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PRODUCTION AND FABRICATION OF VANADIUM ALLOYS FOR THE RADIATIVE
DIVERTOR PROGRAM OF DIII-D — W. R. Johnson, J. P. Smith, and P. W. Trester
(General Atomics)

V-4Cr-4Ti alloy has been selected for use in the manufacture of a portion of the DIII-D
Radiative Divertor upgrade. The production of a 1200-kg ingot of V-4Cr-4Ti alloy, and
processing into final sheet and rod product forms suitable for components of the DIII-D
Radiative Divertor structure, has been completed at Wah Chang (formerly Teledyne Wah
Chang) of Albany, Oregon (WCA). Joining of V-4Cr-4Ti alloy has been identified as the
most critical fabrication issue for its use in the RD Program, and research into several
joining methods for fabrication of the RD components, including resistance seam, friction,
and electron beam welding, is continuing. Preliminary trials have been successful in the
joining of V-alloy to itself by electron beam, resistance, and friction welding processes, and
to Inconel 625 by friction welding. An effort to investigate the explosive bonding of V-4Cr-
4Ti alloy to Inconel 625 has also been initiated, and results have been encouraging. In
addition, preliminary tests have been completed to evaluate the susceptibility of V-4Cr-4Ti
alloy to stress corrosion cracking in DIII-D cooling water, and the effects of exposure to
DII-D bakeout.conditions on the tensile and fracture behavior of V-4Cr-4Ti alloy.

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

Test specimens made with the 832665 heat of V-4Cr-4Ti alloy were exposed in the DIII-D
tokamak environment to support the installation of components made of a V-4Cr-4Ti alloy
in the radiative divertor of the DIII-D. Some of the tests were conducted with the Divertor
Materials Evaluation System (DiMES) to study the short-term effects of postvent bakeout,
when concentrations of gaseous impurities in the DIII-D chamber are the highest. Other
specimens were mounted next to the chamber wall behind the divertor baffle plate, to study
the effects of longer-term exposures. By design, none of the specimens directly interacted
with the plasma. Preliminary results from testing the exposed specimens indicate only
minor degradation of mechanical properties. Additional testing and microstructural
characterization are in progress.

ELECTRICAL RESISTIVITY OF V-Cr-Ti ALLOYS — S. J. Zinkle, A. N. Gubbi, and
W. S. Eatherly (Oak Ridge National Laboratory)

Room temperature electrical resistivity measurements have been performed on vanadium
alloys containing 3-6%Cr and 3-6%Ti in order to evaluate the microstructural stability of
these alloys.. A nonlinear dependence on Cr and Ti concentration was observed, which
suggests that either short range ordering or solute precipitation (perhaps in concert with
interstitial solute clustering) has occurred in V-6Cr-6Ti.

DYNAMIC FINITE ELEMENT ANALYSIS OF THIRD SIZE CHARPY SPECIMENS
OF V-4Cr-4Ti — M. R. Lansberry (University of Missouri-Rolla}, R. J. Kurtz (Pacific
Northwest National Laboratory), A. S. Kumar (University of Missouri-Rolla), and

G. E. Mueller (University of Missouri-Rolla)

A 2-D finite element analysis was performed on precracked, one third scale CVN specimens
to investigate the sensitivity of model results to key material parameters such as yield
strength, failure strain and work hardening characteristics. Calculations were carried out at
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temperatures of -196°C and 50°C. The dynamic finite element analyses were conducted
using ABAQUS/Explicit v5.4. The finite element results were compared to experimental
results for the production-scale heat of V-4Cr-4Ti (ANL Heat #832665) as a benchmark.
Agreement between the finite element model and experimental data was very good at
-196°C, whereas at 50°C the model predicted a slightly lower absorbed energy than actually
measured. 4

MODE I AND MIXED MODE I/Ill CRACK INITIATION AND PROPAGATION
BEHAVIOOF V-4Cr-4Ti ALLOY AT 25°C — H-X (Huaxin) Li, R. J. Kurtz and

R. H. Jones (Pacific Northwest National Laboratory)

The mode I and mixed-mode IIII fracture behavior of the production-scale heat (#832665) of
V-4Cr-4Ti has been investigated at 25°C using compact tension (CT) specimens for a mode
I crack and modified CT specimens for a mixed-mode I/III crack. The mode III to mode I
load ratio was 0.47. Test specimens were vacuum annealed at 1000°C for 1 h after final
machining. Both mode I and mixed-mode I/III specimens were fatigue cracked prior to J-
integral testing. It was noticed that the mixed-mode I/III crack angle decreased from an
initial 25 degrees to approximately 23 degrees due to crack plane rotation during fatigue
cracking. No crack plane rotation occurred in the mode I specimen. The crack initiation and
propagation behavior was evaluated by generating J-R curves. Due to the high ductility of
this alloy and the limited specimen thickness (6.35 mm), plane strain requirements were not
met so valid critical J-integral values were not obtained. However, it was found that the
crack initiation and propagation behavior was significantly different between the mode I and
the mixed-mode /I specimens. In the mode I specimen crack initiation did not occur, only
extensive crack tip blunting due to plastic deformation. During J-integral testing the mixed-
mode crack rotated to an increased crack angle (in contrast to fatigue precracking) by crack
blunting. When the crack initiated, the crack angle was about 30 degrees. After crack
initiation the crack plané remained at 30 degrees until the test was completed. Mixed-mode
crack initiation was difficult, but propagation was easy. The fracture surface of the mixed-
mode specimen was characterized by microvoid coalescence.

AN EVALUATION OF THE SUSCEPTIBILITY OF V-4Cr-4Ti TO STRESS
CORROSION CRACKING IN ROOM TEMPERATURE DIII-D WATER —

R. J. Kurtz (Pacific Northwest National Laboratory), W. R. Johnson (General Atomics
Company), and R. H. Jones (Pacific Northwest National Laboratory)

Two fatigue precracked compact tension (CT) specimens of V-4Cr-4Ti were statically loaded
to a stress intensity factor of about 30 MPavm in room temperature DIII-D water. The first
specimen was tested for a period of about 30 days and the second specimen for about 54
days. At the conclusion of each test the specimens were fractured, and the fracture surfaces
examined with a scanning electron microscope (SEM) to determine if SCC had occurred.
No SCC was found in either test specimen.

TENSILE PROPERTIES OF V-5Cr-5Ti ALLOY AFTER EXPOSURE IN AIR
ENVIRONMENT — K. Natesan and W. K. Soppet (Argonne National Laboratory)

Oxidation studies were conducted on V-5Cr-5Ti alloy specimens in an air environment to
evaluate the oxygen uptake behavior of the alloy as a function of temperature and exposure
time. The oxidation rates, calculated from parabolic kinetic measurements of
thermogravimetric testing and confirmed by microscopic analyses of cross sections of
exposed specimens, were 5, 17, and 27 um per year after exposure at 300, 400, and 500°C,
respectively. Uniaxial tensile tests were conducted at room temperature and at S00°C on
preoxidized specimens of the alloy to examine the effects of oxidation and oxygen migration
on tensile strength and ductility. Correlations were developed between tensile strength and
ductility of the oxidized alloy and microstructural characteristics such as oxide thickness,
depth of hardened layer, depth of intergranular fracture zone, and tranverse crack length.
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TENSILE PROPERTIES OF V-Cr-Ti ALLOYS AFTER EXPOSURE IN HELIUM
AND LOW-PARTIAL-PRESSURE OXYGEN ENVIRONMENTS — K. Natesan and
W. K. Soppet (Argonne National Laboratory)

A test program is in progress to evaluate the effect of oxygen at low pO» on the tensile
properties of V-(4-5)wt.% Cr-(4-5)wt.% Ti alloys. Some of the tensile specimens were
precharged with oxygen at low pO; at 500°C and reannealed in vacuum at 500°C prior to
tensile testing. In another series of tests, specimens were exposed for 250-275 h at 500°C
in environments with various pOs levels and subsequently tensile tested at room
temperature. The preliminary results indicate that both approaches are appropriate for
evaluating the effect of oxygen uptake on the tensile properties of the alloys. The data
showed that in the relatively short-time tests conducted thus far, the maximum engineering
stress slightly increased after oxygen exposure but the uniform and total elongation values
exhibited significant decrease after exposure in oxygen-containing environments. The data
for a specimen exposed to a helium environment were similar to those obtained in low pO3
environments.

MEASUREMENT OF HYDROGEN SOLUBILITY AND DESORPTION RATE IN
V-4Cr-4Ti AND LIQUID LITHIUM-CALCIUM ALLOYS — J.-H. Park, R. Erck,
E.-T. Park, S. Crossley, and F. Deleglise (Argonne National Laboratory)

Hydrogen solubility in V-4Cr-4Ti and liquid lithium-calcium was measured at a hydrogen
pressure of 9.09 x 104 torr at temperatures between 250 and 700°C. Hydrogen solubility
in V-4Cr-4Ti and liquid lithium decreased with temperature. The measured desorption rate
of hydrogen in V-4Cr-4Ti is a thermally activated process; the activation energy is 0.067
eV. Oxygen-charged V-4Cr-4Ti specimens were also investigated to determine the effect of
oxygen impurity on hydrogen solubility and desorption in the alloy. Oxygen in V-4Cr-4Ti
increases hydrogen solubility and desorption kinetics. To determine the effect of a calcium
oxide insulator coating on V-4Cr-4Ti, hydrogen solubility in lithium-calcium alloys that
contained 0-8.0 percent calcium was also measured. The distribution ratio R of hydrogen
between liquid lithium or lithium-calcium and V-4Cr-4Ti increased as temperature decreased
(R = 10 and 100 at 70 and 250°C, respectively). However at <267°C, solubility data could
not be obtained by this method because of the slow kinetics of hydrogen permeation
through the vanadium alloy.

EVALUATING ELECTRICALLY INSULATING FILMS DEPOSITED ON
V-4%Cr-4%Ti BY REACTIVE CVD — J.-H. Park and W. D. Cho
(Argonne National Laboratory)

Previous CaO coatings on V-4%Cr-4%Ti exhibited high-ohmic insulator behavior even
though a small amount of vanadium from the alloy was incorporated in the coating.
However, when the vanadium concentration in the coating is >15 wt.%, the coating
becomes conductive. When the vanadium concentration is high in localized areas, a calcium
vanadate phase that exhibits semiconductor behavior can form. To explore this situation,
Ca0 and Ca-V-O coatings were produced on vanadium alloys by chemical vapor deposition
(CVD) and by a metallic-vapor process to investigate the electrical resistance of the
coatings. Initially, the vanadium alloy specimens were either charged with oxygen in argon
that contained trace levels of oxygen, or oxidized for 1.5-3 hin a 1% CO-CO9 gas mixture
or in air to form vanadium oxide at 625-650°C. Most of the specimens were exposed to
calcium vapor at 800-850°C. Initial and final weights were obtained to monitor each step.
and surveillance samples were removed for examination by optical and scanning electron
microscopy and electron-energy-dispersive and X-ray diffraction analysis; the electrical
resistivity was also measured. We found that Ca-V-O films exhibited insulator behavior
when the ratio of calcium concentration to vanadium concentration R in the film was >0.9,
and semiconductor or conductor behavior for R<0.8. However, in some cases,
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semiconductor behavior was observed when CaO-coated samples with R>0.98 were exposed
in liquid lithiurn. Based on these studies, we conclude that semiconductor behavior occurs if
a conductive calcium vanadate phase is present in localized regions in the CaO coating.

RECENT PROGRESS ON GAS TUNGSTEN ARC WELDING OF VANADIUM
ALLOYS — J.F. King, M. L. Grossbeck, G. M. Goodwin, and D. J. Alexander
(Oak Ridge National Laboratory)

This is a progress report on a continuing research project to acquire a fundamental
understanding of the metallurgical processes in the welding of vanadium alloys. It also has
the goal of developing techniques for welding structural vanadium alloys. The alloy V-4Cr-
4Ti is used as a representative alloy of the group; it is also the prime candidate vanadium
alloy for the U.S. Fusion Program at the present time. However, other alloys of this class
were used in the research as necessary. The present work focuses on recent findings of
hydrogen embrittlement found in vanadium alloy welds. It was concluded that the
atmosphere in the inert gas glove box was insufficient for welding 6 mm thick vanadium
alloy plates.

STUDIES ON THE EFFECTS OF HELIUM ON THE MICROSTRUCTURAL
EVOLUTION OF V-3.8Cr-3.9Ti — N. Doraiswamy, B. Kestel, and D. E. Alexander
(Argonne National Laboratory) :

Extended abstract.

ASSESSMENT OF THE RADIATION-INDUCED LOSS OF DUCTILITY IN V-Cr-Ti
ALLOYS — A. F. Rowcliffe and S. J. Zinkle (Oak Ridge National Laboratory)

The current status of the irradiation data base on V-(4-5%Cr)-(4-5%Ti) alloys for tensile and
Charpy impact properties is reviewed. Possible factors contributing to major
inconsistencies in the data are examined.

EFFECT OF FAST NEUTRON IRRADIATION TO 4 dpa AT 400°C ON THE
PROPERTIESOF V-(4-5)Cr-(4-5)Ti ALLOYS — S. J. Zinkle, D. J. Alexander,

J. P. Robertson, L. L. Snead, A. F. Rowcliffe, L. T. Gibson, W. S. Eatherly (Oak
Ridge National Laboratory) and H. Tsai (Argonne National Laboratory)

Tensile, Charpy impact and electrical resistivity measurements have been performed at
ORNL on V-4Cr-4Ti and V-5Cr-5Ti specimens that were prepared at ANL and irradiated in
the lithium-bonded X530 experiment in the EBR-II fast reactor. All of the specimens were
irradiated to a damage level of about 4 dpa at a temperature of ~400°C. A significant
amount of radiation hardening was evident in both the tensile and Charpy impact tests. The
irradiated V-4Cr-4Ti yield strength measured at ~390°C was >800 MPa, which is more than
three times as high as the unirradiated value. The uniform elongations of the irradiated
tensile specimens were typically ~1%, with corresponding total elongations of 4-6%. The
ductile to brittle transition temperature of the irradiated specimens as determined by dynamic
Charpy impact tests was >300°C. The electrical resistivity of the irradiated specimens was
less than the unirradiated resistivity, which suggests that hardening associated with
interstitial solute pickup was minimal.

MICROSTRUCTURAL EXAMINATION OF IRRADIATED VANADIUM ALLOYS —
D. S. Gelles (Pacific Northwest National Laboratory) and H. M. Chung (Argonne National
Laboratory)

Microstructural examination results are reported for a V-5Cr-5Ti unirradiated control
specimen of heat BL-63 following annealing at 1050°C, and V-4Cr-4Ti heat BL-47
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irradiated in three conditions from the DHCE experiment: at 420°C to 31 dpa and 0.39
appm He/dpa, at 600°C to 18 dpa and 0.54 appm He/dpa, and at 600°C to 18 dpa at 4.17
appm He/dpa.

2.0 SILICON CARBIDE COMPOSITE MATERIALS 85

2.1 HIGH THERMAL CONDUCTIVITY SiC/SiC COMPOSITES FOR FUSION
APPLICATIONS -— J. C. Withers, W. Kowbel, and R. O. Loutfy (MER Corp.),
G. E. Youngblood (Pacific Northwest National Laboratory), and C. Wong (General Atomics) 87

Extended abstract.

2.2 CREEP BEHAVIOR FOR ADVANCED POLYCRSTALLINE SiC FIBERS —
G. E. Youngblood and R. H. Jones (Pacific Northwest National Laboratory), G. N. Morscher
Case Western Reserve University), and Akira Kohyama (Kyoto University) 89

A bend stress relaxation (BSR) test has been utilized to examine irradiation enhanced creep
in polycrystalline SiC fibers which are under development for use as fiber reinforcement of
SiC/SiC composite. Qualitative, S-shaped 1 hr BSR curves were compared for three
selected advanced SiC fiber types and standard Nicalon CG fiber. The temperature
corresponding to the middle of the S-curve (where the BSR parameter m = 0.5) is a measure
of a fiber's thermal stability as well as its creep resistance. In order of decreasing thermal
creep resistance, the measured transition temperatures were Nicalon S (1450°C), Sylramic
(1420°C), Hi-Nicalon (1230°C), and Nicalon CG (1110°C).

2.3  THERMOGRAVIMETRIC AND MICROSCOPIC ANALYSIS OF SiC/SiC MATERIALS
WITH ADVANCED INTERFACES — C. F. Windisch, Jr., R. H. Jones (Pacific Northwest
National Laboratory) and L. L. Snead (Oak Ridge National Laboratory) 24

The chemical stability of SiC/SiC composites with fiber/matrix interfaces consisting of
multilayers of SiC/C/SiC and porous SiC have been evaluated using a thermal gravimetric
analyzer (TGA). Previous evaluations of SiC/SiC composites with carbon interfacial layers
demonstrated the layers are not chemically stable at goal use temperatures of 800-1100°C
and Oy concentrations greater than about 1 ppm. No measurable mass change was observed
for multilayer and porous SiC interfaces at 800-1100°C and O concentrations of 100 ppm
to air, however, the total amount of oxidizable carbon is on the order of the sensitivity of
the TGA. Further studies are in progress to evaluate the stability of these materials.

2.4 THRESHOLD IRRADIATION DOSE FOR AMORPHIZATION OF SILICON CARBIDE —
L. L. Snead and S. J. Zinkle (Oak Ridge National Laboratory) 99

The amorphization of silicon carbide due to ion and electron irradiation is reviewed with
emphasis on the temperature-dependent critical dose for amorphization. The effect of ion
mass and energy on the threshold dose for amorphization is summarized, showing only a
weak dependence near room temperature. Results are presented for 0.56 MeV silicon ions
implanted into single crystal 6H-SiC as a function of temperature and ion dose. From this,
the critical dose for amorphization is found as a function of temperature at depths well
separated from the implanted ion region. Results are compared with published data
generated using electrons and xenon ions as the irradiating specimens. High resolution
TEM analysis is presented for the Si ion series showing the evolution of elongated
amorphous islands oriented such that their major axis is parallel to the free surface. This
suggests that surface or strain effects may be influencing the apparent amorphization
threshold. Finally, a model for the temperature threshold for amorphization is described
using the Si ion irradiation flux and the fitted interstitial migration energy which was found
to be ~0.56 eV. This model successfully explains the difference in the temperature-




dependent amorphization behavior of SiC irradiated with 0.56 MeV silicon ions at 1 x 10-3
dpa/s and with fission neutrons irradiated at 1 x 10~ dpa/s irradiated to 15 dpa in the
temperature range of ~340 = 10 K.

STORED ENERGY IN IRRADIATED SILICON CARBIDE - L. L. Snead and
T. D. Burchell (Oak Ridge National Laboratory)

This report presents a short review of the phenomenon of Wigner stored energy release from
irradiated graphite and discusses it in relation to neutron irradiation silicon carbide. A single
published work in the area of stored energy release in SiC is reviewed and the results are
discussed. It appears from this previous work that because the combination of the
comparatively high specific heat of SiC and distribution in activation energies for
recombining defects, the stored energy release of SiC should only be a problem at
temperatures lower than those considered for fusion devices. The conclusion of this
preliminary review is that the stored energy release in SiC will not be sufficient to cause
catastrophic heating in fusion reactor components, though further study would be desirable.

EFFECTS OF NEUTRON IRRADIATION ON THE STRENGTH OF CONTINUOUS
FIBER REINFORCED SiC/SiC COMPOSITES — G. E. Youngblood, C. H. Henager, Jr.,
and R. H. Jones (Pacific Northwest National Laboratory)

Flexural strength data as a function of irradiation temperature and dose for a SiC¢/SiC
composite made with Nicalon-CG fiber suggest three major degradation mechanisms. Based
on an analysis of tensile strength and microstructural data for irradiated Nicalon-CG and Hi-
Nicalon fibers, it is anticipated that these degradation mechanisms will be alleviated in Hi-
Nicalon reinforced composites.

THE MONOTONIC AND FATIGUE BEHAVIOR OF CFCCs AT AMBIENT

TEMPERATURE AND 1000°C - N. Miriyala, P. K. Liaw, and C. J. McHargue
(University of Tennessee), and L. L. Snead (Oak Ridge National Laboratory)

Metallographically polished flexure bars of Nicalon/SiC and Nicalon/alumina composites
were subjected to monotonic and cyclic-fatigue loadings, with loading either parallel or
normal to the fabric plies. The fabric orientation did not significantly affect the mechanical
behavior of the Nicalon/SiC composite at ambient temperature. However, the mechanical
behavior of the Nicalon/alumina composite was significantly affected by the fabric
orientation at ambient temperature in air and at 1000°C in argon atmosphere. In addition,
there was a significant degradation in the fatigue performance of the alumina matrix
composite at the elevated temperature, owing to creep in the material and degradation in the
fiber strength.

FERRITIC/MARTENSITIC STEELS

DEVELOPMENT OF OXIDE DISPERSION STRENGTHENED FERRITIC STEELS
FOR FUSION — D. K. Mukhopadhyay, F. H. Froes (University of Idaho, and
D. S. Gelles (Pacific Northwest Laboratory)

Uniaxial tension creep response is reported for an oxide dispersion strengthened (ODS) steel,
Fe-13.5Cr-2W-0.5Ti-0.25 Y203 (in weight percent) manufactured using the mechanical
alloying process. Acceptable creep response is obtained at 900°C. -
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FRACTURE TOUGHNESS OF THE IEA HEAT OF F82H FERRITIC/MARTENSITIC
STAINLESS STEEL AS A FUNCTION OF LOADING MODE — Huaxin Li,

D. S. Gelles (Pacific Northwest Laboratories, J. P. Hirth (Washington State
University-Pullman), and R. H. Jones (Pacific Northwest Laboratories)

Mode I and mixed-mode III fracture toughness tests were performed for the JEA heat of the
reduced activation ferritic/martensitic stainless steel F82H at ambient temperature in order to
provide comparison with previous measurements on a small heat given a different heat
treatment. The results showed that heat to heat variations and heat treatment had negligible
consequences on Mode I fracture toughness, but behavior during mixed-mode testing showed
unexpected instabilities.

SUMMARY OF THE IEA WORKSHOP/WORKING GROUP MEETING ON FERRITIC/
MARTENSITIC STEELS FOR FUSION — R. L. Klueh (Oak Ridge National Laboratory)

An International Energy Agency (IEA) Working Group on Ferritic/Martensitic Steels for
Fusion Applications, consisting of researchers from Japan, the European Union, the United
States, and Switzerland, met at the headquarters of the Joint European Torus (JET), Culham,
United Kingdom, 24-25 October 1996. At the meeting, preliminary data generated on the
large heats of steel purchased for the IEA program and on other heats of steels were
presented and discussed. The second purpose of the meeting was to continue planning and
coordinating the collaborative test program in progress on reduced-activation
ferritic/martensitic steels. The next meeting will be held in conjunction with the
International Conference on Fusion Reactor Materials (ICFRM-8) in Sendai, Japan, 23-31

QOctober 1997.

FURTHER CHARPY IMPACT TEST RESULTS OF LOW ACTIVATION FERRITIC
ALLOYS IRRADIATED AT 430°C TO 67 dpa — L. E. Schubert, M. L. Hamilton, and
D. S. Gelles (Pacific Northwest National Laboratory)

Miniature CVN specimens of four ferritic alloys, GA3X, F82H, GA4X, and HT9, have
been impact tested following irradiation at 430°C to 67 dpa. Comparison of the results
with those of the previously tested lower dose irradiation condition indicates that the GA3X
and F82H alloys, two primary candidate low activation alloys, exhibit virtually identical
behavior following irradiation at 430°C to ~67 dpa and at 370°C to ~15 dpa. Very little
shift is observed in either DBTT or USE relative to the unirradiated condition. The shifts in
DBTT and USE observed in both GA4X and HT9 were smaller after irradiation at 430°C to
~67 dpa than after irradiation at 370°C at ~15 dpa.

THE EFFECT OF FUSION-RELEVANT HELIUM LEVELS ON THE MECHANICAL
PROPERTIES OF ISOTOPICALLY TAILORED FERRITIC ALLOYS — G. L. Hankin
(IPTME), M. L. Hamilton, D. S. Gelles (Pacific Northwest National Laboratory), and

M. B. Toloczko (Washington State University)

The yield and maximum strengths of an irradiated series of isotopically tailored ferritic
alloys were evaluated using the shear punch test. The composition of three of the alloys
was Fe-12Cr-1.5Ni. Different balances of nickel isotopes were used in each alloy in order
to produce different helium levels. A fourth alloy, which contained no nickel, was also
irradiated. The additions of nickel at any isotopic balance to the Fe-12Cr base alloy
significantly increased the shear yield and maximum strengths of the alloys, and as expected,
the strength of the alloys decreased with increasing irradiation temperature. Helium itself,
up to 75 appm over 7 dpa appears to have little effect on the mechanical properties of the
alloys.
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IRRADIATION CREEP OF VARIOUS FERRITIC ALLOYS IRRADIATED AT ~400°C
IN THE PFR AND FFTF REACTORS — M. B. Toloczko and F. A. Garner (Pacific
Northwest National Laboratory), and C. R. Eiholzer (Westinghouse Hanford Company)

Extended abstract.
COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS

EFFECT OF TEST TEMPERATURE AND STRAIN RATE ON THE TENSILE
PROPERTIES OF HIGH-STRENGTH, HIGH-CONDUCTIVITY COPPER ALLOYS —
S.J. Zinkle and W. S. Eatherly (Oak Ridge National Laboratory)

The unirradiated tensile properties of wrought GlidCop AL25 (ITER grade zero, 1G0),
solutionized and aged CuCrZr, and cold-worked and aged and solutionized and aged Hycon
3HP™ CuNiBe have been measured over the temperature range of 20-500°C at strain rates
between 4 x 10™ s™ and 0.06 s'. The measured room temperature electrical conductivity
ranged from 64 to 90% IACS for the different alloys. All of the alloys were relatively
insensitive to strain rate at room temperature, but the strain rate sensitivity of GlidCop
Al25 increased significantly with increasing temperature. The CuNiBe alloys exhibited the
best combination of high strength and high conductivity at room temperature. The strength
of CuNiBe decreased slowly with increasing temperature. However, the ductility of CuNiBe
decreased rapidly with increasing temperature due to localized deformation near grain
boundaries, making these alloy heats unsuitable for typical structural applications above
300°C. The strength and uniform elongation of GlidCop Al25 decreased significantly with
increasing temperature at a strain rate of 1 x 10-3 5’1, whereas the total elongation was
independent of test temperature. The strength and ductility of CuCrZr decreased slowly with
increasing temperature. .

FRACTURE TOUGHNESS OF COPPER-BASE ALLOYS FOR ITER APPLICATIONS:
A PRELIMINARY REPORT — D. J. Alexander, S. J. Zinkle, and A. F. Rowcliffe
(Oak Ridge National Laboratory)

Oxide-dispersion strengthened copper alloys and a precipitation-hardened copper-nickel-
beryllium alloy showed a significant reduction in toughness at elevated temperatures
(250°C). This decrease in toughness was much larger than would be expected from the
relatively modest changes in the tensile properties over the same temperature range.
However, a copper-chromium-zirconium atloy strengthened by precipitation showed only a
small decrease in toughness at the higher temperatures. The embrittled alloys showed a
transition in fracture mode, from transgranular microvoid coalescence at room temperature to
intergranular with localized ductility at high temperatures. The Cu-Cr-Zr alloy maintained
the ductile microvoid coalescence failure mode at all test temperatures.

RECENT RESULTS ON THE NEUTRON IRRADIATION OF ITER CANDIDATE
COPPER ALLOYS IRRADIATED IN DR-3 AT 250°C TO 0.3 dpa — D. J. Edwards
(PNNL), B. N. Singh, P. Toft, and M. Eldrup (Risg National Laboratory)

Tensile specimens of CuCrZr and CuNiBe alloys were given various heat treatments
corresponding to solution anneal, prime-aging and bonding thermal treatment with
additional specimens re-aged and given a reactor bakeout treatment at 350°C for 100 h.
CuAl-25 was also heat treated to simulate the effects of a bonding thermal cycle on the
material. A number of heat treated specimens were neutron irradiated at 250°C to a dose
level of ~0.3 dpa in the DR-3 reactor at Risg.

The main effect of the bonding thermal cycle heat treatment was a slight decrease in strength
of CuCrZr and CuNiBe alloys. The strength of CuAl-25, on the other hand, remained
almost unaltered. The post irradiation tests at 250°C showed a severe loss of ductility in the
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case of the CuNiBe alloy. The irradiated CuAl-25 and CuCrZr specimens exhibited a
reasonable amount of uniform elongation, with CuCrZr possessing a lower strength.

IRRADIATION CREEP OF DISPERSION STRENGTHENED COPPER ALLOY —
A. S. Pokrovsky, V. R. Barabash, S. A. Fabritisiev, M. L. Hamilton, C. R. Eiholzer,
F. A. Gamner, and D. J. Edwards)

Extended abstract.
AUSTENITIC STAINLESS STEELS

EXTREME EMBRITTLEMENT OF AUSTENITIC STAINLESS STEEL IRRADIATED .
TO 75-81 dpa AT 335-360°C — S. L. Porollo, A: N. Vorobjev, and Yu. V. Konobeev
(Institute of Physics and Power Engineering, Obninsk, Kaluga Region, Russia) and

F. A. Garner (Pacific Northwest National Laboratory)

Extended abstract.

THE INDEPENDENCE OF IRRADIATION CREEP IN AUSTENITIC ALLOYS OF
DISPLACEMENT RATE AND HELIUM TO dpa RATIO — F. A. Garner and

M. B. Toloczko (Pacific Northwest National Laboratory) and M. L. Grossbeck

(Oak Ridge National Laboratory)

Extended abstract.

THE COMPOSITIONAL DEPENDENCE OF IRRADIATION CREEP OF AUSTENITIC
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8.0 RADIATION EFFECTS, MECHANISTIC STUDIES, AND EXPERIMENTAL
METHODS 205

8.1 ATOMIC SCALE MODELING OF DEFECT PRODUCTION AND MICROSTRUCTURE
EVOLUTION IN IRRADIATED METALS - T. Diaz de la Rubia, N. Soneda, E. Alons,
K. Morishita, and Y. Shimomura 207

Irradiation effects in materials depend in a complex way on the form of the as-produced
primary damage state and its spatial and temporal evolution. Thus, while collision cascades
produce defects on a time scale of tens of picoseconds, diffusion occurs over much longer
time scales, of the order of seconds, and microstructure evolution over even longer time
scales. In this report we present work aimed at describing damage production and evolution
in metals across all the relevant time and length scales. We discuss results of molecular
dynamics simulations of displacement cascades in Fe and V. We show that interstitial
clusters are produced in cascades above 5 keV, but not vacancy clusters. Next, we discuss
the development of a kinetic Monte Carlo model that enables calculations of damage
evolution over much longer time scales (1000’s of s) than the picosecond lifetime of the
cascade. We demonstrate the applicability of the method by presenting predictions on the
fraction of freely migrating defects in a-Fe during irradiation at 600 K [1].

8.2 STOCHASTIC ANNEALING SIMULATIONS OF DEFECT INTERACTIONS AMONG
SUBCASCADES — H. L. Heinisch (Pacific Northwest National Laboratory) and
B. N. Singh (Risg National Laboratory) 214

The effects of the subcascade structure of high energy cascades on the temperature
dependencies of annihilation, clustering and free defect production are investigated. The
subcascade structure is simulated by closely spaced groups of lower energy MD cascades.
The simulation results illustrate the strong influence of the defect configuration existing in
the primary damage state on subsequent intracascade evolution. Other significant factors
effecting the evolution of the defect distribution are the large differences in mobility and
stability of vacancy and interstitial defects and the rapid one-dimensional diffusion of small,
glissile interstitial loops produced directly in cascades. Annealing simulations are also
performed on high-energy, subcascade-producing cascades generated with the binary collision
approximation and calibrated to MD results.

8.3 THE EFFECTS OF SELF-INTERSTITIAL CLUSTERS ON CASCADE DEFECT
EVOLUTION BEYOND THE PRIMARY DAMAGE STATE — H. L. Heinisch
(Pacific Northwest National Laboratory) 218

The intracascade evolution of the defect distributions of cascades in copper is investigated
using stochastic annealing simulations applied to cascades generated with molecular
dynamics (MD). The temperature and energy dependencies of annihilation, clustering and
free defect production are determined for individual cascades. The annealing simulation
results illustrate the strong influence on intracascade evolution of the defect configuration
existing in the primary damage state. Another factor significantly affecting the evolution of
the defect distribution is the rapid one-dimensional diffusion of small, glissile interstitial
loops produced directly in cascades. This phenomenon introduces a cascade energy
dependence of defect evolution that is apparent only beyond the primary damage state,
amplifying the need for future study of the annealing phase of cascade evolution and for
performing many more MD cascade simulations at higher energies.
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NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE EBRII
COBRA-1A IRRADIATIONS — L. R. Greenwood and R. T. Ratner (Pacific Northwest
National Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for the joint
U.S. and Japanese COBRA-1A1 and 1A2 irradiations in the Experimental Breeder Reactor
II. The maximum total neutron fluences at midplane were 2.0E+22 and 7.5E+22 nlcmz,
for the 1A1 and 1A2 irradiations, respectively, resulting in about 8.0 and 30.3 dpa in
stainless steel.

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE HFIR-JP-23
IRRADIATIONS — L. R. Greenwood and R. T. Ratner (Pacific Northwest
National Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for the joint
U.S.-Japanese experiment JP-23, which was conducted in target position G6 of the High
Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). The maximum
neutron fluence at midplane was 4.4E+22 n/cm? resulting in about 9.0 dpa in type 316
stainless steel.

THE DEPENDENCE OF HELTUM GENERATION RATE ON NICKEL CONTENT OF
Fe-Cr-Ni ALLOYS IRRADIATED AT HIGH DPA LEVELS IN FAST REACTORS —
F. A. Garner, B. M. Oliver, and L. R. Greenwood (Pacific Northwest National Laboratory)

Extended abstract.

10.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS

10.1 IMPURITY CONTENT OF REDUCED-ACTIVATION FERRITIC STEELS AND

A VANADIUM ALLOY —R. L. Klueh, M. L. Grossbeck, and E. E. Bloom (Oak Ridge
National Laboratory)

Inductively coupled plasma mass spectrometry was used to analyze a reduced-activation
ferritic/martensitic steel and a vanadium alloy for low-level impurities that would
compromise the reduced-activation characteristics of these materials. The ferritic steel was
from the 5-ton IEA heat of modified F82H, and the vanadium alloy was from a 500-kg heat
of V-4Cr-4Ti. To compare techniques for analysis of low concentrations of impurities, the
vanadium alloy was also examined by glow discharge mass spectrometry. Two other
reduced-activation steels and two commercial ferritic steels were also analyzed to determine
the difference in the level of the detrimental impurities in the IEA heat and steels for which
no extra effort wad made to restrict some of the tramp impurities. Silver, cobalt,
molybdenum, and niobium proved to be the tramp impurities of most importance. The
levels observed in these two materials produced with present technology exceeded the limits
for low activation for either shallow land burial or recycling. The chemical analyses provide
a benchmark for the improvement in production technology required to achieve reduced
activation; they also provide a set of concentrations for calculating decay characteristics for
reduced-activation materials. The results indicate the progress that has been made and give
an indication of what must still be done before the reduced-activation criteria can be
achieved.
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METHODS
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STATUS OF DOE/JAERI COLLABORATIVE PROGRAM PHASE It AND PHASE III
CAPSULES — J. P. Robertson, K. E. Lenox (Oak Ridge National Laboratory), I. Ioka
and E. Wakai (Japan Atomic Energy Research Institute)

Significant progress has been made during the last year in the post-irradiation examinations
(PIE) of the specimens from nine DOE ORNL/JAERI collaborative capsules and in the
design and fabrication of four additional capsules. JP21, JP22, CTR-62, and CTR-63 were
disassembled, JP20 tensile specimens were tested, and a variety of specimens from the RB-
60J-1, 200J-1, 330J-1, and 400J-1 capsules were tested. Fabrication of RB-11J and 12J was
completed and progress made in the matrix finalization and design of RB-10J and JP25.

STATUS OF ATR-A1 IRRADIATION EXPERIMENT ON VANADIUM ALLOYS AND
LOW-ACTIVATION STEELS — H. Tsai, R. V. Strain, I. Gomes, H. Chung, and
D. L. Smith (Argonne National Laboratory), and H. Matsui (Tohoku University)

The ATR-Al irradiation experiment in the Advanced Test Reactor (ATR) was a
collaborative U.S./Japan effort to study at low temperature the effects of neutron damage on
vanadium alloys. The experiment also contained a limited quantity of low-activation ferritic
steel specimens from Japan as part of the collaboration agreement. The irradiation was
completed on May 5, 1996, as planned, after achieving an estimated neutron damage of 4.7
dpa in vanadium. The capsule has since been kept in the ATR water canal for the required
radioactivity cool-down. Planning is underway for disassembly of the capsule and test
specimen retrieval.

PROGRESS REPORT ON THE DESIGN OF A VARYING TEMPERATURE
IRRADIATION EXPERIMENT FOR OPERATION IN HFIR — A. L. Qualls
(Oak Ridge National Laboratory), and T. Muroga (National Institute for Fusion Science)

A varying temperature irradiation experiment is being performed under the framework of the
Japan-U.S. Program of Irradiation Tests for Fusion Research (JUPITER) to study the effects
of temperature variation on the microstructure and mechanical properties of candidate fusion
reactor structural materials. An irradiation capsule has been designed for operation in the
High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) that will
allow four sets of metallurgical test specimens to be irradiated to exposure levels ranging
from 5 to 10 dpa. Two sets of specimens will be irradiated at constant temperatures of 500
and 350°C. Matching specimen sets will be irradiated to similar exposure levels, with 10%
of the exposure to occur at reduced temperatures of 300 and 200°C.

DISASSEMBLY OF THE FUSION-1 CAPSULE AFTER IRRADIATION IN THE BOR-60
REACTOR — H. Tsai (Argonne National Laboratory), V. A. Kazakov and V. P. Chakin
(Research Institute of Atomic Reactors), and A. F. Rowcliffe (Oak Ridge National
Laboratory)

A U.S./Russia (RF) collaborative irradiation experiment, Fusion-1, was completed in June
1996 after reaching a peak exposure of =17 dpa in the BOR-60 fast reactor at the Research
Institute of Atomic Reactors (RIAR) in Russia. The specimens were vanadium alloys,
mainly of recent heats from both countries. In this reporting period, the capsule was
disassembled at the RIAR hot cells and all test specimens were successfully retrieved. For
the disassembly, an innovative method of using a heated diffusion oil to melt and separate
the lithium bond from the test specimens was adopted. This method proved highly
successful.

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

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