapsules in each
capsule. Near the top and bottom end of the capsules, holes were drilled through the capsule walls so that

™ This work has been supported by the U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.



reactor coolant sodium could flow between the capsule and the subcapsules to provide heat transfer.
Lithium was used as a heat transfer medium for the specimens in the sealed subcapsules. All capsule and
subcapsule components were fabricated from Type 316 stainless steel.

The specimens were machined from either sheets or plates of the specified heats of material. The as-
machined specimens were polished and then given a heat treatment in a vacuum to remove any hydrogen
that may have been adsorbed during these procedures.

An important aspect of the fabrication of the subcapsules was the handling, purification, and loading
of the lithium. Primary operations were performed in an ultra-high-purity helium glovebox (oxygen level
=30 ppb). Prior to introducing lithium into the helium glovebox, an initial purification step was removal
of the outer rind from the lithium ingots that were stored in oil. This operation was performed in a small
argon-atmosphere glovebox. The interstitial content of the lithium was reduced by heating it with SAES
getter pellets at 650°C for about 22 h. During this process, the nitrogen content was reduced from
=400 ppm to =10 ppm. After the purification, the lithium was poured into tantalum trays at a temperature
of 2500C. The lithium was prepared for loading into the subcapsules by cutting 0.625-in.-diameter pellets
from the 0.5-in.-thick sheets in the tantalum trays with a "cork borer." The Li pellets were cut to length
and loaded into the bottom of the subcapsules. The specimens were then placed on top of the Li-pellet
(a typical loading is shown in Fig. 1). The subcapsules were capped with a tight-fitting lid and transferred
to another He-atmosphere glovebox for welding.

Lithium Loading
i 2125 _ [sesssessss Subcapsules
.285 S1 - S3
T 3 12 — Charpy
R | 2 - CT (CType B)
5 Li - Wt = “1.213g
2,4500 X -
S Li 0.455"
.230
.230
.455

Fig. 1. Typical Subcapsule Loading for the X530 Trradiation.

The subcapsules and appropriate spacers and shields were then loaded into the capsules as shown in
Figs. 2 and 3. These two capsules, four dummy rods, and a capsule containing samples of yttria (for the
National Institute of Standards and Technology) were assembled in a Mark B7A subassembly and placed in
Row 2 of EBR-II. The surface temperatures for the subcapsules were calculated using the HECTIC heat
transfer code. Heat transfer from the adjacent subassemblies was important in this low-power, low-flow
subassembly. The temperature calculations indicated that specimen temperatures differed with their axial
positions in the subassembly (Fig. 4) and were between 370 and 410°C.



e S s e

10

"0£GX 10} T-HV 9nsde) jo Suipeo] 'z ‘Sid

QI31HS H3IMON H30vdS H3M0N
/ zLs

s8°'L | 0°'EL | 1Y ] st 2

LE'LR

NOLLOG FHOD

SIAINSAVYIENS XIS

ON 1HdS

W77

T F

6S O
¥

777 )

f s¥'ec sr'e ] st'a bL2 EL ] ao'e

OESX A|lqwasseqns "L ~-HY @ |nsden .ol Bu|peoT

)

€8°) ™




11

"0€GX 10} g-HV 2msdeD jo suppeo] ‘g “Sid

S 7777

68°L n [1 {2 ] [ [ {2 sk'e j sk'e

Le*Le

WoL108 3HOD

S3INSdVYoaNs XIS

‘ oS ‘ 85 LS ) H3A0VdS Haddn |/ AI31HS H3addn BN _w

- sr'z i sk'e i ] e EL I 00'€E gl Reu maet -1: N

OESX A|lgwassedgns “g2-HV aInsdes Jol) we.ubdeiq Buipeo



12

AXIAL TEMPERATURE PROFILES
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