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FOREWORD

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

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

F. W. Wiffen
International and Technology Division
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TENSILE AND IMPACT PROPERTIES OF GENERAL ATOMICS 832864 HEAT OF
V-4Cr-4Ti ALLOY — H. Tsai, L. J. Nowicki, J. Gazda, M. C. Bilione, and D. L. Smith
(Argonne National Laboratory), W. R. Johnson and P. Trester (General Atomics)

A 1300-kg heat of V-4Cr-4Ti alloy was procured by General Atomics (GA) for the DIll-
D radiative divertor program. To determine the mechanical properties of this alloy,
tensile and Charpy tests were conducted on specimens prepared from pieces of
4.8-mm-thick as-rolled plates, a major product form for the DIlI-D application. The
tensile tests were conducted at three temperatures, 26, 280, and 380°C, the last
two being the anticipated peak:-temperatures during DII-D boronization and
postvéent bake-out, respectively. Results from these tests show that the tensile and
impact properties of the 832864 heat are comparable to those of the other smaller
V-(4-5)Cr-(4-5)Ti alloy heats previously developed by the U.S. Fusion Materials
Program and that scale-up of vanadium alloy production can be successfully
achieved as long as reasonable process control is implemented.

HIGH TEMPERATURE TENSILE PROPERTIES OF V-4Cr-4Ti — S. J. Zinkle,
A. F. Rowcliffe and C. O. Stevens (Oak Ridge National Laboratory)

Tensile tests have been performed on V-4Cr-4Ti at 750 and 800°C in order to
extend the data base beyond the current limit of 700°C. From comparison with
previous measurements, the yield strength is nearly constant and tensile
elongations decrease slightly with increasing temperature between 300 and 800°C.
The ultimate strength exhibits an apparent maximum near 600°C (attributable to
dynamic strain aging) but adequate strength is maintained up to 800°C. The

reduction in area measured on tensile specimens remained high (~80%) for test

temperatures up to 800°C, in contrast to previous reported resuits.

TENSILE PROPERTIES OF VANADIUM-BASE ALLOYS IRRADIATED IN THE
FUSION-1 LOW-TEMPERATURE EXPERIMENT IN THE BOR-60 REACTOR —
H. Tsai, J. Gazda, L. J. Nowicki, M. C. Billone, and D. L. Smith (Argonne National
Laboratory)

The irradiation has been completed and the test specimens have been retrieved
from the lithium-bonded capsule at the Research Institute of Atomic Reactors (RIAR)
in Russia. During this reporting period, the Argonne National Laboratory tensile
specimens were received from RIAR and initial testing and examination of these
specimens at ANL has been completed. The results, corroborating previous
findings, showed a significant loss of work hardening capability in the materials.
There appears to be no significant difference in behavior among the various heats
of vanadium-base alloys in the V-(4-5)Cr-(4-5)Ti composition range. The variations
in the preirradiation annealing conditions also produced no notable differences.

ROOM-TEMPERATURE FRACTURE IN V-(4-5)Cr-(4-5)Ti TENSILE SPECIMENS
IRRADIATED IN FUSION-1 BOR-60 EXPERIMENT — J. Gazda and M. Meshii
(Northwestern University) and H. Tsai (Argonne National Laboratory)

Specimens of V-(4-5)Cr-(4-5) Ti alloys were irradiated to =18 dpa at 320°C in the
Fusion-1 capsule inserted into the BOR-60 reactor. Tensile tests at 23°C indicated
dramatic yield strength increase (300%), lack of work hardening, and minimal (<1%)
total elongations. SEM analysis of fracture side surfaces were conducted to
determine reduction in area and the mode of fracture. The reduction of area was
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negligible. All but one specimen failed by a combination of ductile shear
deformation and cleavage crack growth. Transgranular cleavage cracks were
initiated by stress concentrations at the tips of the shear bands. [n side-view
observations, evidence was found of slip bands typically associated with dislocation
channeling. No differences due to pre-irradiation heat treatment and heat-to-heat
composition variations were detected. The only deviation from this behavior was
found in V-4Cr-4Ti-B alloy, which failed in the grip portion by complete cleavage
cracking.

EFFECTS OF IRRADIATION TO 4 DPA AT 390°C ON THE FRACTURE TOUGHNESS
OF VANADIUM ALLOYS — E. E. Gruber, T. M. Galvin, and O. K. Chopra (Argonne
National Laboratory)

Fracture toughness J-R curve tests were conducted at room temperature on disk-
shaped compact-tension DC(T) specimens of three vanadium alloys having a
nominal composition of V-4Cr-4Ti. The alloys in the nonirradiated condition showed
high fracture toughness; Jjc could not be determined but is expected to be above .

600 kJ/m2. The alloys showed very poor fracture toughness after irradiation to
4 dpa at 390°C, e.g., Jic values of =10 kd/m?2 or lower.

EFFECT OF IRRADIATION TEMPERATURE AND STRAIN RATE ON THE
MECHANICAL PROPERTIES OF V-4Cr-4Ti IRRADIATED TO LOW DOSES IN
FISSION REACTORS — 8. J. Zinkle, L. L. Snead, A. F. Rowcliffe, D. J. Alexander,
and L. T. Gibson (Oak Ridge National Laboratory)

Tensile tests performed on irradiated V-(3-6%)Cr-(3-6%)Ti alloys indicate that
pronounced hardening and loss of strain hardening capacity occurs for doses of
0.1-20 dpa at irradiation temperatures below ~330°C. The amount of radiation
hardening decreases rapidly for irradiation temperatures above 400°C, with a
concomitant increase in strain hardening capacity. Low-dose (0.1-0.5 dpa)
irradiation shifts the dynamic strain aging regime to higher temperatures and lower
strain rates compared to unirradiated specimens. Very low fracture toughness
values were observed in miniature disk compact specimens irradiated at 200-320°C
to ~1.5-15 dpa and tested at 200°C.

MICROSTRUCTURAL EXAMINATION OF V-(3-6%)Cr-(3-5%) Ti IRRADIATED IN THE
ATR-A1 EXPERIMENT — D. S. Gelles (Pacific Northwest National Laboratory)

Microstructural examination results are reported for four heats of V-(3-6%)Cr-(3-
5%)Ti irradiated in the ATR-A1 experiment to ~4 dpa at ~200 and 300°C to provide
an understanding of the microstructural evoiution that may be associated with
degradation of mechanical properties. Fine precipitates were observed in high
density intermixed with small defect clusters for all conditions examined following
the irradiation. The irradiation-induced precipitation does not appear to be affected
by preirradiation heat treatment or composition.

IRRADIATION-INDUCED PRECIPITATION AND MECHANICAL PROPERTIES OF
VANADIUM ALLOYS AT <430°C — H. M. Chung, J. Gazda, and D. L. Smith (Argonne
National Laboratory)

Recent attention to V-base alloys has focused on the effect of low-temperature
(<430°C) irradiation on tensile and impact properties of V-4Cr-4Ti. In previous
studies, dislocation channeling, which causes flow localization and severe loss of
work-hardening capability, has been attributed to dense, irradiation-induced
precipitation of very fine particles. However, efforts to identify the precipitates were
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unsuccessful until now. In this study, analysis by transmission electron microscopy
(TEM) was conducted on unalloyed V, V-5Ti, V-3Ti-18i, and V-4Cr-4Ti specimens
that were irradiated at <430°C in conventional and dynamic helium charging
experiments. By means of dark-field imaging and selected-area-diffraction analysis,
the characteristic precipitates were identified to be (V,Ti1-x) (C,O,N). In V-3Ti-18;,
precipitation of (V,Ti1.x) (C,O,N) was negligible at <430°C, and as a result,
dislocation channeling did not occur and work-hardening capability was high.

REACTIONS OF HYDROGEN WITH V-Cr-Ti ALLOYS — J. R. DiStefano, J. H. DeVan,
L. D. Chitwood (Oak Ridge National Laboratory), and D. H. Réhrig (Projekleitung
Kernfusion, Forschungszentrum Karlsr_uhe)

in the absence of increases in oxygen concentration, additions of up to 400 ppm
hydrogen to V-4 Cr-4 did not result in significant embrittiement as determined by
room temperature tensile tests. However, when hydrogen approached 700 ppm
after exposure at 325°C, rapid embrittlement occurred. In this latter case, hydride

formation is the presumed embrittlement cause. When oxygen was added during or

prior to hydrogen exposure, synergistic effects led to significant embrittlement by
100 ppm oxygen.

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

A systematic study has been initiated at Argonne National Laboratory to evaluate
the performance of several V-Cr-Ti alloys after exposure to environments containing

- hydrogen at various partial pressures. The goal is to correlate the chemistry of the

exposure environment with hydrogen uptake in the samples and its influence on
the microstructure and tensile properties of the alloys. At present, the principal
effort has focused on the V-4Cr-4Ti alloy of heat identified as BL-71; however other
alloys (V-5Cr-5Ti alloy of heats BL-63, and T87, plus V-4Cr-4Ti alloy from General
Atomics) are also being evaluated. Other variables of interest are the effect of initial
grain size on hydrogen uptake and tensile properties, and the synergistic effects of
oxygen and hydrogen on the tensile behavior of the alloys. Experiments
conducted on specimens of various V-Cr-Ti alloys exposed to pHo levels of 0.01
and 3 x 1076 torr showed negligible effect of Ho on either maximum engineering
stress or uniform and total elongation. However, uniform and total elongation
decreased substantially when the alloys were exposed to 1.0 torr Ho pressure.
Preliminary data from sequential exposures of the materials to low-pO> and several
low-pHo environments did not reveal an adverse effect on the maximum
engineering stress or on uniform and total elongation. Further, tests in Ho
environments on specimens annealed at different temperatures showed that grain-
size variation by a factor of =2 had little or no effect on tensile properties.

OXIDATION BEHAVIOR OF V-Cr-Ti ALLOYS IN LOW-PARTIAL-PRESSURE
OXYGEN ENVIRONMENTS — K. Natesan and M. Uz (Argonne National Laboratory)

A test program is in progress at Argonne National Laboratory to evaluate the effect
of pO2 in the exposure environment on oxygen uptake, scaling kinetics, and scale
microstructure in V-Cr-Ti alloys. The data indicate that the oxidation process follows
parabolic kinetics in all of the environments used in the present study. From the
weight change data, parabolic rate constants were evaluated as a function of
temperature and exposure environment. The temperature dependence of the
parabolic rate constants was described by an Arrhenium relationship. Activation
energy for the oxidation process was fairly constant in the oxygen pressure range of
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1 x10"6to 1 x 101 torr for both the alloys. The activation energy for oxidation in air
was significantly lower than in low-pO2 environments, and for oxidation in pure Oo at
760 torr was much lower than in low-pOs environments. X-ray diffraction analysis of
the specimens showed that VO5 was the dominant phase in low-pO2 environments,
while VoOs was dominant in air and in pure oxygen at 760 torr.

MICROSTRUCTURAL CHARACTERIZATION OF EXTERNAL AND INTERNAL OXIDE
PRODUCTS ON V-4Cr-4Ti — B. A. Pint, P. M. Rice, L. D. Chitwood, J. H. DeVan, and
J. R. DiStefano (Oak Ridge National Laboratory) 77

Air oxidation of V-4Cr-4Ti at 500°C at 1 atm resulted in the formation of a thin (100-150 nm)
external vanadium nitride layer which was identified beneath a thicker (1.5 pm) vanadium
oxide scale. This nitride layer would only be detected by high-resolution, analytical electron
microscopy techniques. Subsequent tests comparing room temperature tensile properties
for exposure in laboratory air, dry air, and dry oxygen at 1 atm showed more embrittlement in
air than in O2. Internal oxidation of coarse-grained V-4Cr-4Ti at low oxygen pressures at
500°C was followed by TEM examination. In a sample with a 1400 ppmw O addition, which
is sufficient to reduce the ductility to near zero, there appeared to be an oxygen denuded
zone {150-250 nm) near the grain boundaries with precipitates at the grain boundaries and
uniform ultra-fine (<5 nm) oxygen particles in the matrix. In a similar O-loaded specimen
that was subsequently annealed for 4 h at 950°C to restore ductility, large oxide particles
were observed in the matrix and at the grain boundaries.

DEVELOPMENT OF ELECTRICALLY INSULATING CaO COATINGS — K. Natesan,
C. B. Reed, M. Uz, and D. L. Rink (Argonne National Laboratory) 82

A systematic study has been initiated to develop electrically insulating CaO coatings
by vapor phase transport and by in-situ formation in a fiquid Li environment. Several
experiments were conducted in vapor transport studies with variations in process
temperature, time, specimen location, specimen surface preparation, and
pretreatment. Several of the coatings obtained by this method exhibited Ca
concentration in the range of 60-85 wt.% on the surface. However, coating
thickness has not been very uniform among several samples exposed in the same
run or even within the same sample. The coatings developed in these early tests
degraded after 24 h exposure to Li at 500°C. Additional experiments are under way
to develop better-adhering and more dense coatings by this method.

A program to develop in-situ CaO coating in Li has been initiated, and the first set of
capsule tests at 800°C in three different Li-Ca mixtures will be completed in early
July. Specimens included in the run are bare V-4Cr-4Ti alloy, specimens with a grit-
blasted surface and O-precharged in 83.999% Ar, polished specimens precharged
in a 99.999% Ar and 5000 ppm O2-N2o mixture, and prealuminized V-5Cr-5Ti alloy
preoxidized in a 5000 ppm Oo-No mixture. Additional experiments at lower
temperatures are planned. '

LASER-WELDED V-Cr-Ti ALLOYS: MICROSTRUCTURAL AND MECHANICAL
PROPERTIES — K. Natesan, D. L. Smith, Z. Xu, and K. H. Leong (Argonne National
Laboratory) 87

A systematic study has been in progress at Argonne National Laboratory to examine
the use of YaG or COo lasers to weld sheet materials of V-Cr-Ti alioys and to
characterize the microstructural and mechanical properties of the laser-welded
materials. In addition, several postwelding heat treatments are being applied to the
welded samples to evaluate their benefits, if any, to the structure and properties of
the weldments. Hardness measurements are made across the welded regions of




2.0
2.1

2.2

2.3

2.4

ix

different samples to evaluate differences in the characteristics of various
weldments. Several weldments were used to fabricate specimens for four-point
bend tests. Several additional weldments were made with a YaG laser; here, the
emphasis was on determining the optimal weld parameters to achieve deep
penetration in the welds. A preliminary assessment was then made of the
weldments on the basis of microstructure, hardness profiles, and defects.

SILICON CARBIDE COMPOSITE MATERIALS

THERMOPHYSICAL AND MECHANICAL PROPERTIES OF SiC/SiC
COMPOSITES — S. J. Zinkle and L. L. Snead (Oak Ridge National Laboratory)

The key thermophysical and mechanical properties for SiC/SiC composites are
summarized, including temperature-dependent tensile properties, elastic
constants, thermal conductivity, thermal expansion, and specific heat. The effects
of neutron irradiation on the thermal conductivity and dimensional stability
(volumetric swelling, creep) of SiC is discussed. The estimated lower and upper
temperatures limits for structural applications in high power density fusion
applications are 400 and 1000°C due to thermal conductivity degradation and void
swelling considerations, respectively. Further data are needed to more accurately
determine these estimated temperature limits.

A REVIEW OF JOINING TECHNIQUES FOR SiCg/SiC COMPOSITES FOR FIRST

WALL APPLICATIONS — C. A. Lewinsohn and R. H. Jones (Pacific Northwest
National Laboratory)

Many methods for joining monolithic and composite silicon carbide are available.
Three techniques are candidates for use in fusion energy systems: in-situ
displacement reactions, pre-ceramic polymer adhesives, and reaction bonding.
None of the methods are currently developed enough to satisfy all of the criteria
required, i.e., low temperature fabrication, high strength, and radiation stability.

THE HFIR 14J SiC/SiC COMPOSITE AND SiC FIBER COLLABORATION —
G. E. Youngblood and R. H. Jones (Pacific Northwest National Laboratory),
Akira Kohyama and Yutai Katoh (Kyoto University), Akira Hasegawa (Tohoku
University), Reinhard Scholz (European Joint Research Commission, and
Lance Snead (Oak Ridge National Laboratory)

A short introduction with references establishes the current status of research and
development of SiCy/SiC composites for fusion energy systems with respect to
several key issues. The SiC fiber and composite specimen types selected for the
JUPITER 14J irradiation experiment are presented together with the rationale for
their selection.

NEUTRON JRRADIATION INDUCED AMORPHIZATION OF SILICON CARBIDE —
L. L. Snead and J. C. Hay (Oak Ridge National Laboratory)

This paper provides the first known observation of silicon carbide fully amorphized
under neutron irradiation. Both high purity single crystal hep and high purity, highly
faulted (cubic) chemically vapor deposited (CVD) S|C were irradiated at
approximately 80°C to a total fast neutron fluence of 2.6 x 10%° n/m®. Amorphization
was seen in both materials, as evidenced by TEM, electron diffraction, and x-ray
diffraction techniques. Physical properties for the amorphized single crystal material
are reported including large changes in density (-10.8%), elastic modulus as
measured using a nanoindentation technique (-45%), hardness as measured by
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nanoindentation (-45%), and standard Vickers hardness (-24%). Similar property
changes are observed for the amorphized CVD SiC. Using measured thermal
conductivity data for the CVD SiC sample, the critical temperature for amorphization
at this neutron dose and flux, above which amorphization is not possible, is
estimated to be greater than 130°C.

FERRITIC/MARTENSITIC STEELS

THERMOPHYSICAL AND MECHANICAL PROPERTIES OF Fe-(8-9)%Cr REDUCED
ACTIVATION STEELS — S. J. Zinkle, J. P. Robertson, and R. L. Klueh (Oak Ridge
National Laboratory)

The key thermophysical and mechanical properties for 8-3%Cr reduced activation
ferritic/ martensitic steels are summarized, including temperature-dependent tensile
properties in the unirradiated and irradiated conditions, stress-rupture behavior,
elastic constants, thermal conductivity, thermal expansion, specific heat, and
ductile-to-brittle transition temperature. The estimated lower and upper
temperatures limits for structural applications are 250 and 550°C due to radiation
hardening/embrittiement and thermal creep considerations, respectively.

ANALYSIS OF STRESS-INDUCED BURGERS VECTOR ANISOTROPY IN
PRESSURIZED TUBE SPECIMENS OF IRRADIATED FERRITIC-MARTENSITIC
STEEL: JLF-1—D. S. Gelles (Pacific Northwest National Laboratory) and

T. Shibayama (University of Hokkaido, Japan)

A procedure for determining the Burgers vector anisotropy in irradiated ferritic steels
allowing identification of all a<100> and all g-<11 1> dislocations in a region of

interest is applied to a pressurized tube specimen of JLF-1 irradiated at 430°C to
14.3 x 1022 n/cm? (E>0.1 MeV) or 61 dpa. Analysis of micrographs indicates large
anisotropy in Burgers vector populations develop during irradiation creep.

MECHANICAL PROPERTIES OF IRRADIATED 9Cr-3WVTa STEEL —
R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory), and M. Rieth
(Forschungszentrum Karisruhe Institut fiir Materialforschung |f)

An Fe-9Cr-2W-0.25V-0.07Ta-0.1C (9Cr-2WVTa) steel has excellent strength and
impact toughness before and after irradiation in the Fast Flux Test Facility and the
High Flux Reactor (HFR). The ductile-brittle transition temperature (DBTT)
increased only 32°C after 28 dpa at 365°C in FFTF, compared to a shift of =60°C for a
9Cr-2WV steel—the same as the 9Cr-2WVTa steel but without tantalum. This
difference occurred despite the two steels having similar tensile properties before
and after irradiation. The 9Cr-2WVTa steel has a smaller prior-austenite grain size,
but otherwise microstructures are similar before irradiation and show similar changes
during irradiation. The irradiation behavior of the 9Cr-2WVTa steel differs from the
9Cr-2WV steel in two ways: (1) the shift in DBTT of the 9Cr-2WVTa steel irradiated in
FFTF does not saturate with fluence by =28 dpa, whereas for the 9Cr-2WV steel
and most similar steels, saturation occurs at <10 dpa, and (2) the shift in DBTT for
9Cr-2WVTa steel irradiated in FFTF and HFR increased with irradiation temperature,
whereas it decreased for the 9Cr-2WYV steel, as it does for most similar steels. The
improved properties of the 9Cr-2WVTa steel and the differences with other steels
were attributed to tantalum in solution.
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MICROSTRUCTURAL ANALYSIS OF FERRITIC-MARTENSITIC STEELS
IRRADIATED AT LOW TEMPERATURE IN HFIR — N. Hashimoto (Oak Ridge
National Laboratory), E. Wakai (Japan Atomic Energy Research Institute),

J. P. Robertson and A. F. Rowcliffe (Oak Ridge National Laboratory)

Disk specimens of ferritic-martensitic steel, HT9 and F82H, irradiated to damage
leveis of ~3 dpa at irradiation temperatures of either ~80°C or ~250°C have been
investigated by using transmission electron microscopy. Before irradiation,
tempered HT9 contained only Mso3Cg carbide. lIrradiation at 90°C and 250°C
induced a dislocation loop density of 1 x 1022 m™3 and 8 x 1021 m™3, respectively. In
the HT9 irradiated at 250°C, a radiation-induced phase, tentatively identified as o',
was observed with a number density of less than 1 x 1022 m-3. Difference in the
radiation-induced phase and the loop microstructure may be related to. differences
in the post-yield deformation behavior of the two steels.

COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS

PROGRESS REPORT ON THE INFLUENCE OF TEST TEMPERATURE AND
GRAIN BOUNDARY CHEMISTRY ON THE FRACTURE BEHAVIOR OF ITER
COPPER ALLOYS — M. Li and J. F. Stubbins (University of lllinois) and

D. J. Edwards (Pacific Northwest National Laboratory)

This collaborative study was initiated to determine mechanical properties at elevated
temperatures of various copper alloys by University of lllinois and Pacific
Northwestern National Lab with support of OMG Americas, Inc., and Brush Wellman,
Inc. This report includes current experimental results on notch tensile tests and pre-
cracked bend bar tests on these materials at room temperature, 200 and 300°C.
The elevated temperature tests were performed in vacuum and indicate a decrease
in fracture resistance with increasing temperature, as seen in previous
investigations. While the causes for the decreases in fracture resistance are still not
clear, the current results indicate that environmental effects are likely less important
in the process than formerly assumed.

COMPARISON OF PROPERTIES AND MICROSTRUCTURES OF TREFIMETAUX
AND HYCON 3HP™ AFTER NEUTRON IRRADIATION — D. J. EDWARDS (Pacific
Northwest National Laboratory), B. N. Singh, P. Toft, and M. Eldrup (Risg National
Laboratory)

Extended Abstract.

TENSILE AND ELECTRICAL PROPERTIES OF HIGH-STRENGTH HIGH-
CONDUCTIVITY COPPER ALLOYS — S.J. Zinkle and W.S. Eatherly (Oak Ridge
National Laboratory)

Electrical conductivity and tensile properties have been measured on an extruded
and annealed CuCrNb dispersion strengthened copper alloy which has been
developed for demanding aerospace high heat flux applications. The properties of
this alloy are somewhat inferior to GlidCop dispersion strengthened copper and
prime-aged CuCrZr over the temperature range of 20-500°C. However, if the
property degradation in CuCrZr due to joining operations and the anisotropic
properties of GlidCop in the short transverse direction are taken into consideration,
CuCrNb may be a suitable alternative material for high heat flux structural

‘applications in fusion energy devices. The elecirical conductivity and tensile

properties of CuCrZr that was solution annealed and then simultaneously aged and
diffusion bonded are also summarized. A severe reduction in tensile elongation is
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cbhserved in the diffusion bonded joint, particularly if a thin copper shim is not
placed in the diffusion bondline.

ROUND ROBIN COMPARISON OF TENSILE RESULTS ON GlidCop Al25 —

D. J. Edwards (Pacific Northwest National Laboratory), S. J. Zinkle (Oak Ridge
National Laboratory), S. A. Fabritsiev (DV Efremov Institute), and A. S. Pokrovsky
(Research Institute of Atomic Reactors)

A round robin comparison of the tensile properties of GlidCop™ AI25 oxide
dispersion strengthened copper was initiated between collaborating laboratories to
evaluate the test and analysis procedures used in the irradiation experiments in
SRIAR in Dimitrovgrad. The tests were conducted using the same tensile specimen
geometry as used in previous irradiation experiments, with tests at each laboratory
being conducted in air or vacuum at 25, 150, and 300°C at a strain rate of 3 x10"4 s~
1. The strength of the GlidCop™ AI25 decreased as a the test temperature
increased, with no observable effect of testing in air versus vacuum on the yield and
ultimate strengths. The uniform elongation decreased by almost a factor of 3 when
the test temperature was raised from room temperature to 300°C, but the total
elongation remained roughly constant over the range of test temperatures. Any
effect of testing in air on the ductility may have been masked by the scatter
introduced into the results because each laboratory tested the specimens in a
different grip setup. In light of this, the results of the round robin tests
demonstrated that the test and analysis procedures produced essentially the same
values for tensile yield and ultimate, but significant variability was present in both the
uniform and total elongation measurements due to the gripping technique.

PROGRESS REPORT ON THE BEHAVIOR AND MODELING OF COPPER ALLOY
TO STAINLESS STEEL JOINTS FOR ITER FIRST WALL APPLICATIONS — J. Min,
J. Stubbins, J. Collins {University of Illinois), and A. F. Rowcliffe (Oak Ridge National
Laboratory)

The stress states that lead to failure of joints between GlidCop TM CuAl25 and 316L
SS were examined using finite element modeling techniques to explain
experimental observations of behavior of those joints. The joints were formed by
hot isostatic pressing (HIP) and bend bar specimens were fabricated with the joint
inclined 45° to the major axis of the specimen. The lower surface of the bend bar
was notched in order to help induce a precrack for subsequent loading in bending.
The precrack was intended to localize a high stress concentration in close proximity
to the interface so that its behavior could be examined without complicating factors
from the bulk materials and the specimen configuration. Preparatory work to grow
acceptable precracks caused the specimen to fail prematurely while the precrack
was still progressing into the specimen toward the interface. This prompted the
finite element model calculations to help understand the reasons for this behavior
from examination of the stress states throughout the specimen. An additional
benefit sought from the finite element modeling effort was to understand if the
stress states in this non-conventional specimen were representative of those that
might be experienced during operation in ITER.

AUSTENITIC STAINLESS STEELS
No contributions. »
INSULATING CERAMICS AND OPTICAL MATERIALS

No contributions.
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SOLID BREEDING MATERIALS

LOW-TEMPERATURE LOW-DOSE NEUTRON IRRADIATION EFFECTS ON
BRUSH WELLMAN S65-C AND KAWECKI BERYLCO PO BERYLLIUM —
L. L. Snead (Oak Ridge National Laboratory)

The mechanical property results for two high quality beryllium materials subjected to
low temperature, low dose neutron irradiation in water moderated reactors are
presented. Materials chosen were the S65-C ITER candidate material produced by
Brush Wellman, and Kawecki Berylco Industries PO beryllium. Both materials were
processed by vacuum hot pressing. Mini sheet tensile and thermal diffusivity
specimens were irradiated in the temperature range of ~100-275°C from a fast
(E>0.1 MeV) neutron dose of 0.05 to 1.0x10% n/m? in the High Flux Isotope Reactor
(HFIR) at the Oak Ridge National Laboratory and the High Flux Beam Reactor
(HFBR) at the Brookhaven National Laboratory. As expected from earlier work on
beryllium, both materials underwent significant embrittlement with corresponding
reduction in ductility and increased strength. Both thermal diffusivity and volumetric
expansion were measured and found to be negligible in this temperature and
fluence range. Of significance from this work is that while both materials rapidly
embrittle at these ITER relevant irradiation conditions, some ductility (>1-2%)
remains, which contrasts with a body of earlier work including recent work on the
Brush-Wellman S65-C material irradiated to slightly higher neutron fluence.

RADIATION EFFECTS, MECHANISTIC STUDIES, AND
EXPERIMENTAL METHODS ‘

No contributions.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION
CALCULATIONS

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE ATR-A1
RRADIATION — L. R. Greenwood and R. T. Ratner (Pacific Northwest National
Laboratory)

Neutron fluence measurements and radiation damage calculations are reported for
the collaborative U.S./Japan ATR-A1 irradiation in the Advanced Test Reactor (ATR)
at ldaho National Engineering Laboratory (INEL). The maximum total neutron
fluence at midplane was 9.4 x 1021 n/cm2 (5.5 x 1021 n/fcm?2 above 0.1 MeV),
resulting in about 4.6 dpa in vanadium.

ANALYSIS AND RECOMMENDATIONS FOR DPA CALCULATIONS IN SiC —
H. L. Heinisch (Pacific Northwest National Laboratory

Recent modeling results, coupled with the implications of available experimental
results, provide sufficient information to achieve consensus on the values of
threshold displacement energies to use in DPA calculations. The values
recommended here, 20 eV for C and 35 eV for Si, will be presented for adoption by
the international fusion materials community at the next IEA SiC/SiC workshop.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS

IMPACT OF STRUCTURAL DESIGN CRITERIA ON FIRST WALL SURFACE HEAT
FLUX LIMIT — 8. Majumdar (Argonne National Laboratory)

213

215

227

229

231

236

239

241




10.2

11.0

111

11.2

The irradiation environment experienced by the in-vessel components of fusion
reactors presents structural design challenges not envisioned in the development
of existing structural design criteria such as the ASME Code or RCC-MR. From the
standpoint of design criteria, the most significant issues stem from the irradiation-
induced changes in materials properties. Specifically, the reduction of ductility,
strain hardening capability, and fracture toughness with neutron irradiation.
Recently, Draft 7 of the ITER structural design criteria (ISDC), which provide new
rules for guarding against such problems, was released for trial use by the ITER
designers. The new rules, which were derived from a simple model based on the
concept of elastic follow up factor, provide primary and secondary stress limits as
functions of uniform elongation and ductility. The implication of these rules on the
allowable surface heat flux on typical first walls made of type 316 stainless steel and
vanadium alloys are discussed.

ELASTIC-PLASTIC ANALYSIS OF THE SS-3 TENSILE SPECIMEN S. Majumdar
{Argonne National Laboratory)

Tensile tests of most irradiated specimens of vanadium alloys are conducted using
the miniature $S-3 specimen which is not ASTM approved. Detailed elastic-plastic
finite element analysis of the specimen was conducted to show that, as long as the
uftimate to yield strength ratio is less than or equal {o 1.25 (which is satisfied by many
irradiated materials), the siress-plastic strain curve obtained by using such a
specimen is representative of the true material behavior.

IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL
METHODS

STATUS OF LITHIUM-FILLED SPECIMEN SUBCAPSULES FOR THE HFIR-
MFE-RB-10J EXPERIMENT -- J. P. Robertson, M. Howell, and K. E. Lenox
(Oak Ridge National Laboratory)

The HFIR-MFE-RB-10J experiment will be irradiated in a Removable Beryllium
position in the HFIR for 10 reactor cycles, accumulating approximately 5 dpa in steel.
The upper region of the capsule contains two lithium-filled subcapsules containing
vanadium specimens. This report describes the techniques developed to achieve a
satisfactory lithium fill with a specimen occupancy of 26% in each subcapsule.

SPECIMEN LOADING LIST FOR THE VARYING TEMPERATURE EXPERIMENT —
A. L. Qualls and R. G. Sitterson (Oak Ridge National Laboratory)

The varying temperature experiment HFIR-RB-13J has been assembled and
inserted in the reactor. Approximately 5300 specimens were cleaned, inspected,
matched, and loaded into four specimen holders. A listing of each specimen loaded
into the steady temperature holder, its position in the capsule, and the identification
of the corresponding specimen loaded into the varying temperature holder is
presented in this report.

STATUS OF THE IRRADIATION TEST VEHICLE FOR TESTING FUSION
MATERIALS IN THE ADVANCED TEST REACTOR — H. Tsai, |. C. Gomes, and
D. L. Smith (Argonne National Laboratory), A. J. Palmer, and F. W. Ingram
(Lockheed Martin Idaho Technologies Company), and F. W. Wiffen (U.S.
Department of Energy)

The design of the irradiation test vehicle (ITV) for the Advanced Test Reactor (ATR)
has been completed. The main appiication for the ITV is irradiation testing of
candidate fusion structural materials, including vanadium-base alloys, silicon
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carbided composites, and low-activation steels. Construction of the vehicle is under
way at the Lockheed Martin Idaho Technology Company (LMITCO). Dummy test
trains are being built for system checkout and fine-tuning. Reactor insertion of the
ITV with the dummy test trains is scheduled for fall 1998. Barring unexpected
difficulties, the ITV will be available for experiments in early 1999,

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

The current status of reactor irradiation experiments is presented in tables
summarizing the experimental objectives, conditions, and schedule.
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TENSILE AND IMPACT PROPERTIES OF GENERAL ATOMICS 832864 HEAT OF V-4Cr-4Ti
ALLOY - H. Tsai, L. J. Nowicki, J. Gazda, M. C. Billone, and D. L. Smith (Argonne National
Laboratory), W. R. Johnson and P. Trester (General Atomics)

SUMMARY

A 1300-kg heat of V-4Cr-4Ti alloy was procured by General Atomics (GA) for the DIlI-D radiative
divertor program. To determine the mechanical properties of this alloy, tensile and Charpy tests
were conducted on specimens prepared from pieces of 4.8-mm-thick as-rolled plates, a major
product form for the DIlI-D application. The tensile tests were conducted at three temperatures, 26,
280 and 380°C, the last two being the anficipated peak temperatures during DIll-D boronization and
postvent bake-out, respectively. Results from these tests show that the tensile and impact
properties of the 832864 heat are comparable to those of the other smaller V-(4-5)Cr-(4-5)Ti alloy
heats previously developed by the U.S. Fusion Materials Program and that scale-up of vanadium
alfoy production can be successfully achieved as long as reasonable process control is
implemented.

OBJECTIVE

The objective of this task was to determine the tensile and impact properties of the 832864 heat of V-
4Cr-4Ti in the temperature regime of importance to the DIlI-D radiative divertor program.

BACKGROUND

Vanadium-base alloys are promising candidates for fusion reactor applications because of their low
activation and good thermal-mechanical properties and radiation resistance at high temperature. To
demonstrate the in-service behavior of vanadium alloys in a typical tokamak environment, and to
develop knowledge and experience on the design, processing, and fabrication of full-scale vanadium
alloy components, GA developed a pian to fabricate a vanadium alloy structure in the DIII-D radiative
divertor modification [1,2}. As part of this project, a 1300-kg heat of V-4Cr-4Ti alloy was procured by
GA. This heat was produced by Teledyne Wah-Chang of Albany according to specifications
developed by GA with input from ANL and ORNL. Particular attention was given to control of
impurities in order to meet the immediate goals for the DIll-D radiative divertor program and future
goals for development of vanadium alloys used in advanced fusion systems. = The requirements
included minimization of Nb, Mo, and Ag for low neutron activation; optimization of Si (400-1000
ppm} to suppress neutron-induced swelling; and control of O, N, C and other impurities to avoid
grain-boundary segregation and precipitation of embrittling phases [3]. A detailed report on the
production of this heat can be found elsewhere [4,5].

GA has conducted six tensile tests on the 832864-heat material at room temperature [6]. The
specimens, with gauge dimensions of 4.06 mm (thick) x 6.35 mm (width) x 25.4 mm (length), were
machined from either plate stock (4.8 mm thick) or rod stock (10.2 mm dia.). All specimens were
annealed at 1000°C for 1 h in vacuum (<1 x 10 torr, cryopumped) before the tests. The tests were
performed with attached gauge extensometers at a strain rate of 5 x 10%s. Results of these tests
are summarized in Table 1.

*wWork supported by U.S. Depariment of Energy, Office of Fusion Energy Research, under Contract W31-109-Eng-38.




Table 1. Room-temperature tensile properties of Heat 832864 determined by GA

Specimens  Yield Strength  Ultimate Tensile Total Reduction in

Made from {(MPa) Strength (MPa)  Elongation (%) Area (%)

Plate Stock 3086 398 41 93

Rod Stock 299 408 42 88
EXPERIMENTAL PROCEDURE

Specimen Preparation

The AN'L test specimens were prepared from two 4.8-mm-thick plates supplied by GA. They were
the trimmed edges from two as-rolled plates. To avoid altering the as-rolled microstructure, the test
specimens were electro-discharge machined with no further rolling of the pieces.

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

The Charpy impact specimens were 1/3-size, 3.3 mm (1) x 3.3 mm (w) x 25.4 mm (1), with a 30°,
0.61-mm-deep, 0.08-mm-root radius machined notch. The notch orientation (i.e., crack
propagation direction) was perpendicular to the final rolling direction and into the thickness of the
plate. This Charpy specimen design is also a de facto standard and has been used extensively in
previous fusion materials tests.

After the machining and cleaning, all specimens were annealed in an ion-pumped vacuum (<1 X
107 torr) at 1000°C for 1 h before the testing.

Test Procedure

One tensile test each was conducted at room temperature, 280, and 380°C, the last two being the
anticipated peak temperatures during the DIII-D boronization and postvent bake-out, respectively.
The room-temperature test was conducted in air; the elevated-temperature tests were conducted
in high-purity flowing argon. The tests were performed with an Instron machine without an
extensometer attached to the specimen gauge. Extensions due to slack in the grip and
deformation of the load frame were subtracted from the crosshead displacement to obtain the
correct gauge-section extension. The strain rate for all tests was 1.1 x 10%s, which is the
reference used in many previous fusion materials tensile tests.

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

RESULTS AND DISCUSSION
Tensile Tests
The results of the tensile tests are summarized in Table 2 and Fig. 1. The individual tensile

curves are shown in Fig. 2. Reduction-in-area measurements and fractographic examinations
have not yet been conducted.




Table 2. Tensile properties of 832864 heat determined at ANL

Test Yield Strength®  Ultimate Tensile Uniform Total
Temp. (°C) (MPa) Strength (MPa)  Elongation (%)  Elongation (%)
26 315 410 19.3 28.5
280 228 345 16.7 23.2
380 228 355 15.3 22.8

2Lower yield point.
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Fig. 1. Tensile properties of Heat 832864 as functions of test temperature

Compared to the data determined by GA (Table 1), the agreement in the room-temperature
strengths is good. The slight difference in strain rates (1.1 x 10%s in the ANL tests and 5 x 10%/s
in the GA tests) appeared to be a nonfactor, as previous studies have indicated [7]. The room-
temperature total elongation data from the ANL test, however, were notably lower than those from
the GA tests, ~29 vs. 41%. The cause of this discrepancy is probably related to differences in
specimen size and geometry but has not been fully determined.

Possibly the most insightful assessment of the 832864 heat is to compare its properties with those
of the previous V-4Cr-4Ti heats that have been extensively studied. In this regard, the 832864
heat appears to be fairly similar to the other heats, as described below.

In Fig. 3, ultimate tensile strength of the 832864 heat is compared to that in the existing V-4Cr-4Ti
data base. The 832864 data are near the center of the established data band. The data also
display the characteristic upturn with temperature in the ~300-600°C range.
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Comparison of the yield strength and uniform elongation of the 832864 heat with those in the
existing V-4Cr-4Ti data base is shown in Fig. 4. Again, the data for the 832864 heat are
comparable with those of the previous heats. The yield strength of the 832864 heat is slightly
lower than the group average, possibly because of its lower impurity and Si contents.
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Fig. 3. Comparison of ultimate tensile strength of 832864 heat with that in existing data base [8].
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Fig. 4. Comparison of yield strength and uniform elongation of 832864 heat with those in existing
database [8].




Likewise, comparison of total elongation data (Fig. 5) revealed no significant differences between

832864 and the other heats.
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Fig. 5. Comparison of total elongation of 832864 heat with that in existing data base [8]. Neglect
open-symbol irradiated data in lower part of chart.

Charpy Impact Tests

The results of the Charpy tests are shown in Fig. 6 along with prior data from the 832665 sibling
heat of V-4Cr-4Ti. The upper-shelf energy of ~10-12 J of the 832864 heat is slightly lower than
that of the 832665 heat. Again, this may be due to differences in impurity contents. A transition
from upper-shelf to lower-shelf, in good agreement with the data trend, appears to occur at a low
temperature, =~ -180°C. From Fig. 6, we can concluded that the impact properties of the 832864
heat are good and comparable to those of the sibling 832665 heat.

FUTURE ACTIVITIES

Fractographic examination of the test specimens will be completed to determine the fracture mode
and reduction-in-area data.
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Fig. 6. Comparison of Chafpy impact properties of 832864 heat with existing data base [9,10].
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"HIGH TEMPERATURE TENSILE PROPERTIES OF V-4Cr-4Ti — S. J. Zinkle,
A. F. Rowciliffe and C. O. Stevens (Oak Ridge National L.aboratory)

OBJECTIVE
§ The objective of this report is to summarize recent high temperature data on the tensile properties
_ of V-4Cr-4Ti.
___—<UMMARY

Tensile tests have been performed on V-4Cr-4Ti at 750 and 800°C in order to extend the data
base beyond the current limit of 700°C. From comparison with previous measurements, the yield
strength is nearly constant and tensile elongations decrease slightly with increasing temperature
between 300 and 800°C. The ultimate strength exhibits an apparent maximum near 600°C
(attributable to dynamic strain aging) but adequate strength is maintained up to 800°C. The
reduction in area measured on tensile specimens remained high (~80%) for test temperatures up
to 800°C, in contrast to previous reported results.

PROGRESS AND STATUS
Introduction

The maximum operating temperature limit for vanadium alloys in fusion reactor design studies is
typically assumed to be ~700°C [1,2]. Alternatively, it was recently suggested that vanadium
alloys might be capable of operation at temperatures up to 750°C [3]. Although the maximum
operating temperature will likely be determined by creep (thermal and irradiation), helium
embrittlement, or corrosion effects, there are no known tensile data for V-4Cr-4Ti alloys at
temperatures above 700°C. High temperature tensile data would be beneficial to help guide
planned thermal creep experiments on V-4Cr-4Ti, and may provide some insight into the
maximum allowable operating temperature based on mechanical strength considerations.

Experimental Procedure

The specimens were prepared from the 500 kg US fusion program heat of V-4Cr-4Ti (heat
832665). A 50% cold-rolled plate (6.4 mm thickness) supplied by Teledyne Wah Chang Albany
was annealed at 1000°C for 2 h and then cross-rolled to a thickness of 3.81 mm (40% cold work).
Type SS3 miniature sheet tensile specimens (nominal gage dimensions 0.76 x 1.52 x 7.6 mm})
were electrodischarge machined and subsequently annealed at 1000°C for 2 h in a vacuum of
~2 x 107 torr. The specimens were engraved with ID codes gRC and RD series) prior to
annealing. The tensile specimens were tested in vacuum (~2 x 10 torr) at a constant crosshead
speed of 0.46 mm/minute, which corresponds to an initial strain rate of 1.0 x 10° s'. The
specimens were held at the test temperature for 20 to 30 minutes prior to the start of the tensile
test. Data were digitally acquired at an acquisition rate of 20 points per second. Following tensile
testing, the fracture surfaces were examined in a scanning electron microscope in order to
determine the reduction in area.

Results and Discussion

The tensile properties of the V-4Cr-4Ti specimens are listed in Table 1, and the load-elongation
tensile curves are shown in Fig. 1. Slight yield drops were observed at all three test temperatures,
simitar to what was previously observed at test temperatures up to 700°C [4]. The difference
between the upper and lower yield points was approximately 10 MPa in all three cases. The




Table 1. Summary of tensile data on V-4Cr-4Ti specimens.

Test temperature | Yield strength Ultimate Uniform Total Reduction in
strength | elongation elongation - area
600°C 228 MPa 387 MPa 11.5% 22% —
750°C 235 MPa 397 MPa 10.0% 17% 77%
800°C 234 MPa 337 MPa 10.5% 20% 82%

Luders band elongation was less than 2% at all three temperatures. The yield strength was
determined at the lower yield point, which occurred at 0.2-0.5% plastic extension. Serrations in
the stress-strain tensile curves were observed in specimens tested at temperatures up to 750°C,
although the amplitude of the serrations observed at 750°C was much smalier than that observed
at 600-700°C [4]. The amplitude of the serrations was very small (~1 MPa) at a {est temperature of
800°C. The Portevin-Le Chatelier serrations fell below the general level of the stress-strain curve
(Type C behavior [4]) at all three test temperatures.

The present iensile data are plotted along with previously reported tensile data [4-6] in Figs. 2-4.
The strength data shown in Fig. 2 were fitted to a 4th order polynomial, and the resulting
equations are given in the figure. The yield strength is nearly independent of test temperature
between 300 and 800°C. The ultimate strength exhibits a local maximum at test temperatures
near 600°C, and begins to significantly decrease at 800°C. As shown in Fig. 3, the uniform and
total elongation decrease slowly with increasing temperature. High tensile elongations are
observed at all temperatures up to 800°C. The reduction in area measured in the present study
(Fig. 4) was ~80% at both 750 and 800°C. Ductile dimple fracture surfaces were observed at
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Fig. 1. Load-elongation curves for V-4Cr-4Ti tensile specimens tested at 600-800°C. The tensile
curves have been horizontally offset for clarity.
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all temperatures investigated in this study. Previous studies [5,6] reported that the reduction in
area for V-4Cr-4Ti was nearly constant between 20 and 500°C with a value of ~90%, and
decreased rapidly at temperatures above 600°C. The reason for the apparent discrepancy in high
temperature reduction in area values between the present study and the values summarized in
ref. [5] is uncertain. Differences in the quality of the testing vacuum may be one possibility.
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TENSILE PROPERTIES OF VANADIUM-BASE ALLOYS IRRADIATED IN THE FUSION-1
LOW-TEMPERATURE EXPERIMENT IN THE BOR-60 REACTOR - H. Tsai, J. Gazda, L. J.
Nowicki, M. C. Billone, and D. L. Smith (Argonne National Laboratory)

- TIVE

w is a sodium-cooled fast reactor in Russia with the iow coolant inlet temperature of 300-
@‘" »-,5 .. The objective of the Fusion-1 experiment in BOR-60 was to study the effects of neutron
© ¢ ge in vanadium-base alloys in the 300-350°C temperature regime. Prior to this experiment,
\’* - ation testing of vanadium-base alloys in mixed-spectrum reactors and the fast reactor EBR-II
¥ nperatures below ~400°C had shown significant radiation hardening and embrittlement of
ials even at a relatively low neutron dose. The Fusion-1 experiment, a joint U.S.-Russia
\) to develop fusion materials, was designed to evaluate this low-temperature sensitivity at the

wate neutron fluence of ~20 displacements per atom (dpa).

SUMMARY

The irradiation has been completed and the test specimens have been retrieved from the lithium-
bonded capsule at the Research Institute of Atomic Reactors (RIAR) in Russia [1]. During this
reporting period, the Argonne National Laboratory (ANL) tensile specimens were received from
RIAR and initial testing and examination of these specimens at ANL has been compieted. The
results, corroborating previous findings [2-5], showed a significant loss of work hardening
capability in the materials. There appears to be no significant difference in behavior among the
various heats of vanadium-base alloys in the V-(4-5)Cr-(4-5)Ti composition range. The variations
in the preirradiation annealing conditions also produced no notable differences.

EXPERIMENTAL PROCEDURE

Test Specimens

The tensile specimens submitted by ANL for the Fusion-1 experiment were 1/3-sized sheet
specimens, with an overall length of 25.4 mm and a gauge section that was 7.62 mm long x 1.52
mm wide x 0.76 mm thick. The long direction of the gauge section was parallel to the final rolling
direction of the sheets.

The primary test variable of the ANL specimens was alloy composition: V-4Cr-4Ti (Heat 832665),
V-5Cr-5Ti (Heat T87), V-4Cr-4Ti with addition of 250 appm of boron (QN74), and a Russian heat
of V-4Cr-4Ti (VX8). Table 1 shows the nominal compositions of these alloys. Also included in
the test were weldment specimens from bead-on-plate laser welds of the Heat 832665 material.
The purpose of adding boron to the QN74 alloy was to study the effects of helium generation from
the B(n,a)Li reactions.

The secondary test variable was preirradiation thermal-mechanical treatment: all specimens
except the weldment were annealed in vacuum at 950 or 1000°C for 1 or 2 h to remove the prior
cold work (#50%). The laser weldment specimens received only a hydrogen outgassing at 400°C
for 1 h in vacuum after the welding, i.e., without a postweld heat treatment or the nominal 1000°C

annealing.

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




Table 1. Nominal composition of the four alloys investigated

Heat Ingot Nom. Composition Impurity Content (wppm)
Number Size (kg) (wt. %) o) N c Si
832665 500 V-3.8Cr-3.9Ti 310 85 80 780

T87 - 30 V-5.0Cr-5.0Ti 380 90 110 550
QN74° 15 V-4.0Cr-4.1Ti-B 350 220 200 870

vXxs® 100 V-3.7Cr-3.9Ti 350 70 300 500

Contams ~250 appm of "B.
®From Russia. Contains (in wppm) 1120 Al, 280 Fe, 500 Co, 270 Mo, 1280 Nb, and
19 Zr,

Irradiation Summary

The Fusion-1 test vehicle was a single, 508-mm-long, lithium-bonded stainless steel capsule with
a 36-mm OD and 32-mm ID. [1]. Inside the capsule, the test specimens were arranged in 10
equal-height tiers over the middle 361-mm region of the core. The ANL tensile specimens were
placed below the core midplane, in Tiers 2, 3, and 4 (Tier 1 being at the bottom of the capsule) fo
attain the desired low specimen temperatures.

During the irradiation, which started in July 1995 and ended in June 1996, the reactor power and
sodium inlet temperature were allowed to vary from time to time to comply with seasonal power
-output demands. Consequently, the specimen temperatures fluctuated during these operations.
Based on the results of thermal analyses, the deviation from the time-averaged means was
approximately £16°C. The calculated time-averaged temperatures for specimens in tiers 2, 3,
and 4 were 318, 320, and 323°C, respectively.

Displacement damage and transmutations in the specimens were calculated from the neutron flux
and spectrum data determined from prior in-depth spectrometry measurements and the flux
monitors incorporated in the Fusion-1 capsule. For Tiers 2, 3, and 4, the calculated displacement
damage in the specimens was 17, 18, and 19 dpa, respectively. Because of the lack of thermal
neutrons, atypical transmutations were insignificant. For specimens with added boron, the
calculated helium generation rate in the material was =500 appm per dpa.

Capsule Disassembly

Because of the relatively large size of the fusion-1 capsule, the conventional method of using
liquid ammonia to dissolve the lithium bond was impractical. An alternative technique of using
heated mineral oil to melt and remove the lithium bond was adopted. (This method had been
used before at RIAR to disassemble similar lithium-bonded capsules.) To ascertain that the
exposure to oil at a temperature of ~250°C for several hours would not adversely affect the
properties of the specimens, extensive confirmatory tests were conducted at ANL. The results of
these confirmatory tests showed only benign effects from the oil exposure and no measurable
uptake of interstitial impurities.

The capsule disassembly was completed in an air cell at the RIAR. After the top and bottom end
plugs of the capsule were removed with a low-speed saw, the capsule was immediately
immersed in a bath of mineral oil at room temperature. The oil was then heated to 250°C to meit
the lithium, which floated to the surface of the oil bath. The oil was then cooled to room
temperature and the specimens were refrieved from the bath. The specimens were then
repeatedly rinsed in alcohol at room temperature to remove residual oil and lithium and other
possible surface contaminants.
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RESULTS OF TENSILE TESTS

Thirteen tensile tests have been compieted. The tests were conducted either at room
temperature in air or at the irradiation temperature in high-purity flowing argon. Because the tests
were performed without a specimen extensometer, the gauge elongation was determined from
the crosshead displacement with the extension due to the slack in the grip and the deformation of
the load frame subtracted. The strain rate for all tests was 1.1 x 10°%/s. The results of these tests
are summarized in Table 2.

Table 2. Tensile data for ANL specimens irradiated in Fusion-1 experiment®®

Preirrad.
Heat - Test
Specimen Treatment Temp. YS®° UTS® UE® TE® RA%

ID No. Material/Heat (°C/h) (°C) (MPa) (MPa) (%) (%) (%)
71-2 V-4Cr-4Ti/832655 1000/1 23 1115 1120 0.3 04 <=3
71-1 V-4Cr-4Ti/832655 1000/1 318 913 932 0.7 1.3 tbd
71-2H2 V-4Cr-4Ti/832655 1000/2 23 1100 1115 0.3 0.5 <x3
71-2H1 V-4Cr-4Ti/832655 1000/2 318 892 926 04 22 tbd
71-B V-4Cr-4Ti/832655 950/2 23 1120 1125 0.5 0.8 <=3
71-A V-4Cr-4Ti/832655 950/2 318 953 962 0.4 1.3 tbd
72-2 V-5Cr-5TifT87 1000/1 23 1145 1150 0.4 0.4 <~3
72-1 V-5Cr-5Ti/T87 1000/1 323 953 955 0.1 18 tbd

70-2 V-4Cr-4Ti-B/QN74  1000/1 23 d d d d d
70-1 V-4Cr-4Ti-B/QN74 1000/1 323 N 842 & e thd
69-2 V-4Cr-4Ti/RF VX8 100071 23 1135 1170 1.4 28 <=4
69-1 V-4Cr-4Ti/RF VX8 1000/1 323 909 936 0.5 23 thd
71-L.Z-1 832665/Laser 400/1 320 f 782 0.0 0.0 tbd

“All specimens were irradiated in the narrow temperature range of 318-323°C (time-averaged) and
the dpa range of 17-19.
®All tests were conducted at a strain rate of 1.1 x 10™/s.
°YS: 0.2% offset yield strength; UTS: ultimate tensile strength; UE: uniform elongation; TE: total
elongatlon RA: reduction in area, tbd: fo be determined.
Specimen failed at grip at 727 MPa with no measurable plastic deformation before failure.
eChart-drlve malfunction prevented determination of these quantities.
f No measurable plastic deformation; offset yield strength could not be determined.
$See Ref. 6.

The yield strength of all of the materials was found to have increased significantly (by a factor of 3
to 4) over those of the nonirradiated materials. At the same time, there was a notable loss of
work hardening ability, manifested by the small measured uniform elongation. All specimens
failed rapidly due to plastic instability after yielding. Figure 1 shows the recorded tensile loading
curves for Specimens 71-2 (Heat 832665) and 69-2 (Heat VX8), both of which were tested at
room temperature. The load-displacement profiles of other specimens are similar. When tested
at room temperature, the specimen with added boron broke at the grip before reaching the yield
point, attesting to the material's brittleness after irradiation. The laser weldment specimens,
although fractured at the gauge section, was also brittle and showed no measurable elongation.
Uniform elongations for all other specimens were small (typically <1%). The Heat VX8 specimen
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showed a marginally greater uniform elongation at room temperature; however, when tested at
the irradiation temperature, its uniform elongation was essentially the same as those of the other
specimens. Within the data scatter, therefore, it appears that all of the heats of vanadium-base
alloys included in this test behaved similarly. The minor variations of the preirradiation heat
freatment of the Heat 832665 specimens produced little effects.
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Fig. 1. Tensile loading curves for Specimens 71-2 (top, Heat 832665) and 69-2 (bottom, Heat
VX8), both tested at room temperature. The gauge length of both specimens was 7.62
mm.

Fractographic examination with a scanning electron microscope is in progress. The objective of
the examination is to determine the mode of fracture and the reduction of gauge cross-sectional
area. The fractography of the room-temperature specimens has heen completed. All fractures
appear to be a mixture of ductile shear and brittle cleavage. Consistent with the elongation data,
the reduction-in-area values were all small, as shown in Table 2. A more complete report of the
fracture examination can be found in Ref. 6.
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FUTURE ACTIVITIES

Fractographic examination will be completed. Additional tests will be conducted at lower strain
rates to study dislocation channeling effects. The results from the present and future tests will be
compared with X530, ATR-A1 and HFBR test data to better define the low-temperature irradiation
effects.
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ROOM-TEMPERATURE FRACTURE IN V-(4-5)CR-(4-5)TI TENSILE SPECIMENS
IRRADIATED IN FUSION-1 BOR-60 EXPERIMENT"

J. Gazda and M. Meshii (Northwestern University) and H. Tsai (Argonne National Laboratory)

SUMMARY

Specimens of V-(4-5)Cr-(4-5)Ti alloys were irradiated to =18 dpa at 320°C in the Fusion-1 capsule
inserted into the BOR-60 reactor. Tensile tests at 23°C indicated dramatic yield strength increase
(>300%), lack of work hardening, and minimal (<1%) total elongations. SEM analysis of fracture
and side surfaces were conducted to determine reduction in area and the mode of fracture. The
reduction of area was negligible. All but one specimen failed by a combination of ductile shear
deformation and cleavage crack growth. Transgranular cleavage cracks were initiated by stress
concentrations at the tips of the shear bands. In side-view observations, evidence was found of
slip bands typically associated with dislocation channeling. No differences due to pre-irradiation
heat treatment and heat-to-heat composition variations were detected. The only deviation from
this behavior was found in V-4Cr-4Ti-B alloy, which failed in the grip portion by complete cleavage
cracking.

| G IVE
1 ‘?J tive of this study was to determine the room temperature tensile properties and fracture
r \ insile specimens of V-(4-5)Cr-(4-5)Ti alloys irradiated at =320°C in the BOR-60 reactor.

¥ & UCTION

f smperature irradiation performance data of V-4C-4Ti alloys are needed to establish
5 on the low-temperature limit of fusion reactors operation. These temperatures are also
' \ y 'transient operation of the reactors in start-up, shut-down, and idle modes. Recently, a
}i\i irradiation experiments was performed in various irradiation facilities to evaiuate the
il performance of V-4Cr-4Ti alloys at low doses (0.1-6 dpa) [1-5). The present irradiation
€ it was designed to complement the low-dose data with information on the irradiation
performance of V-(4-6)Cr-(4-6)Ti alloys in the temperature range of 310-350°C and at neutron
fluences of 15 to 20 dpa. The irradiation was a part of the Russian Federation (RF)-U.S.
collaborative Fusion-1 experiment in BOR-60 reactor. Specimens were delivered to Argonne
National Laboratory and testing was initiated in this reporting period. The six fractured tensile
specimens tested at 23°C were provided for our examination by the ANL Vanadium Alloy
Development Program.

N " (Y d s
-
',
.

In this study, three specimens of the 500kg heat (#832665) of V-4Cr-4Ti alloy after various
annealing treatments (1 h at 1000°C, 2 h at 1000°C, and 2 h at 950°C) were evaluated. The three
additional specimens were V-4Cr-4Ti-250wppm'°B (heat QN74) and V-5Cr-5Ti (heat T87) U.S.
alloys, and the V-4Cr-4Ti alloy manufactured in the RF (heat VX8). The goals of the present work
were to evaluate the mode of fracture and establish reasons for the dramatic yield strength
increase, loss of macroscopic work hardening, and lack of elongation. The results of the tensile
tests on these specimens are reported in a separate submission [6]. Here, we report on the
findings of scanning electron microscopy (SEM) analysis of the fracture and side surfaces of the
tensile specimens tested at 23°C.

*Work supported by U.S. Department of Energy Office of Fusion Energy Research and Argonne
Nationa! Laboratory Division of Educational Programs, under Contract W-31-109-Eng-38.




EXPERIMENTAL PROCEDURES

The ANL tensile specimens included in the Fusion-1 experiment were machined from sheet stock
to SS-3 geometry specifications (gauge dimensions: 7.62 mm length, 1.52 mm width, 0.76 mm
thickness). The long direction of the specimens was parallel to the final rolling direction of the
sheets. Two variables were investigated in the Fusion-1 experiment. First was the alloy’s
composition effects (listed in Table 1) and the second was the preirradiation heat treatment (listed
in Table 2). The purpose of boron addition to the heat QN74 was to evaluate the effects of He
generated by B(n,a)Li reactions. The ANL specimens were irradiated at =320°C to =18 dpa. The
temperature varied by +16°C during the irradiation period from July 1995 through June 1996 due
to changes in sodium coolant inlet temperature. The coolant inlet temperature was dictated by the
reactor’'s seasonal output demands. BOR-60, a fast breeder reactor, is used to generate electric
power for the city of Dimitrovgrad, and in summer the power demands are lower. Following
irradiation, the capsule was disassembied at the Research Institute of Atomic Reactors (RIAR).
During disassembly specimens were exposed to mineral oil at 250°C followed by alcohol rinses at
room temperature to dissolve the residual Li. Cleaned specimens were shipped to the USA.

Table 1. Nominal cbmpositions of the four investigated alloys

Heat ID Nominal Major Impurities (wppm)
Composition (wt.%) 0] N ‘ C Si
832665 V-3.8Cr-3.9Ti 310 85 80 780
T87 V-5Cr-5Ti 380 90 110 550
QN74 2 V-4Cr-4.1Ti-B 350 220 200 870
VX8 V-3.7Cr-3.97i 350 70 _ 300 500

Contains 250 appm of °B.
®  Manufactured in Russia; contains (in wppm) 1120 Al, 280 Fe, 500 Co, 270 Mo, 1280 Nb, and 19 Zr.

Table 2. Preirradiation heat treatments of investigated specimens

Specimen ID Heat D Pre-lrradiation Annealing
BL71-2 832665 1 hat1000°C
BL71-2H-2 832665 2hat1000°C
BL71-B 832665 : 2hat950°C
BL70-2 QN74 1 hat1000°C
BL72-2 T87 1 hat1000°C
BL69-2 VX8 1hat1000°C

Details of specimen handling and the testing procedures are given in the accompanying report
[6]. The tensile tests were conducted at 23°C and a 0.0011 s strain rate. In all tests, yield
strengths were dramatically higher (=300%) than in an unirradiated control specimens (=350-400
MPa at 23°C). Slip bands formed and led to minimal work hardening and limited total elongations in
specimens from heats 832665, T87 and VX8. The only specimen with appreciable macroscopic
plastic deformation was the VX8 alloy. The specimen of QN74 failed in the grip area with no plastic
deformation. The results of the tensile tests are given in Table 3.

After tensile testing, the specimens were examined by SEM in the ANL Alpha-Gamma Hot Cell
Facility. For the reduction-in-area determinations, specimens were mounted in a vertical clip
holder and oriented with cross-section parallel to the image plane. For the side-view observations,
specimens were tilted =45°. Photomicrographs were acquired on Type 55 Polaroid film producing
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both a positive print and a negative. The negatives were digitized by a Leafscan45 prepress
negative scanner. The areas of deformed cross-sections were measured on digitized images.
Figures for this report were prepared with Adobe PhotoShop software, and photographic quality
output was generated by a Codonics NP-1600 die sublimation printer.

Table 3. Tensile data for ANL specimens irradiated in the Fusion-1 experiment in BOR-60

Specimen 1D YS (MPa) __UTS (MPa) UE (%) TE (%)
BL71-2 1115 1120 0.3 0.4

BL71-2H-2 1100 1115 0.3 0.5
BL71-B 1120 1125 0.5 0.8
BL70-2 @ - - - -
BL72-2 1145 1150 0.4 0.4
BL69-2 1135 1170 1.4 2.8

* Specimen failed within the grip portion at 727 MPa with no plastic deformation.

RESULTS

SEM Fractography

Low magnification (=40X) head-on orientation fractographs of the five tensile specimens that
fractured within the gauge-length portion are presented in Fig. 1(a-e). A perspective view of the
QN74 specimen is shown in Fig. 1(f). Reduction-of-area values obtained from these
photomicrographs are listed in Table 4; all of these values are negligible. The slight variations from
the pretesting values in the cross-sectional areas measured from photomicrographs of the
fractured specimens are within the experimental error arising from misalignment of the specimens
(=8%). In all cases, however, fracture occurred by a combination of ductile shear and transgranular
brittle cracking. Percentages of the cross-sectional area showing cleavage fracture are also listed
in Table 4. Ductile shear fracture predominated in the specimens of V-4Cr-4Ti alloys (832665 and
VX8). The percentage of brittle area in the VX8 specimen was higher than in the BL71-2. The
difference in fracture behavior of these iwo specimens becomes apparent in observations with a
perspective view (Fig. 2). Shear fracture occurred in BL71-2, while the VX8 alloy fractured
transversely after limited necking. In both specimens, cleavage cracks propagated transversely to
the loading direction.

Higher-magnification fractographs were obtained to evaluate the direction of cleavage crack
propagation. The transitional regions, where cracks transformed from ductile to brittle mode were
also examined. Typical examples are shown in Fig. 3. In all five cases, the flow direction of the
“river pattemn” indicates that the cleavage cracks initiaied at a tip of shear band and propagated
toward the surface of the specimen. This crack propagation direction suggests that the cleavage
cracks were initiated by stress concentrations at the tip of the dislocation pileups impinging on
grain boundaries.

The specimen of QN74 alloy fractured within the grip portion, as shown in Fig. 1(f). Close
examination of the fracture surface revealed that the cleavage crack initiated at an outer edge of
the specimen and propagated toward the pinhole. The “river pattern” visible in Fig. 4 flows to the
pinhole. The average plane of the fracture surface was perpendicular to the loading direction.
However, the crack changed the local orientation from grain to grain, following randomly oriented
cleavage planes. Intergranular cracks were not observed.
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Fig. 1. SEM fractographs showing both ductile and brittle fracture areas of ANL tensile specimens
irradiated in Fusion-1 experiment and tested at 23°C. Head-on views used to determine
reduction in area: (a) BL71-2, (b) BL71-2H-2, (c) BL71-B, (d) BL72-2, (e) BL69-2, and (f)
side view of grip portion of BL70-2 specimen.

Table 4. Reduction in cross-sectional area and fraction of brittle fracture surface in specimens of
- V-(4-5)-(4-5)Ti alloys irradiated in Fusion-1 capsule in BOR-60 reactor and tested at 23°C

Specimen ID Cross-Sectional Area (mm?) Reduction Percentage of
Unirradiated  Post-irradiation in Area (%) Cleavage Fracture (%)
BL71-2 1.162 1.150 <<3 15.83
BL71-2H-2 1.116 1.102 <<3 65.78
BL71-B 1.185 1.178 <<3 31.37
BL69-2 1.040 0.997 =4 23.97

BL72-2 1.071 1.065 <<3 72.05




Fig. 2. Perspective views of specimens of V-4Cr-4Ti alioys with same preirradiation annealing
schedule {1 h at 1000°C): {a) shear fracture in Heat 832665 (BL71-2) and {b) mixed-mode
fracture in VX8 (BL69-2).

Fig. 3. SEM fractographs iilustrating transformation from shear ductile to cieavage cracks: (a)
BL71-2, (b)BL72-2, and (¢) BL69-2. Arrows indicate directions of cleavage crack
propagation.




Fig. 4.  View of inner surface of ‘pinhole and fracture surface of QN74 specimen.
Crack grew from outer specimen surface towards pinhole.

Side Surface Examinations

Side surfaces were examined to determine if slip bands characteristic of dislocation channeling
formed during testing. They were observed in &l five specimens thatl fractured in the gauge
portion. Typical examples from the BL71-2H-2 and from the VX8 specimens are shown in Fig. 5.
Short transverse cracks initiated at the surface were also found; they grew perpendicular 10 the
direction of the applied tensile load, but did not exdend far info the specimens. These cracks and
siip bands were observed only in the necked regions.

s

Fig. 5. Typical examples of surface steps indicating occurrence of dislocation channeling found
on the side surfaces of the {a) heat 832665 - 2h anneal at 950°C, and (b) in VX8 specimen.
The surface cracks also visible in these photomicrographs are perpendicular o tensile
direction.
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DISCUSSION

The occurrence of slip bands, shear bands, and shear cracks indicate that dislocation channels
play a major role in the fracture of low-temperature-irradiated V-4Cr-4Ti alloys. Yield strengths
observed in the present test are only slightly higher than those found in the earlier investigations
of V-4Cr-4Ti alloy specimens irradiated to =6 dpa at 325°C in the HFR reactor [7], to =4 dpa at
390°C in the X530 experiment in the EBR-I reactor [8], and to =4 dpa at 280°C in the ATR-A1
experiment [9]. The same specimen geomeiry as in the present study was used in the EBR-Il and
ATR work. The HFR irradiation study used bar specimens with 4-mm-diameter gauge portions. All
of these irradiations led to increased yield strength, lack of work hardening, and minimal
elongations. in fractography evaluations of specimens from the X530 and ATR-A1 experiments,
surface steps were found [10]. Dislocation channels were observed by TEM in the specimens
irradiated at 390°C [11]. In the HFR study, a combination of cleavage and shear cracking was
found [7]. Those data, combined with the resuits of the current study, indicate that irradiation of V-
4Cr-4Ti below 400°C leads to detrimental hardening. They aiso indicate that dislocation
channeling is not an effect of specimen geometry but rather an intrinsic response of the radiation-
hardened alloy to the applied siress. From an engineering point of view, even the limited plastic
deformation provided by the shear bands is preferred to complete brittle fracture. In additional
papers, we identified the platelet precipitates formed in V-4Cr-4Ti during heavy ion and fast
neutron irradiations at low temperatures . (<420°C). We also described their role in irradiation
hardening [12, 13]. Further alloy design work to prevent irradiation-induced precipitate formation
or to change the particle geometry will be necessary to improve ductility of V-4Cr-4Ti after low-
temperature irradiation.

Heat-to-heat compositional variations did not play a major role in the response of the specimens to
loading. Although the V-5Cr-5Ti alloy (T87) showed a considerably higher percentage of brittle
fracture than did the V-4Cr-4Ti alloys, both ductile shear and brittle cracking contributed to its
failure. Variations of annealing treatment of V-4Cr-4Ti (heat 832665) did not suppress the brittle
cracking. ' ’

FUTURE WORK

Fractography study will be continued to evaluate the tensile specimens tested at irradiation
temperatures. TEM investigations of cross-sections of irradiated and deformed specimens will
also be conducted to determine effects of irradiation on the microstructure and the interaction
mode of glide dislocations with radiation defects. The 3-mm discs irradiated in BOR-60 have not
yet been delivered to ANL. Evaluations of these specimens will commence as soon as they arrive.

CONCLUSIONS

1. Both ductile-shear and transgranular cleavage fracture were observed in V-(4-5)Cr-(4-5)Ti
alloys irradiated in the Fusion-1 capsule in the BOR-60 reactor after tensile testing at 23°C.
The reductions of area were negligible except for that in the VX8 alloy which showed =4%
reduction in area. A V-4Cr-4Ti-250appm'°B specimen fractured by cleavage within the grip
portion with no significant plastic deformation in the gauge length. Intergranular fracture was
not observed in any of the specimens.

2. Heat-to-heat compositional variations and preirradiation annealing treatments had no effects
on the fracture behavior. In all specimens, slip localization by shear bands and dislocation
channeling was observed. Cleavage cracks initiate at the shear bands and propagate toward
the surfaces of the specimens.

3. Slip localization and dislocation channeling provide the only plastic deformation found in
these specimens. Occurrence of any plastic flow in radiation-hardened V-(4-5)Cr-(4-5)Ti alloys
with yield strengths >1000 MPa is noteworthy.
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EFFECTS OF IRRADIATION TO 4 DPA AT 390°C ON THE FRACTURE TOUGHNESS
OF VANADIUM ALLOYS®

E. E. Gruber, T. M. Galvin, and O. K. Chopra (Argonne National Laboratory)

OBJECTIVE

The objective of this task is to study the effects of neutron irradiation on the fracture toughness of
vanadium-base alloys.

SUMMARY

Fracture toughness J-R curve tests were conducted at room temperature on disk-shaped compact-
tension DC(T) specimens of three vanadium alloys having a nominal composition of V-4Cr-4Ti. The
alloys in the nonirradiated condition showed high fracture toughness; Jic could not be determined
but is expected to be above 600 kd/m2. The alloys showed very poor fracture toughness after
irradiation to 4 dpa at 390°C, e.g., Jic values of =10 kJ/m? or lower.

EXPERIMENTAL PROGRAM

The heats of vanadium alloy selected for the study had compositions of V-3.8 wt.%Cr-3.9 wt.%Ti
(Heat #832665, designated BL-71, 783 wppm Si, 310 wppm O, 85 wppm N, 80 wppm C); V-4.1
wt.%Cr-4.3 wt.%Ti (Heat #9144, designated BL-47, 870 wppm Si, 350 wppm O, 220 wppm N, 200
wppm C); and V-4.0 wt.%Cr-4.1 wt.%Ti-B (designated BL-70 or QN74, 350 wppm Si, 480 wppm O, 79
wppm N, 54 wppm C, =250 appm B-10). Prior to testing, the alloys were annealed in high-purity
vacuum for 1 h (at 1025-1050°C for BL-47, and at 1000°C for BL-71 and BL-70). Alloy BL-71 was
tested in the nonirradiated condition and alloys BL-47 and BL-70 were irradiated to =4 dpa at 390°C
in lithium in the EBR-II reactor experiment X530 (located in subcapsule S2 for BL-47 and S$14 for BL-
70). The room-temperature tensile properties of the various vanadium alloys [1] before and after
irradiation are given in Table 1. The tensile properties of BL-47 were also used to determine the flow
stress for irradiated alloy BL-70.

Table 1. Room-temperature tensile properties of nonirradiated and irradiated vanadium alloys

Alioy Irradiation Yield Ultimate
Designation Experiment Strength (MPa) Stress (MPa)
BL-47 - 404 460
BL-71 - 355 429
BL-472 X5300 880 935

aprior fo irradiation, the alloy was warm-rolied at 400°C and annealed at 950°C.
bDC(T ) specimens irradiated to ~4 dpa at 390°C in EBR |! reactor.

Fracture toughness J-R curve tests were conducted according to ASTM Specification E 1737
(Standard Test Method for J-Integral Characterization of Fracture Toughness) at room temperature on
disk-shaped compact-tension DC(T) specimens of the various vanadium-base alloys. The method
involves pin loading of fatigue-precracked specimens and determination of the J-integral as a function
of crack growth. A detailed description of the facility is presented in Ref. 2. The facility is designed
for conducting fracture toughness J-R or fatigue crack growth tests on 1/4 T DC(T) or C(T) specimens
in air or light water reactor (LWR) environments at temperatures up to 300°C. Specimen extension is
monitored and controlled outside of the high-temperature zone. The displacement of load points
(center of the loading pins) is determined by subtracting the machine compliance from the measured
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extension. Crack length was determined by the elastic unloading compliance method. The
configuration of the 1/4T DC(T) specimens used in the present study is shown in Fig. 1. Crack length
and J-integral were calculated by using the correlations recommended for DC(T) specimens in ASTM
Specification E 1737.

Several validation tests were conducted in which the actual displacements of load points were |
measured optically and compared with the estimated loadline displacements. Measured loadline ‘
displacements showed very good agreement with the estimated values [3]; for loadline displacements ‘
of up to 2 mm, the error in the estimated values was <0.02 mm. Fracture toughness J-R curve tests

were also conducted at room temperature and 288°C on 1/4-T C(T) specimens of two heats of

thermally aged CF-8M cast stainless steel; the results were compared with data obtained on 1-T C(T)

specimens to validate the test procedure [3].
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Figure 1. Configuration of disk—shaped compact—tension specimen for this study

Prior to testing, the specimens were fatigue—precracked at room temperature and at loads based on
the maximum allowable load Pm given by the relation

Pm = (0.4 of By b2)/(2W + a), )

where W is specimen width, a is crack length, By is net specimen thickness {distance between roots
of the side grooves), b is noncracked ligament (distance from the crack front to the back edge of the
specimen, i.e., W —a), and oj is flow stress expressed as the mean of the yield and ultimate stress.
The final fatigue precrack extension was carried out at loads <Pp,, or a load such that the ratio of the
maximum stress intensity applied during fatigue precracking to the elastic modulus (Kmax/E) was
<1.6 x 104 m1/2 (<0.001 in.1/2).
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The fatigue-precracked specimens were loaded at a constant extension rate and the tests were
interrupted periodically to determine the crack length. The maximum range of unicad/reload for crack
extension measurements was the smaller of 0.5Pm or 50% of the current load. The final crack size
was marked by fatigue cycling. After the test, the specimens were fractured and the initial (i.e.,
fatigue-precrack) and final (test) crack lengths were measured optically on both halves of the fractured
specimen. The crack lengths were determined by the 9/8 averaging technigue, i.e., the two—-near—
surface measurements were averaged and the resultant value was averaged with the remaining seven
measurements.

RESULTS AND DISCUSSION

The load-versus-loadiine displacement curves and fracture toughness J-R curves for nonirradiated
specimens of alloy BL-71 are shown in Figures 2 and 3, and for irradiated specimens of alloys BL-47
and BL-70 in Figures 4 and 5. A slope of two times the flow stress was used to define the blunting
and offset lines. Also, because displacement was monitored and controlled away from the specimen,
loadiine displacement is not constant during periods of unstable crack growth (observed in irradiated
alloys) but is increased because of the accompanying foad drop.
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Figure 2. Load versus loadline displacement for specimens V71-01 and V71-02 of nonirradiated
Heat 71 tested at room temperature
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For the nonirradiated alloy BL-71, maximum load or displacement limit for the test facility was reached
before the onset of stable crack extension, i.e., Jic could not be determined but is expected to be
above 600 kJ/m2. The results for alloy BL-71 (Fig. 3) show excellent agreement with the data
obtained earlier on production-scale Heat 832665 of V-4Cr-4Ti alloy [4].

Alloys BL-47 and BL-70 irradiated to =4 dpa at 390°C show very poor rcom-temperature fracture
toughness. The Jic values are 6 and 11 kJ/m? for BL-47 and BL-70, respectively. Both alioys
showed several bursts of unstable crack extension. A detailed metallographic evaluation of the
fracture surface has not been conducted; however, preliminary examination indicates that fracture
occurred predominantly by cleavage.
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EFFECT OF IRRADIATION TEMPERATURE AND STRAIN RATE ON THE
MECHANICAL PROPERTIES OF V-4Cr-4Ti IRRADIATED TO LOW DOSES IN
FISSION REACTORS — S. J. Zinkle, L. L. Snead, A. F. Rowcliffe, D. J. Alexander, and
L. T. Gibson (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this report is to summarize recent data on the temperature-dependent tensile
and fracture toughness properties of V-Cr-Ti alloys irradiated in the HFBR, ATR and BOR-60
fission reactors.

SUMMARY

Tensile tests performed on irradiated V-(3-6%)Cr-(3-6%)Ti alloys indicate that pronounced
hardening and loss of strain hardening capacity occurs for doses of 0.1-20 dpa at irradiation’
temperatures below ~330°C. The amount of radiation hardening decreases rapidly for irradiation
temperatures above 400°C, with a concomitant increase in strain hardening capacity. Low-dose
(0.1-0.5 dpa) irradiation shifts the dynamic strain aging regime to higher temperatures and lower
strain rates compared to unirradiated specimens. Very low fracture toughness values were
observed in miniature disk compact specimens irradiated at 200-320°C to ~1.5-15 dpa and tested
at 200°C.

PROGRESS AND STATUS

Introduction

Several recent studies have shown that V-4Cr-4Ti alloys exhibit significant radiation hardening
and a dramatic decrease in strain hardening capacity following neutron irradiation at temperatures
up to ~400°C [1-6]. The radiation hardening produces large increases in the ductile to britile
transition temperature, as measured by Charpy impact testing [1,2,6]. Further work is needed to
accurately determine the minimum acceptable operating temperature for vanadium alloys in a
fusion reactor environment (currently estimated to be 400°C), which will be determined by
radiation hardening/embrittlement considerations. In order to provide additional mechanical
properties data, we have recently measured the tensile properties of V-(3-6%)Cr-(3-6%)Ti alloys
irradiated in the HFBR, ATR, and BOR-60 reactors at relatively low irradiation temperatures
(<505°C). In addition, a limited number of fracture toughness tests were performed on irradiated
V-4Cr-4Ti.

Experimental Procedure

Tensile measurements were performed on type SS-3 sheet tensile specimens (nominal gage
" dimensions 0.76 x 1.52 x 7.6 mm) from three recent neutron irradiation experiments. The first set
of specimens were fabricated from the 500 kg US fusion program heat of V-4Cr-4Ti (heat
832665) and were irradiated at 160-504°C to doses of 0.1-0.5 dpa in the High Flux Beam Reactor
{HFBR) [2]. Most of the HFBR specimens were vacuum annealed at 1000°C for 2 h prior to
irradiation. Several specimens were given an alternative heat treatment of 900°C for 2 h prior to
the HFBR irradiation. The second set of specimens consisted of V-4Cr-4Ti (heat 832665) and
small (14 kg) heats [7] of V-3Cr-3Ti (heat T91), V-6Cr-3Ti (heat T92), and V-6Cr-6Ti (heat T90), ali
of which were irradiated in the Advanced Test Reactor (ATR) as part of the Gd-shielded ATR-A1
irradiation experiment [6]. Ali of the tested ATR specimens were vacuum annealed at 1000°C for




2 h prior to irradiation. The specimens were irradiated in ATR-A1 subcapsules AS5, AS6, AS11,
or AS12 to doses of 3.0-3.5dpa at calculated temperatures of 205-230 and 4.5-4.7 dpa at 290-
295°C. The third set of specimens included V-4Cr-4Ti (heats 832665 and T89), V-3Cr-3Ti (heat
T91), V-6Cr-3Ti (heat T92), and V-6Cr-6Ti (heat T90), all of which were irradiated in the Li-bonded
BOR-60 Fusion 1 irradiation experiment [8]. The V-4Cr-4Ti tensile specimens were annealed at
either 1000°C for 2 h or 1050°C for 1 h prior to irradiation. The small heat tensile specimens (heats
T89, T90, T91, T92) were annealed at 1050°C for 2 h prior to irradiation. Tensile specimens
fabricated from gas tungsten arc and electron beam welds (fusion zone in the center of the gage
length) in the as-welded and vacuum annealed (950 C, 2h) condition were also included in the
BOR-60 capsule. The BOR-60 specimens tested in the present study were, trradlated at tiers 1-5
of the Fusion 1 capsule at 316-325°C to doses of 15-20 dpa (2.2-2.9x10%° n/m?, E>0.1 MeV).
Further details of the specimen preparation and irradiation conditions for the HFIR [2], ATR [6],
and BOR-60 [8] capsules are given eisewhere.

Miniature disk compact tension specimens with dimensions 12.5 mm diameter by 4.6 mm
thickness (DCT) or 9.6 mm diameter by 3.56 mm thickness (DCT-A) were fabricated from the 500
kg heat of V-4Cr-4Ti in the T-L orientation. The specimens were annealed at 1000°C for 2 h and
then fatigue pre-cracked at room temperature and side-grooved 10% of their thickness on each
side prior to irradiation in ATR-A1 [6] and BOR-60 Fusion 1 [8] capsules. The ATR-A1 specimens
(DCT-A geometry) were irradiated in subcapsules AS3 and AS13 at ~190°C,1.5 dpa and ~250°C,
2.3 dpa, respectively. The BOR-60 specimens (DCT geometry) were irradiated in tier 1 of the
Fusion 1 capsule at 316°C to a dose of 15 dpa (2.2 x 10°° n/m? E>0.1 MeV).

Following irradiation, the tensile specimens were tested in vacuum (<2.5 x 10 torr) at the
irradiation temperature at constant crosshead speeds ranging from 0.025 to 12.7 mm/minute,
which corresponds to initial strain rates of 5.6 x 10° to 0.028 s™'. The fower yleld point was
recorded as the yield strength in cases where a yield drop was observed In specimens with very
low uniform elongation (<0.5%), the lower yield point was determined by graphical analysis of the
load-elongation curve . The irradiated DCT specimens were tested in air under stroke control on a
445 kN capacity servohydraulic test machine in general accordance with ASTM E813-89,
Standard Test Method for J,c and ASTM 1152-87, Standard Test Method for Determining J-R
Curves. Further details of the DCT test technique are given elsewhere [9].

Results _and Discussion

The tensile properties of the irradiated V-4Cr-4Ti specimens are listed in Tables 1-3. The relatively
low irradiation temperatures used for this study caused considerable radiation hardening with an
accompanying reduction in strain hardening capacity. The uniform elongation ranged from ~0.1-
0.5% in the specimens irradiated at temperatures below 325°C, even for irradiation doses as low
as 0.1 dpa. High uniform elongation (~7-11%) was observed in V-4Cr-4Ti irradiated to 0.1 dpa at
390 and 505°C and to 0.5 dpa.at 415°C (Table 1). The unirradiated uniform elongations in V-4Cr-
4Ti is15-20% at test temperatures of 200-400°C It is worth noting that the fine-grained
specimens (900°C/2 h anneal) had 30 to 80 MPa higher irradiated strengths than the coarse-
grained (1000°C/2 h) HFBR specimens for irradiation temperatures up to 300°C. As an aside,
there was a typing mistake in the HFBR irradiated reduction in area measurements reported in
Table 3 of ref. [2]. The reduction in area listed for specimen WH25 (87%) should be deleted, and
a value of 78% should be inserted for specimen WH23.

The tensile curves in the specimens irradiated at temperatures below 325°C were characterized
by a yield peak at elongations <0.2%, followed by a monotonically decreasing engineering stress
with increasing elongation. As shown in Fig. 1 and in previous studies [2], a significant change in
the slope of the irradiated foad-elongation curve typically occurred at elongations of ~0.5%. The
stress at the transition point was recorded as the vield stress (lower yield point), since the 0.2%
plastic offset stress was typically equal to the ultimate stress. The V-3Cr-3Ti specimen XCO01
irradiated in BOR 60 (Table 3) did not exhibit an observable yield drop/ macroscopic plastic




35

instability, although the strain hardening capacity was very low. The 0.2% plastic offset stress was
used as the yield stress in Table 3 for this specimen.

Figure 2 shows the dose dependence of the yield strength in V-4Cr-4Ti irradiated at low
temperatures, based on the present study and previous studies by several investigators. The
data suggest that the radiation hardening approaches a saturation level for doses of ~5 dpa for
irradiation temperatures of ~300 and ~400°C. There are no data available at doses between ~0.5
and 4 dpa to determine if saturation occurs at doses lower than 5 dpa. The data in Fig. 2 suggest
that the yield strength decreases slightly with increasing dose above 5 dpa for irradiation
temperatures of 400-430°C. However, further studies (particularly at doses of 1-10 dpa) are
needed to determine the detailed dose dependence of the radiation hardening. It is possible
that the apparent “radiation softening” that occurs at doses above 5 dpa at 400-430°C may be
due to the higher irradiation temperatures (425-430°C)of the available data at doses >10 dpa
compared to that at 4-10 dpa (400°C). Alternatively, coarsening of the microstructure may be
occurring at doses above ~5 dpa which may lead to a reduction in the amount of radiation
hardening at high doses. '

Table 1. Summary of recent tensile data on V-4Cr-4Ti specimens irradiated in HFBR. The yield
strength was determined at 0.2% plastic offset for the specimens irradiated at >325°C, whereas
the lower yield point (typically occurring at ~0.5% plastic deformation) was used for the low
irradiation temperature (<325°C) data marked with an asterisk. The data in italics refer to

specimens which were given the alternate heat treatment of 900°C/2h prior to irradiation.
Specimen ID, Yield Ultimate Uniform Total
dpa, T, Test conditions strength strength | elongation | elongation

WH28, 0.5dpa, 160°C | 160°C, 5.6x10°s" | 700 MPa* | 739 MPa® 0.1% 10.0%
WH29, 0.5dpa, 160°C | 160°C, 0.028 s' | 735 MPa* | 766 MPa® 0.2% 9.8%
WHS30, 0.5dpa, 160°C { 160°C, 0.028 s | 750 MPa* | 777 MPa® 0.2% 9.3%
ST14, 0.5dpa, 160°C | 160°C, 1.1x10°%s" | 684 MPa* | 752 MPa® 0.1% 10.0%
ST15, 0.5dpa, 160°C | 160°C, 1.1x10°%s™ | 672 MPa* | 770 MPa® 0.1% 9.3%
ST45, 0.5dpa, 160°C | 160°C, 1.1x10° s’ | 764 MPa* | 840 MPa" 0.2% 8.7%
ST21, 0.5dpa, 268°C | 270°C, 1.1x10”s” | 639 MPa* | 706 MPa® 0.1% 9.3%
ST41, 0.5dpa, 268°C | 270°C, 1.1x10° s' | 707 MPa*| 752 MPa" 0.1% 8.7%
ST23, 0.5dpa, 260°C | 260°C, 1.1x107 s” | 647 MPa* | 712 MPa* 0.2% 9.5%
ST42, 0.5dpa, 260°C | 260°C, 1.1x10° s' | 702MPa* | 773 MP&" 0.1% 7.7%
ST27, 0.5dpa, 324°C | 325°C, 1.1x10° s | 592 MPa* | 635 MPa* 0.2% 9.2%
S8T43, 0.5dpa, 324°C | 325°C, 1.1x10° s | 605 MPa | 605 MPa 0.5% 9.0%
ST44, 0.5dpa, 307°C | 305°C, 1.1x10° s’ | 597 MPa | 601 MPa 0.7% 9.2%
ST33, 0.5dpa, 414°C | 415°C, 1.1x10°s” | 354 MPa | 449 MPa 8.2% 17.8%
ST34, 0.5dpa, 414°C | 415°C, 1.1x10°%s* | 352 MPa | 443 MPa 6.6% 16.7%
ST49, 0.1dpa, 105°C | 105°C, 1.1x10° s’ | 632 MPa* | 669 MPa 0.2% 9.3%
ST61, 0.1dpa, 256°C | 255°C, 1.1x10”s" | 491 MPa* | 504 MPa | 0.2% 11.8%
ST51, 0.1dpa, 256°C | 255°C, 1.1x10° s’ | 526 MPa* | 533 MPa 0.2% 11.3%
.ST68, 0.1dpa, 391°C | 390°C, 5.6x10°s” | 348MPa | 425MPa | 11.0% 22.3%
ST69, 0.1dpa, 391°C | 390°C, 0.028 s | 348 MPa | 415 MPa 9.0% 18.0%
ST58, 0.1dpa, 504°C | 505°C, 5.6x10° s | 271 MPa | 434 MPa 9.5% 19.2%
ST75, 0.1dpa, 504°C | 505°C, 0.028 s’ | 281 MPa | 407 MPa 12.1% 21.7%

*lower yield point
dupper yield point




Table 2. Summary of tensile test results on vanadium alloys irradiated in the ATR-A1 capsule. All
tests were performed at a strain rate of 1.1x10° s™. The vyield strength was determined at the
lower yield point and the ultimate strength was measured at the upper vield point in all specimens. -

Test Yield Ultimate Uniform Total

Irradiation| temperature | Strength | Strength | Elongation | Elongation

Alloy, ID number jconditions] ('C) {(MPa) (MPa) (%) (%)

V-3Cr-3Ti, XC08} 3.0 dpa, 200 857 894 0.1 7.1
205°C

V-6Cr-3Ti, UC08} 3.5 dpa, 200 863 906 0.15 7.0
230°C '

V-6Cr-6Ti, ZC08| 3.0 dpa, 200 943 957 0.3 7.3
205°C

V-3Cr-3Ti, XC06 | 4.5 dpa, 300 775 777 0.1 6.1
290°C

V-6Cr-3Ti, UC0O7| 4.7 dpa, 300 882 897 0.1 5.7
295°C

V-6Cr-6Ti, ZC06 | 4.7 dpa, 300 869 876 0.2 8.2
295°C

V-6Cr-3Ti, UC06| 4.7 dpa, 200 903 944 0.2 5.7
295°C

Table 3. Summary of tensile test results on vanadium alloys irradiated in BOR-60 (1.1x10° s™
strain rate). The yield strength was determined at the lower yield point and the ultimate strength
was measured at the upper yield point in all base-metal specimens except XC01.

Alloy, ID number Irradiation Test Yield Ultimate Uniform Total
conditions | temperature| Strength | Strength |Elongation|Elongation
(©) (MPa) (MPa) (%) (%)
V-4Cr-4Ti 15 dpa, 320 949 979 0.1 5.1
(1000°C,2h), WEO1 316°C
V-4Cr-4Ti 19 dpa, - 320 962 975 0.2 4.3
(1050°C,1h), WE21 323°C '
V-4Cr-4Ti-.1Gi (T89), { 19 dpa, 320 977 993 0.15 5.7
YCO1 323°C '
V-6Cr-3Ti, UC01* 19 dpa, 320 960 980 0.1 6.0
323°C
V-3Cr-3Ti, XCO1 20 dpa, 320 931 835 0.3 4.0
325°C
V-6Cr-6Ti, ZCO1* 20 dpa, 320 940 942 0.2 5.4
325°C
V-4Cr-4Ti (GTA as- 18 dpa, 320 976 976 0.1 0.3
welded), WF08 320°C .
V-4Cr-4Ti 18 dpa, 320 (882) (882) 0.0 0.0
(GTA+950°C,2h), 320°C
WF01
. V-4Cr-4Ti 18 dpa, - 320 (329) (329) 0.0 0.0
(EB+950°C,2h), 320°C
WF16

*the UC and ZC specimens were mislabeled in earlier loading lists [8]; the UC tensile series is
V-6Cr-3Ti (heat T-92) and the ZC series is V-6Cr-6Ti (heat T-90)




37

1000 AT T T ] i

- if ~—

I s V-4Cr-4Ti (T89)
= i J /\ ‘/BOR 60 19 dpa, 323°C
n' 8 0 0 ," : ..‘..4\,_\-
g - ; N
2 I / / \ V-3Cr-3Ti (T91)

i 7 r- ‘ ...........

£ 600 ! ‘\A/ATR-M 3 dpa, 205°C
» [ /
o : b
£ 400 7
] [ /
= [ ;
2 200 [
[11] i

v :

0 — PR SRR
0 0.05 0.1 - 0.15 0.2

Normalized crosshead displacement (mm/mm)

Fig. 1. Typical load-elongation tensile curves for V-Cr-Ti alloys irradiated in the ATR-A1 and BOR-
60 Fusion 1 irradiation experiments. The tensile curves have been horizontally offset for clarity.
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Fig. 2. Dose dependence of radiation hardening in V-(4-5%)Cr-(4-5%)Ti trradlated at low
temperatures [1-3,10,11].
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Fig. 3. Load-elongation curves for V-4Cr-4Ti tensile specimens irradiated in HFBR to 0.1 dpa at
504°C and tensile tested at 505°C. The tensile curves have been horizontally offset for clarity.
The tensile data for specimen ST71 are tabulated elsewhere [2].

Somewhat lower vyield strengths were reported by Kazakov and coworkers [4] for V-4Cr-4Ti
irradiated to ~18 dpa at ~330°C in the same Fusion 1 capsule as the present BOR-60 specimens
listed in Table 3. Since the total elongation was reported to be nearly zero (<1%, with brittle
transgranular or mixed-mode fracture surfaces), the lower strength in their study may be
attributable to embrittlement effects. Differences in the impurity content or differences in
experimental technique (shoulder loaded Russian tests vs. pin-loaded ORNL tests, eic.) are
possible explanations for the difference in tensile behavior. Recently reported tensile data on
pin-loaded type SS-3 tensile specimens of V-4Cr-4Ti (heats 832665 and BL47) irradiated in the
ATR-A1 capsule [6] are in agreement with the yield strength data shown in Fig. 2.

Serrations in the stress-strain tensile curves were only observed in specimens irradiated and
tested at relatively high temperatures (>400°C). Figure 3 shows stress-strain curves for V-4Cr-4Ti
irradiated to a dose of 0.1 dpa at 504°C in HFBR. The Portevin-Le Chatelier serrations fell below
the general level of the stress-strain curve at the lowest strain rate (5.6x10° ™) investigated (Type
C behavior [12]), whereas the serrations oscillated about the mean level of the stress-strain curve
at higher strain rates (Type B behavior [12]). A similar transition from Type C to Type B serrations
was observed in unirradiated V-4Cr-4Ti tested at 500°C at the same strain rates [12-14]. The
amplitude of the oscillations decreased with increasing strain rate in both the unirradiated and
irradiated specimens.
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Previous work on unirradiated [12-14] and irradiated [14] V-4Cr-4Ti has found that the tensile
strength increases with increasing strain rate at low temperatures and decreases with increasing
strain rate at high temperatures (where dynamic strain aging is observed) The transition from a
negative to a positive strain rate dependence occurs at 300°C in unlrradlated V-4Cr-4Ti, with
negative strain rate exponents observed at stram rates below 1 x 10° s™" and positive strain rate
exponents observed at strain rates above 1 x 10° s, The measured value of the hardening strain
rate exponent in the HFBR specimens irradiated to 0.1 dpa at 504°C (Fig. 3) is m=-0.010, where
m is defined by [15]

1 do

o dlng

M.

where ¢ is the stress and ¢ is the strain rate. This strain rate exponent is of slightly lower
magnitude than that observed in unirradiated V-4Cr-4Ti specimens {m~-0.014 at 500°C).
Previous work found that the strain rate exponent was reduced to m= -0.004 at 400°C following
neutron irradiation to 4 dpa at 400°C, compared to the unirradiated value of m=-0.013 at 400°C
[14]. The presence of a negative strain rate exponent is an indication of a significant interstitial
solute concentration in the matrix which is free to migrate to dislocations during tensile testing.
This implies that some of the C, O, N solute in the irradiated V-Cr-Ti alloys remains dissolved in the
matrix and is not contained in titanium oxycarbonitride precipitates or solute-point defect clusters
produced durmg irradiation [186), although the concentration of free interstitial solute is lower in
irradiated specimens compared to unirradiated specimens. Since defect clusters introduce a
weakly positive component to the strain rate exponent [17], the presence of defect clusters may
be partially responsibie for the reduced magnitude of the negative strain rate exponent in
irradiated V-4Cr-4Ti specimens compared to unirradiated material. Interstitial solute bound to
defect clusters or small precipitates would also decrease the magnitude of the irradiated strain
rate exponent at 400-500°C compared to unirradiated values.

Table 4 summarizes the fracture toughness data obtained on V-4Cr-4Ti disk compact tension
specimens irradiated in the ATR-A1 and BOR-60 Fusion 1 capsules. The result from an
unirradiated BOR-60 control specimen is also included in Table 1 for purposes of comparison.
Although the fracture toughness measured on the unirradiated control specimen does not meet
the ASTM validity criteria, the high value is indicative of a high toughness. Similar high toughness
values have been reported on larger unirradiated V-4Cr-4Ti specimens [18]. All of the irradiated
specimens exhibited very low fracture toughness compared to unirradiated control specimens. -
Sample QAO05 broke during preloading at an applied load of 14 pounds. The other two irradiated
samples broke during the first three cycles of testing.

Table 4. Fracture toughness measured on irradiated and unirradiated disk compact tension
specimens of V-4Cr-4Ti.

Sample ID Irradiation conditions Test temperature {°C) K, (MPa-m ")
QA05 (ATR-A1) 190°C, 1.5 dpa 200 {~3)
QAO1(ATR-A1) 250°C, 2.3 dpa 200 30
WC01(BOR-60) 316°C, 15 dpa 200 - 32

WC12 unirradiated 20 233
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MICROSTRUCTURAL EXAMINATION OF V~(3-6%)Cr-(3-5%)Ti IRRADIATED IN THE ATR-A1
EXPERIMENT - D. S. Gelies (Pacific Northwest National Laboratory)”

OBJECTIVE

The objective of this effort is to provide understanding of microstructural evolution in irradiated
vanadium alloys for first wall applications in a fusion reactor.

SUMMARY

Microstructural examination results are reported for four heats of V-(3-6%)Cr-(3-5%)Ti irradiated
in the ATR-A1 experiment to ~4 dpa at ~200 and 300°C to provide an understanding of the
microstructural evolution that may be associated with degradation of mechanical properties.
Fine precipitates were observed in high density intermixed with small defect clusters for all
conditions examined following the irradiation. The irradiation-induced precipitation does not
appear to be affected by preirradiation heat treatment or composition.

PROGRESS AND STATUS
Introduction

Vanadium-based alloys are being developed for application as a first wall material for magnetic
fusion power system. It has been shown that alloys of composition V-(4-5%)Cr-(4-5%)Ti have
very promising physical and mechanical properties.! Recent attention in this alloy class has
focused on several issues, such as the effect of low-temperature irradiation on fracture
toughness, the effect of helium generation, the effect of minor impurities, and heat-to-heat
variation in work-hardening behavior at low irradiation temperatures. While other classes of
alloys are still considered, the V-(4-5%)Cr-(4-5%)Ti alloys are being optimized to suppress their
susceptibility to loss of work-hardening capability following irradiation at low temperatures by
consideration.of minor changes in major alloying levels. Susceptibility of the alloy class to this
process under fusion-relevant conditions is considered to be a major factor in governing the
minimum operating temperature of magnetic fusion devices.

Recent irradiation experiments at <430°C have shown that the loss of work-hardening capability
and uniform elongation of V-4Cr-4Ti vary from heat to heat.? The present effort is a continuation
of the effort to provide an understanding of the microstructural evolution in these alloys under
irradiation with an expansion of the composition range to V-(3-6%)Cr-(3-5%)Ti by examination
of specimens irradiated at low temperatures in the recent ATR-A1 experiment along with
corresponding mechanical properties specimens.>*

Experimental Procedure

Specimens in the form of microscopy disks 3 mm in diameter were included in the ATR-A1 test.
Companion miniature tensile specimens were also irradiated providing the opportunity for

comparison with shear punch and tensile response* at a later date. Twelve specimen conditions
were selected for examination comprising four heats of material irradiated side-by-side at two

*Paciﬁc Northwest National Laboratory (PNNL) is operated for the U.S. Department of
Energy by Battelle Memorial Institute under contract DE-AC06-76RLO-1830.




irradiation temperatures with corresponding unirradiated control specimens. The compositions
of the heats are given in Table 1°° and the specimen conditions examined are shown in Table
2. Compositions covered the range V-(3-6%)Cr-(3-5%)Ti based on the availability of two heats .
recently prepared by ORNL.2 All were heat treated at 1000°C for 1 or 2 h under vacuum (<107
torr) at ANL. Specimens were irradiated in ATR-A1 Subcapsules AS5 and AS11.5
Temperatures and fluences have been estimated for these subcapsules as 284-300°C to 4.1
dpa and 223-234°C to 3.5 dpa, respectively,® but will be referred to as 300 and 200°C to 4 dpa
in subsequent text. Specimen preparation and examination involved standard procedures. All

images were computer processed and printed from scanned negative information.

Table 1. Compositions of heats examined

Minor Impurities fappm]

na: not applicable

Heat # Nominal Composition,
. wi% 0 N C Si Other
832665, BL- V-3.8Cr-3.9Ti 310 | 85 80 | 783 | 220 Fe, 190 Al l
71
T87, BL-72 V-5.0Cr-5.0Ti 380 | 90 | 110 | 550
T91 V-2.84Cr-3.02Ti 230 | 62 | 120 | 940 | 130 Fe, 200 Al
T92 V-5.97Cr-2.94Ti 280 | 95 | 105 | 950 | 165 Fe, 255 Al
Table 2. Conditions of specimens examined by TEM
Specimen ID | Heat# Heat treatment Irradiation Irradiation Dose
Temperature
P8 832665, | 1000°C/1h na 0 dpa
BL-71
p837 223-234°C 3.5dpa
P811, P832 284-300°C 4.1 dpa
P7 787, 1000°C/1h na 0 dpa
BL-72
P706 223-234°C 3.5dpa
P710 284-300°C 4.1 dpa
P1 T91 1000°C/2h na 0 dpa
P113 223-234°C 3.5 dpa
P107, P123 284-300°C 4.1 dpa
P2 T92 1000°C/2h na 0 dpa
P224 223-234°C 3.5 dpa
P215 284-300°C 4.1 dpa
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Results
Pre-irradiation microstructures

The purpose of this work was to provide information on effects of radiation on microstructure in
order to provide interpretation of mechanical properties response. As a result, emphasis was
placed on examination of irradiated specimens. However, sufficient information was obtained
to provide some comparison of the preirradiation microstructures for all four heats. All
preirradiation microstructures appeared similarly, consisting, in general, of large equiaxed grains
with large Ti,V(O,C,N) precipitate particles non-uniformly distributed. The particles observed
were as large as 500 nm in heats 832665 and T87, but were generally 200-300 nm with many
smaller particles. However, due to the non-uniform distribution, it is difficult to compare
precipitate volume fraction from heat to heat based on electron microscopy. Grain boundaries
were often distorted in the vicinity of such particles and many examples could be found where
small grains were distributed amongst the larger grains, often where friple points would normally
be found. In heats T87 and T92, areas were found where recrystallization had not occurred
retaining a refaxed subgrain structure, but the volume fraction is expected to be fow. This may
be an indication that higher chromium contents discourage recrystallization.

Grain boundaries were often decorated with fine non-equiaxed precipitation on the order of 50
nm, but size and distributions varied from one grain boundary to another. Such precipitation is
typically produced during cooling following the 1000°C annealing treatment.®

Microstructures following irradiation

The major effects of irradiation both at 200 and at 300°C were development of fine structure and
evidence of increased internal strain based on lack of Kikuchi band structure. The fine structure
was apparent under strain contrast conditions and can be expected to be the cause of the
internal strain. Diffraction patterns showed little detail, but evidence for streaking at
approximately %<222>, found previously,® could be identified easily whereas streaking at
%<200> was very faint and usually impossible to see. Images using 24<222> were very weak,
but the scale of the structure matched that found in matrix dark field images approaching weak
beam conditions. Therefore, it is apparent that precipitation due to 25<222> is responsible for
the fine structure and internal strain observed.

Examples

Examples of these microstructures are provided in Figures 1, 2 and 3. Figure 1 shows two low
magnification examples for each alloy of interest in the heat treated condition. In all cases, areas
were selected to show grain boundary structure. Detailed inspection reveals fine precipitates
on grain boundaries, with different size and spacial distributions on neighboring boundaries near
triple points. Several examples are included where grain boundaries have been distorted due
to associated large precipitate particles. Note that examples of smaller grains at triple points are
shown in Figures 1a and 2h, and examples of unrecrystallized grain substructure can be found
in Figures 2d and 2g, demonstrating further features of these microstructures prior to irradiation.

Figure 2 provides an example for each of the irradiated conditions at low magnification. The
structures appear similar to those found in the unirradiated conditions except that fine
precipitates on grain boundaries are no longer visible, and fine structure can be seen within
grains. Large precipitate particles, present prior to irradiation, are retained.
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Figure 1. Low magnification examples of microstructures in specimens of V-(3-6%)Cr-(3-5%)Ti
prior to irradiation showing the large heat 832665 in a and b, heat T87 in ¢ and d, heat T91 in
e andf, and heat T92 in g and h.

Figure 3 was prepared to show features of the fine structure within grains at higher
magnification. For each irradiation condition, weak beam dark field images for the same area
are shown using §=[011] and [200], respectively, for foil conditions near (011) so that the
corresponding g vectors are orthogonal with <200> horizontal. Where the information was
available, the (011) pattern, with 000 on the lower left, has been inset. Also of note is that under
the specimen identification code P224 a precipitate dark field image with g= ~34[222] has been
inset. From this figure, the following can be demonstrated. Diffraction information only indicates
the presence of intensity in the vicinity of 25<222>; intensity in the vicinity of ~%4<200> is very
weak. Precipitate dark field images formed using g=24<222> are very weak but indicate the
presence of very small particles. Similar features can be seen in all weak beam images,
indicating that the responsible precipitate particles provide strain fields visible under strain
contrast conditions (or that matrix [200] and [011] reflections superimpose on precipitate
reflections.) Comparison of [200] and [011] images consistently shows fine structure in both, but
coarser structure as well in the [200] images. Figure 3f in particular can be interpreted to
indicate the presence of dislocation loops approximately 20 nm in diameter. Therefore, the
dislocation density is likely to be significantly lower than the precipitate particle density.
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Figure 2. Low magnification examples of irradiated microstructures in specimens of V-(3-6%)Cr-
(3-5%)Ti irradiated in the ATR-A1 experiment showing the large heat 832665 at 200 and 300°C
in a and b, heat T87 at 200 and 300°C in ¢ and d, heat T91 at 200 and 300°C in e and f, and
heat T92 at 200 and 300°C in gand h.

Quantification of precipitation

As all weak beam images presented in Figure 3 were taken with matching stereo pairs, it is
possible to quantify the precipitate features in order to estimate the consequences of such
features on mechanical properties. Table 3 provides results from measurements of the fine
structure observed on <011> images, assuming the particles are spherical. Based on
examination of sterec information in thin areas, it can be noted that the precipitates are non-
uniformly distributed. Precipitation is in patches, with areas of similar size separating the
patches. The results in Table 3 indicate that precipitates are between 3 and 4 nm in average
diameter at number densities between 1 and 3 x10" cm™ corresponding to volume fractions on
the order of 0.5%. Surprisingly, the observed response appears to be insensitive to irradiation
temperature.
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Figure 3. Dark field images using §=[011] and [200], respectively, of irradiated microstructures
in specimens of V-(3-6%)Cr-(3-5%)Ti from the ATR-A1 experiment showing the large heat
832665 at 200°C in 2 and b and at 300°C in ¢ and d, heat T87 at 200°C in e and f and 300°C
ingandh, heat T91 at 200°C iniand j and at 300°C in k and |, and heat T92 at 200°C in m and
nand at 300°C in 0 and p. Where available, (011) diffraction patterns have been inserted and
P224 contains an insert showing precipitate dark field contrast.
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Discussion

The purpose of this work is to provide microstructural information allowing interpretation of test
results for mechanical properties measurements including those on miniature tensile specimens
and disks tested by shear punch procedures.®* Results are not yet available, but preliminary
results'® indicate that all materials showed large degradation in properties following irradiation.

Based on the present and previous microstructural observations,” mechanical property
degradation appears to be due to precipitation during irradiation. Unfortunately, the composition
of the precipitate has not yet been established, so that it is not yet possible to provide
recommendations for composition modifications for improved properties. However, recent
results''? indicate that precipitation of interstitial elements with titanium is likely responsible.
This discussion is provided as further speculation on the likely causes for the behavior observed.

Table 3. Irradiation induced precipitate size and density as determined from weak beam images

Specimen | Conditions: Mean diameter | Number density | Volume fraction
ID Heat/dose/temp. (nm) (10" cm’®) (%)

P837 BL-71/4 dpa/200°C 3.29 3.2 0.6

P832 BL-71/4 dpa/300°C 3.46 25 0.6

P706 T87/4 dpa/200°C 3.89 1.6 0.6

P710 T87/4 dpa/300°C 3.64 1.6 0.5

P113 T91/4 dpa/200°C 3.83 1.8 0.6

P123 T91/4 dpa/300°C 3.01 1.1 0.2
P224 T92/4 dpa/200°C 3.89 1.6 0.5
P215 T92/4 dpa/300°C 3.80 2.0 0.7

It is noteworthy that diffraction response for precipitates formed during irradiation is found to vary
with irradiation temperature. Following irradiation at 400°C to 4.5 dpa in HFIR, streaks were
found both at 34<200> and %4<222>, whereas the present results following irradiation at 200 and
300°C to 4 dpa show streaks only at 25<222>. Therefore, two types of precipitation formed at
400°C, but at lower temperatures, one of those precipitates is not found, at least following
irradiation to doses on the order of 4 dpa.

The precipitation identified following irradiation in the ATR-A1 experiment at 200 and 300°C is
found to consist of particles on the order of 3 nm in diameter at densities in the range 1 to 3 x10"
cm™ corresponding to volume fractions on the order of 0.5%. As the precipitates are best
imaged using strain contrast, it is likely that strain centers of this size and density would have
a major effect on hardening and embrittlement. 1t is not yet understood why precipitation is
similar in size following irradiation at both 200 and 300°C. Nor is it understood why number
densities are found to vary as a function of composition such that heat 832665 gave higher
densities by about a factor of two. Given the very small sizes of the precipitates, perhaps the
best explanation lies in experimental uncertainty. Errors on the order of a factor of 2 are not
unreasonable with such fine microstructures.
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CONCLUSIONS

Eight specimen conditions from the ATR-A1 experiment irradiated at ~200 and 300°C to ~4 dpa,
comprising four heats of V-(3-6%)Cr-(3-5%)Ti given similar preirradiation heat treatments and
directly corresponding to mechanical properties specimens, have been examined to identify the
cause of irradiation hardening. It is found that hardening is due to precipitation of a high density
of small particles, but differs from response at 400°C, because one precipitate type dominates
at the lower irradiation temperatures. Particle sizes are on the order of 3 nm in diameter at
densities in the range 1 to 3 x10'” cm™ corresponding to volume fractions on the order of 0.5%.
The irradiation-induced precipitation appears te be insensitive (to within a factor of ~2) to
preirradiation heat treatment and composition.

FUTURE WORK
This work will be continued within the confines of funding and specimen availability.
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IRRADIATION-INDUCED PRECIPITATION AND MECHANICAL PROPERTIES OF VANADIUM
ALLOYS AT <430°C, H. M. Chung, J. Gazda, and D. L. Smith (Argonne National Laboratory)

OBJECTIVE

The objective of this study is to identify dense irradiation-induced precipitation of very fine
particles that causes severe dislocation channeling and poor work-hardening capability in V-
4Cr-4Ti at <430°C.

ABSTRACT

Recent attention to V-base alloys has focused on the effect of low-temperature (<430°C)
irradiation on tensile and impact properties of V-4Cr-4Ti. In previous studies, dislocation
channeling, which causes flow localization and severe loss of work-hardening capability, has
been attributed to dense, irradiation-induced precipitation of very fine particles. However,
efforts to identify the precipitates were unsuccessful until now. In this study, analysis by
transmission electron microscopy (TEM) was conducted on unalloyed V, V-5Ti, V-3Ti-1Si, and
V-4Cr-4Ti specimens that were irradiated at <430°C in conventional and dynamic helium
charging experiments. By means of dark-field imaging and selected-area-diffraction analysis,
the characteristic precipitates were identified to be (V,Ti1-%)(C,O,N). Evidence indicates that
severe dislocation channeling and poor work-hardening capability in V-4Cr-4Ti occur at
<430°C as a result of dense precipitation of (V,Ti1x)(C,O,N). In V-3Ti-1Si, precipitation of
(V,Ti1-x)(C,0O,N) was negligible at <430°C, and as a result, dislocation channeling did not occur
and work-hardening capability was high.

INTRODUCTION

Recently, attention to vanadium alloy development for fusion reactor application has focused
on the performance of V-(4-5)Cr-(4-5)Ti after low-temperature irradiation; tensilel-7 and
impact#:6,7 properties after irradiation at <430°C have been of special interests. It has been
reported that a 500-kg heat (832665) and a 30-kg heat BL-47 of V-4Cr-4Ti and a 80-kg heat
BL-63 of V-5Cr-5Ti exhibited low uniform elongation as a result of virtual loss of work-
hardening capability after irradiation at 80-430°C in several fission-reactor experiments, i.e.,
in HFBR,! HFIR,2,3 EBR-II X530,4.5 ATR,® FFTF MOTA,” and FFTF COBRA-1A27 experiments.
In contrast to the tensile behavior at <430°C, V-Cr-Ti, V-Ti, and V-Ti-Si alloys exhibited
generally good work-hardening capability after irradiation at >500°C.8 The 500-kg heat of V-
4Cr-4Ti also exhibited poor impact properties after irradiation at <390°C.4.6.7 This was
surprising, in view of a previous report that the 30-kg heat of V-4Cr-4Ti exhibited good impact
properties after irradiation at >430°C in the FFTF,9 and that the 500-kg heat exhibited
excellent impact properties in the nonirradiated state.®8 In subsequent studies of the tensile
behavior of the 500-kg heat, the poor work-hardening capability was found to be due to
dislocation channeling that occurred extensively in the alloy after irradiation at <390°C.10-12
Furthermore in these studies, severe dislocation channeling was attributed to dense
precipitation of very fine particles (<10 nm in size) during irradiation at the low
temperatures.10-12 Therefore, identification of the irradiation-induced precipitates and
understanding the mechanism of dislocation channeling have been of major importance in
understanding the irradiation performance of V alloys at <430°C. However, initial efforts to
gain information on the composition of the very fine precipitates by electron energy loss
spectroscopy were inconclusive.11,12

In this work, TEM selected-area-diffraction (SAD) analysis and dark-field imaging techniques
were utilized to identify the very fine irradiation-induced precipitates in the 500-kg heat of V-
4Cr-4Ti that was irradiated in an Li environment in the EBR-II at =390°C, and in laboratory
heats of V, V-5Ti, V-3Ti-18i, and V-4Cr-4Ti (BL-47) that were irradiated at =420-600°C in the
dynamic helium charging experiment (DHCE) in the FFTF.8:13 In contrast to the poor work-
hardening capability of the large-scale and laboratory heats of V-4Cr-4Ti irradiated in the
conventional irradiation experiments (i.e., non-DHCE) at 390 and =430°C, respectively, work-
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hardening capabilities of the laboratory hedts of V-4Cr-4Ti and V-3Ti-18i were significantly
higher after irradiation in the DHCE at =430°C. This variation in work-hardening capability is
manifested by significant variation in uniform elongation as shown in Fig. 1.7 Therefore, of
particular interest in this study was not only identification of the irradiation-induced
precipitates but also relationship among degree of precipitation, dislocation channeling, and
work-hardening capability of several alloys that were irradiated at <430°C.
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Fig. 1. Uniform elongation as a function of irradiation temperature (same as test
temperature) of V-4Cr-4Ti (A) and V-3Ti-Si (B), showing significant variation
in work-hardening capability, depending on heat and irradiation condition.

EXPERIMENTAL PROCEDURES

The elemental composition of the alloys investigated in this study, determined prior to
irradiation, is given in Table 1. TEM analysis was not conducted on Heat VX-8 (V-3.7Cr-
3.9Ti; O, 350 wppm; N, 70; C, 300; Si, 500; Nb, 1280; Al, 1120; Co, 500; Fe, 280; Mo, 270;
and Zr, 19 wppm) and Heat BL-27 (V-3.1Ti-0.258i; O, 210; N, 310; and C, 310 wppm),
although uniform elongation of the heats was relatively high, as shown in Fig. 1. Details of
conventional and DHCE irradiation experiments, in which TEM disks and tensile specimens
of these alloys were irradiated- are summarized in Table 2. TEM disks and tensile specimens
were machined out of cold—-worked sheets =0.3 and =1 mm thick, respectively, followed by
annealing at 1050-1125°C for 1 h in ion-pumped vacuum. The irradiated specimens were
then retrieved from the irradiation capsules, and Li that was bonded onto the specimens was
cleaned off in a bath of liquid ammonia. Then, the specimens were further cleaned
ultrasonically in a bath of ethyl alcohol. TEM disks were also prepared out of the gage area of
broken tensile specimens. All TEM disks were jet-thinned at -10°C in a solution of 15%
sulfuric acid, 72% methanol, and 13% butyl cellulose. TEM was conducted with a JEOL
100CX-II scanning transmission electron microscope (100 keV) or with a Philips CM-30
analytical electron microscope (300 keV).

Table 1. Chemical composition of vanadium alloys

Nominal Comp. Impurity Concentration {wt. ppm)
Heat ID (wt.%) O N C Si
BL-192 v 1101 161 360 -
BL-462 4.6Ti 305 53 85 160
BL-452 2.5Ti-18i 345 125 90 9900
BL-47b 4.1Cr-4.3Ti 350 220 200 870
832665¢ 3.8Cr-3.9Ti 310 85 80 783
a15-kg laboratory heat
b30—kg laboratory heat

€500-kg production-scale heat
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RESULTS

A typical bright-field image of dislocation channels, shown in Fig. 2, was obtained from the
500-kg Heat 832665 of V-4Cr-4Ti that was irradiated to ~4 dpa and tensile-tested at 390°C.
Several SAD patterns were obtained from the precipitate-rich regions, such as those in Fig. 2,
in one orientation, e.g., (110) zone of the matrix. Using reflections from the precipitates, we
obtained many dark-field images in this orientation . Then, the specimen was tilted to several

Table 2. Summary of conditions under which TEM disks and tensile
specimens were irradiated

Alloy Type  Alloy Heat Irradiation Environment Temperature (°C) dpa

V-4Cr-4Ti 832665 EBR-II X530 Li =390 4
v BL-19 FFTF-DHCE Li - 430-600 13-27
V-5Ti BL-46 FFIF-DHCE Li - 430-600 13-27
V-3Ti-18i BL-45 FFTF-DHCE Li 430-600 13-27
V-4Cr-4Ti BL-47 FETF-DHCE Li 430-600 13-27

Fig. 2.

Bright-field image of
dislocation channels in
500-kg V-4Cr-4Ti Heat
832665  tensile
specimen irradiated to

=4 dpa at 390°C in
EBR-II X530
experiment and
tensile-tested at 390°C

other orientations, e.g., (100), (120), and (310) zones of the matrix, and more SAD patterns
and dark-field images of the precipitates were obtained at the new orientation. Because Heat
832665 V-4Cr-4Ti specimens that were irradiated at =390°C in the EBR-II X530 experiment
contained a significantly high volume fraction of the precipitates,!! dark-field images of the
unknown precipitates could be obtained without much difficulty. Typical examples of SAD
patterns are shown in Figs. 3-5, which correspond, respectively, to the (110}, (310}, and (320)
zones of the matrix. For most SAD patterns, many double- diffraction spots are present, and,
at the same time, precipitate reflections are superimposed on most matrix reflections. As a
result, "pure" matrix reflections were difficult to find. Because of these two factors, significant
difficulty was commonly encountered in isolating and identifying the operating precipitate zone
in a given SAD pattern. :

A typical example of a dark-field image of the precipitates, observed in a TEM disk of the 500-
kg V-4Cr-4Ti heat after irradiation to =4 dpa at =390°C in the EBR-II, is given in Fig. 6. Very
fine (size 3-10 nm), dense precipitates are visible; number density and volume fraction of
precipitates in the figure correspond to =3.5 x 1017 cm-3 and =1.2%, respectively.

The SAD pattern in Fig. 3 shows numerous double-diffraction spots and precipitate reflections
that correspond to the {111) zone of an fcc structure that is parallel to the {(110) zone of the
bce matrix. Exactly the same orientational relationship was observed for relatively larger
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precipitates in unalloyed V (BL-19) irradiated in the FFTF-DHCE to =18 dpa at 600°C (see the
SAD pattern and dark-field image in Fig. 7). Furthermore, the lattice spacing of the fcc
structure measured from the (111) zones of the SAD patterns in Figs. 2 (V-4Cr-4Ti, 832665)
and 7 (unalloyed V, BL-19) was identical, i.e., ap = 0.415-0.420 nm. This finding shows that
the same type of precipitation occurred in unalloyed V and V-4Cr-4Ti, although irradiation
conditions and the size and density of the precipitates differed significantly.

The type of fcc precipitates that exhibited exactly the same diffraction characteristics and
orientational relationship as those of the very fine precipitates, produced at =390°C in EBR-II,
were observed in other alloys that were irradiated in the FFTF-DHCE, i.e., V-5Ti (BL-46) (Fig.
8), 30-kg V-4Cr-4Ti ( BL-47) (Fig. 9), and V-3Ti-1Si (BL-45) (Fig. 10). For the orientation
shown in Fig. 8, i.e., the (100) zone of the precipitate parallel to the (100) zone of the matrix,
all precipitate reflections are hidden behind the matrix reflections. Therefore, the presence of
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irradiation-induced precipitates is indicated only by the streaks, and dark-field images could
be obtained only with the streaks that are visible near the matrix reflections. Such streaks are
absent in the (100) zone of V-3Ti-1Si irradiated in the FFTF-DHCE to =27 dpa at =430°C (Fig.
10), indicating that precipitation in this alloy was insignificant under the irradiation
conditions.

Initially, it was suspected that the characteristic precipitates could be either irradiation-
enhanced precipitates of o-Ti (hcp, ag = 0.29504 nm, ¢y = 0.46833 nm), Ti;O (hcp, ap = 0.2959

nm, ¢o = 0.4845 nm), TizO (hep, ao = 0.4991 nm, ¢, = 0.2879 nm), or metastable w-phase
(hep, agp = 0.4573-0.4598 nm, ¢y, = 0.2804-0.2818 nm). A Ti-rich Ti-V phase has been
observed in Ti-V alloys by several investigators.14,15 However, the diffraction behavior, such
as that manifested in the SAD patterns in Figs. 2-4 and 6-9, was not consistent with any of
these systems. Of particular importance is fact that the characteristic precipitates that exhibit
the same diffraction behavior were also observed in unalloyed vanadium (BL-19, Fig. 6).
Therefore, we searched for an fcc compound based on V.

Fig. 6.

Reverse-contrast

dark-field image of
{(V,Ti1.)(C,O,N) pre-
cipitates in V-4Cr-
4Ti Heat 832665
TEM disk irradiated
to =4 dpa at 390°C
in EBR-II X530
experiment.
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Fig. 7. SAD pattern (left) and reverse-contrast dark-field image (right) of V(C,O,N)
precipitates observed in unalloyed V Heat BL-19 TEM disk irradiated to =18
dpa at 600°C in FFTF-DHCE, showing (111) zone of precipitate parallel to (110)
zone of matrix. Letters V, VC, and DD denote, respectively, matrix, V(C,O,N},
and double diffraction spots.

The SAD patterns shown in Figs. 3-5 and 7-10 could be indexed precisely only on the basis of
the structure of VC, an fcc compound with a lattice constant of ap = 0.4168-0.4169 nm.16,17
Meanwhile, VO (fcc, a, = 0.409 nm) and VN (fcc, ag = 0.413 nm) are isostructural with VC, and
lattice constants of the three phases are similar.16.17 Considering this and the fact that the
three compounds are mutually soluble, we conclude that the precipitates are V(C,0O,N), an fcc
(NaCl) structure {space group Fm3m) with a lattice constant a, = 0.415-0.420 nm.

This measured lattice spacing is =1.5-2.0% smaller than the lattice spacings reported for TiC
(fce, ap = 0.4313-0.4330 nm), TiO (fce, ao = 0.422-0.425 nm), or TiN {fce, ap = 0.4182-0.4243
nm).16,17 However, this small difference in lattice spacing cannot be discerned conclusively
from TEM SAD patterns. Therefore, based on measured lattice spacing alone, it is not possible
to conclude whether the precipitates are V- or Ti-based precipitates, i.e., V(C,O,N) or Ti(C,O,N).
However, the fact that the characteristics precipitates were observed in unalloyed V (BL-19,
Fig. 7) provides conclusive evidence that they are of the V(C,0,N) type. This is supported
further by the following observations.

The diffraction characteristics and morphology of the precipitates that formed at higher
irradiation temperatures, such as those shown in Figs. 7 (unalloyed V at 600°C), 8 (V-5Ti at
600°C), and 10 (V-3Ti-1Si at 500°C), are essentially the same as the (Vg.75Tig.25)(C,O,N)
precipitates that were observed in laser and electron-beam welds of V-4Cr-4Ti Heat 832665
after postwelding annealing at 1000°C for 1 h.1® Kazakov et al. reported that carbides of V
(VC or V,C) were observed in the fusion and heat-affected zones of gas-tungsten-arc welds of
V-2.5Zr-0.35C.19 The morphology of these carbides is essentially the same as that of V(C,O,N)
precipitates observed in V, V-5Ti, and V-3Ti-1Si in this study and in the laser and electron-
beam welds of Ref. 18. The morphology of V carbides observed by Kazakov et al. in the V-
2.5Zr-0.35C welds was in distinct contrast to the spherical morphology of ZrC, which was
observed only in the fusion zone of the alloy. Hence, we believe that the irradiation-induced
precipitates observed in this study have essentially the fcc (NaCl) structure of VC that is
modified in elemental composition; namely, O, and to a lesser extent, N atoms replacing some
C atoms and Ti replacing some V in the Ti-containing V alloys.
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Fig. 10. SAD pattern (TEM disk, =27 dpa at 430°C} and dark-field image (TEM disk, =18
dpa at 500°C) of (V,Ti14)(C,O,N) precipitates from V-3Ti-1Si BL-45 irradiated in
FFTF-DHCE. The SAD pattern shows (100) zone of matrix free of streaks,
indicating that (V,TizJ(C,O,N) precipitation at =27 dpa at 430°C was
insignificant.

Thermal Ti(O,N,C) precipitates form in Ti-containing V alloys during ingot melting and
fabrication when combined concentrations of O, N, and C exceed =400 wppm.20 The
morphology of this type of mostly 300-500-nm Ti(O,N,C) is invariably ellipsoidal or spherical,
which is in distinct contrast to the elongated morphology of V(C,0,N) type precipitates such as
those shown in Figs. 7, 8, and 10 in this study and those observed in welds in Refs. 18 and
19. Furthermore, thermally formed Ti{ O,N,C) exhibits an orientational relationship of

(100)Ti(o,N,c)/ /(1 10)y.

In contrast to this, the irradiation-induced precipitates of (V,Ti;.x)(C,0,N) analyzed in this
study exhibit two orientational relationships, i.e., (111)v(c,0,N)//(110)v ( Figs.3, 7, and 9) and
(100)v(c,0,N)/ /(100}y (Fig. 8). The latter orientation is identical to the orientation
(110)v(c,0,N)/ /(110}y that was observed for the (VTi;_x)(C,0,N) precipitated in the welds of the
500-kg V-4Cr-4Ti.18 The diffraction spots from the very fine (V,Ti1.x)(C,0,N) precipitates in
the 500-kg V-4Cr-4Ti specimens, irradiated to =4 dpa at 390°C, exhibit, as shown in Figs. 4
and 5, streaks in the <110> and <111> directions of the precipitate, indicating that they are
extremely thin, needlelike precipitates. In contrast to this, the relatively large (V,Ti;x}(C,O,N)
precipitates in V-5Ti, irradiated to =18 dpa at 600°C, exhibit streaks in the <110> direction
only, showing that they are thin platelets (=10 nm thick and 50-120 nm in diameter).

The diffraction characteristics of (V,Ti1-x){(C,0,N) in the (100) orientation, such as those shown
in Fig. 8, are in sharp contrast to those of the irradiation-induced TisSiz precipitates at the
same matrix orientation.?? For example, diffraction patterns that are characteristic of the
latter type of precipitates are shown in Fig. 11 [Ti5Siz on the (100) and (111} zones of the
matrix], which was obtained from V-3Ti-18i {BL-45) irradiated to =18 dpa at 600°C in the
FFTF-DHCE. Although the morphology of the TisSi3 precipitates shown in the figure is similar
to that of thermally formed ellipsoidal Ti(O,N,C), their diffraction patterns differ from those of
Ti(C,0,N)20 and (V,Ti1.x)(C,0O,N), e.g., those on the (100) zone of the matrix shown in Fig. 8.
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V-3Ti18i, BL-45 V-3Ti-18i, BL~45
DHCE-5C2 DHOE-5C2
18 dpa at 600 18 dpa at 600°C

Fig. 11.

SAD patterns [top left and right,
respectively, {100} and {111) zone
of matrix] and reverse-contrast
. dark-field image (left) of TizSiz
precipitates in V-3Ti-1S5i (BL-45)
irradiated to =18 dpa at 600°C in
FFTF-DHCE.

R

DISCUSSION

For the specimens of the 500-kg V-4Cr-4Ti (Heat 832665) that was irradiated to =4 dpa at
390°C in the EBR-1I X530 experiment, the number density of the (V,Ti;_x)(C,0,N) precipitates
was extremely high, as shown in Fig. 6, whereas irradiation-induced precipitation of other
phases in the same specimens, such as TisSi3, was negligible. It seems quite possible that
irradiation-induced hardening of the material is mostly due to the high—density (V,Ti1x)(C,O,N)
precipitates rather than to defect clusters or dislocation loops that act as primary barriers to
dislocation motion. In agreement with a previous investigation,!l it was difficult to obtain
dark-field images of pure defect clusters {dislocation loops free of precipitate) in TEM disks or
tensile specimens of this material, because most precipitate reflections were superimposed on
matrix reflections. The size and number density of (V,Ti1.x)(C,0,N) precipitates that were
visible in dark-field images, and the size and number density of all types of barriers {defect
clusters, dislocation loops, and precipitates) that were visible in the bright-field image were
similar. This observation indicates that (V,Ti1-x)(C,0,N) precipitated on or near most defect
clusters and dislocation loops in the material.

From bright-field images (e.g., Fig. 2) alone, we cannot obtain direct evidence that helps clarify
the role of the precipitates in dislocation channeling, nor can we gain insight into what
alloying or impurity elements are responsible for precipitation-induced microstructural
modification. However, the dark-field images (e.g., Fig. 12) provide more direct evidence for
the role of (V,Ti1-x}(C,0,N) precipitates in dislocation channeling. The dark-field image in Fig.
12 shows that (V,Ti1-x)(C,0,N) precipitates, contained in a tensile specimen of the 500-kg V-
4Cr-4Ti (Heat 832665) that was irradiated to =4 dpa at 390°C in the EBR-II X530 and tested at
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390°C, were either sheared or plowed out of dislocation channels. Therefore, the severe
dislocation channeling and poor work-hardening capability {manifested by uniform elongation
<0.8%, Fig. 1A} of the material did, indeed, seem to be a direct consequence of extensive
irradiation-induced precipitation of (V,Ti1-x)(C,0,N) in the material. Likewise, the poor impact
property of the material? is believed due to the same precipitation-induced microstructural
degradation.

Fig. 12.

Reverse-contrast dark-field
image of (V, Ti;«)(C,O,N)
precipitates and dislocation
channels in 500-kg V-4Cr-
4Ti (Heat 832665)
irradiated to =4 dpa at
e - 390°C in EBR-II X530 and
&; gﬁﬁ- plowed. tensile tested at 390°C,
of dislocation'.channels showing that the
precipitates were sheared
or plowed out of dislocation
channels. :

In contrast to the case of the 500-kg heat V-4Cr—4Ti that was irradiated in the EBR-II,
uniform elongation (i.e., 1.4-2.0 %) and work-hardening capability of the 30-kg V—-4Cr—4Ti
heat were relatively higher after irradiation to =27 dpa at =430°C in the FFTF-DHCE (see Fig.
1A).7 This finding is consistent with the dark-field image of the microstructure of the latter
material, shown in Fig. 9. The density of the fine (V,Ti; x}(C,0O,N) precipitates produced in the
30-kg heat was more than an order of magnitude lower than that of the 500-kg heat, and as a
consequence, the 30-kg heat seems to be more resistant to dislocation channeling, and hence,
to flow localization. Similarly, a 15-kg heat of V-3Ti~1Si (BL-45) exhibited no sign of
{V,Ti1x)}(C,O,N) precipitation after irradiation at 430°C in the FFTF~DHCE or at 390°C in the,
COBRA-1A2 experiment. This observation is also consistent with the relatively higher work-
hardening capability of the BL-45 specimens that is manifested by uniform elongations as
high as 3.8-6.5% (see Fig. 1B). Thus, at least for three irradiated materials, i.e., V-4Cr-4Ti
Heat 832665 irradiated to =4 dpa at 390°C in the EBR-II X530, V-4Cr-4Ti Heat BL-47
irradiated to =27 dpa at 430°C in the FFTF-DHCE, and V-3Ti-1Si Heat BL-45 irradiated to
=27 dpa at 430°C in the FFTF-DHCE, we observed direct evidence for good correlation among
the number density of the fine (V,Ti1-x)(C,0,N) precipitates, the degree of dislocation
channeling, and work-hardening capability.

Obviously, one way to improve work-hardening capability (and, at the same time, impact
properties} of V-base alloys that are to be irradiated at <430°C is to suppress or prevent
irradiation-induced precipitation of (V,Ti1x)(C,0,N). As shown in Fig. 1A, the coldworked
specimen of BL-47 V—4Cr-4Ti exhibited better work-hardening capability than the annealed
material (i.e., uniform elongation =2.3 vs. 0.9% after irradiation at 390°C), indicating that
coldwork improves work—hardening capability. However, optimizing alloy or specimen
fabrication procedures, such as coldworking, keeping C, O, and N concentrations at a
sufficiently low level, or maximizing thermal precipitation, is probably either insufficient, too
costly, or impractical. Alternatively, it may be feasible, by adding certain doping element(s}, to
shift the range of temperature of irradiation-induced (V,Ti;-x)(C,O,N) precipitation to
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sufficiently lower temperatures, e.g., <350°C, or even entirely eliminate precipitation in the
temperature range of interest for fusion application.

Doping V-4Cr-4Ti with >1% Si appears to be an attractive idea. As shown in Fig. 1B, the
work-hardening capability of BL-27 V-3Ti-0.25Si was significantly inferior to that of BL-45 V-
3Ti-18i. Although not conclusive at this time, this difference in work-hardening capability
may be a manifestation of a beneficial effect of sufficiently high Si concentration in V-3Ti-Si
alloys; e.g., (V,Ti1-x)(C,O,N) precipitation and dislocation channeling is suppressed in the high-
Si heat but is still active in the low-Si heat. Likewise, a sufficiently high Si concentration
could also help to suppress or prevent (V,Ti1x)(C,O,N} precipitation in V-4Cr-4Ti at
temperatures <450°C.

CONCLUSIONS

1. Dislocation channeling and poor work-hardening capability of the 500-kg heat of V-4Cr-
4Ti, observed after irradiation at low temperatures {e.g., at <400°C), are caused by high-
density irradiation-induced precipitation of very fine <10-nm particles. By dark-field
imaging and selected area diffraction analysis, the characteristic precipitates were
identified as (V,Ti1-x}(C,0,N), which has an fcc structure and modified composition of VC,
with some V replaced by Ti and some C replaced by O, and, to a lesser extent, by N. The
same type of precipitates were also observed in unalloyed V, V-5Ti, V3Ti-15i, and a 30-kg
heat of V-4Cr—4Ti irradiated at 430-600°C in the dynamic helium charging experiment;
precipitation behavior was influenced strongly by irradiation temperature.

2. Irradiation—induced precipitates of (V,Tij-x)(C,0,N) exhibited two orientations:
(11)vc,0n//(110)v , [0-22]v(c,0,n//[002]v ; and (100)vic,0,n)//(100)v,
[002}v(c,0,N)/ /[011]y. Diffraction spots from the <10-nm (V,Ti1x)(C,0O,N) precipitates in the
500-kg V-4Cr-4Ti, irradiated to =4 dpa at 390°C, exhibited streaks in the <110> and <111>
directions, indicating that they are very fine needlelike precipitates. In contrast, relatively
large (V,Ti1-x)(C,O,N) precipitates produced during irradiation at 600°C exhibited streaks in
the <110> direction only, showing that they are thin platelets (=10 nm thick and 50-120
nm in diameter). Thermally formed platelet (V,Ti;.x)(C,0O,N) precipitates were also observed
in unirradiated postwelding-annealed laser and electron-beam welds of the 500-kg V-4Cr—
4Ti.

3. In V-4Cr-4Ti at <27 dpa, (V,Ti1-x}(C,O,N) precipitation is predommant for irradiation at
<430°C, whereas TisSi3 precipitation is favored at >500°C.

4. Dark-field images provided direct evidence that (V,Ti;.x)(C,O,N) precipitates in tensile
specimens of the 500-kg V-4Cr-4Ti (Heat 832665) that were irradiated and tested at 390°C
were either sheared or plowed out of dislocation channels. The severe dislocation
channeling and poor work-hardening capability of the material is a direct consequence of
extensive irradiation-induced precipitation of (V,Tijx)(C,0,N). The poor impact property of
the heat observed after irradiation at <390°C is probably also due to the same
precipitation-induced microstructural degradation.

5. The number density of (V,Ti;.x)(C,O,N) precipitates in the 30-kg heat V-4Cr—4Ti, irradiated
to =27 dpa at =430°C in the dynamic helium charging experiment, was more than an order
of magnitude lower than that of the 500-kg V-4Cr—4Ti heat that was irradiated at 390°C in
a conventional experiment, and as a consequence, the heat was more resistant to
dislocation channeling, and work-hardening capability was higher.

6. A 15-kg heat of V-3Ti~1Si showed no sign of (V,Ti1-x)(C,0,N) precipitation after irradiation
at <430°C in either conventional or dynamic helium charging experiments, indicating that
the heat is inherently resistant to dislocation channeling. This finding is consistent with
high work-hardening capability (uniform elongation of 3.8-6.5% at <27 dpa) that was
observed for the alloy.
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The work-hardening capability and impact properties of V-base alloys irradiated at <430°C
can be improved by preventing irradiation-induced precipitation of (V,Ti;.x)(C,O,N).
Optimizing alloy or specimen fabrication procedures, e.g., coldworking, keeping C, O, and N
concentrations sufficiently low, or maximizing thermal precipitation, is probably either
insufficient, too costly, or impractical. Alternatively, it may be feasible to suppress or
prevent (V,Tijx)(C,O,N) precipitation by adding certain doping element(s). Doping V-4Cr-
4Ti with >1% Si appears to be an attractive idea.
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REACTIONS OF HYDROGEN WITH V-Cr-Ti ALLOYS — J. R. DiStefano, J. H. DeVan,
L. D. Chitwood (Oak Ridge National Laboratory), and D. H. Rohrig (Projektleitung Kernfusion,
Forschungszentrum Karlsruhe)

OBJECTIVE

The objective of this task is to assess the effects of hydrogen on the mechanical properties of
V-Cr-Ti alloys.

SUMMARY

In the absence of increases in oxygen concentration, additions of up to 400 ppm hydrogen to
V-4 Cr-4 Ti did not result in significant embrittlement as determined by room temperature tensile
tests. However, when hydrogen approached 700 ppm after exposure at 325°C, rapid
embrittlement occurred. In this latter case, hydride formation ins the presumed embrittlement
cause. When oxygen was added during or prior to hydrogen exposure, synergistic effects led to
significant embrittlement by 100 ppm hydrogen.

PROGRESS AND STATUS q\

Experimental Program i"»’f
%

Two alloys, V-5 Cr-5 Ti and V-4 Cr-4 Ti, were exposed {o hyt :}{? vironments. Samples were
given various heat treatments before and after exposure to1  ° 1o evaluate their effects on
hydrogen embrittlement. The alloys were exposed fo hydrog fz apparatus consisting of a
gas supply, an alumina reaction tube coupled to an ultra high  *~. ystem, and a high

temperature furnace around the reaction tube. High purity hy as (99.9999%) was
admitted through a controllable leak valve while the system wi wacuated by the vacuum
system. Temperatures of exposure were in the range 3250 ¢ some cases specimens

were rapidly cooled after exposure by withdrawing them to a corrZohe above the furnace, while
other specimens remained in the furnace zone as it was cooled to room temperature. Hydrogen
flow was maintained during cool down. The amounts of hydrogen picked up were monitored by
weight changes and selective chemical analyses. Room temperature tensile tests were used to
determine the effect of hydrogen on the mechanical properties of the two vanadium alloys.

initially, tests in hydrogen were conducted on two heats of V-5 Cr-5 Ti (Table 1) at 450-500°C.
Specimens were generally vacuum-anneaied at 1125°C prior to hydrogen exposure. Hydrogen
pressures were in the range 102to 10 Pa (10 to 10" torr) and exposures were for 24 or 100 h.
Subsequently, hydrogen uptake by V-4 Cr-4 Ti (Table 1) was determined at 10 Pa (~10! torr) and
450°C or at 325°C between 25-250 Pa (0.2-2 torr). In the latter tests on V-4 Cr-4 Ti, the gas :
supply system was modified by the addition of a hydrogen gas purifier that contained a Pd-Ag
membrane to exclude oxygen and water vapor from the system, and the pre-test annealing
temperature was lowered to 1050°C. '

Table 1. Compositions of V-Cr-Ti Alloys

Nominal
composition | Heat D Concentration (wt %) Concentration (wppm)
(wt %)
Cr Ti Fe ®) N C Si
V-5Cr-5Ti ORNL 4.0 5.6 0.11 324 512 204 1100
V-5Cr-5Ti |- 832394 4.2 5.4 <0.045] 427 52 40 <310
V-4Cr-4Ti 8326 3.1 4.1 0.022 310 85 86 780
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Results and Discussion

In the initial tests on the two heats of V-5 Cr-5 Ti, exposures at 102-10" Pa resulted in only minor
hydrogen uptake and weight change, with minimal effects on mechanical properties. However, at
hydrogen pressures of 1-10 Pa, weight gains generally exceeded those attributable to hydrogen
alone, and selected chemical analyses indicated a concomitant increase in oxygen content. For
any given exposure condition, the uptake of hydrogen was similar for the two heats. However, as
shown in Fig. 1, specimen furnace (slowly) cooled under the hydrogen exposure pressure showed
higher hydrogen concentrations than companion specimens moved quickly to a relatively cool
region of the fumace. Some effect of grain size on tensile ductility was noted as indicated in

Fig. 2. (Numbers refer to oxygen concentration associated with hydrogen concentration.) The
heat of V-5 Cr-5 Ti identified as 832394 exhibited a larger grain size for a given annealing
temperature and, in general, was more susceptible to hydrogen (plus oxygen) embrittiement.
Hydrogen concentrations <50 wppm seriously embrittled this heat, while 70-80 wppm hydrogen
resulted in only slight embrittliement of the finer-grained ORNL heat. Post-exposure heat treating
the V-5 Cr-5 Ti alloys in vacuum for 100 h at 500°C was effective in removing hydrogen, as
shown in Table 2. Although this treatment recovered most of the ductility in the finer-grained
ORNL heat, heat 832394 remained brittle, an indication that oxygen contamination was a
significant factor in the embrittiement of the latter heat.

100 . et gy

| —e~—Pure V (literature data)
|| —o—V-5Cr-5Ti (fast cooled)
—=—\/-5Cr-5Ti (slow cooled) ¥,
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:; V% 4/‘
5 ’ ¥l
0
g / pd
o > A
§’ 1/’ v
o /7 ,//
3 /7
[/
0.1 s
[ 4o
/l
'IV
/
¢'
0.01
0.001 0.01 0.1 1

Hydrogen Concentration (atom %)

Fig. 1. Hydrogen concentrations in V-5 Cr-5 Ti and unalloyed vanadium [9,10] after exposure to
low-pressure hydrogen at 500°C.
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Fig. 2. Room temperature elongation (a) and yield strength (b) of two heats of V-5 Cr-5 Ti
annealed at 1125°C prior to exposure to high purity hydrogen gas at 500°C. Numbers above
data points show increases in oxygen concentration (ppm) accompanying hydrogen exposures.

Table 2. Effect of hydrogen exposure at 3 x 102 torr on V-5Cr-5Ti at 500C
before and after vacuum heat treating at 500C*
(Exposure and heat treating times were 100 h, respectively)

Cooling Concentration (ppm) Yield Ultimate .
Heat rate in I’Yeaa('t:l’::le?t strength | strength E’°'(‘§:;"'°"

hydrogen Hydrogen | Oxygen (MPa) {MPa)
832394 Fast No 45 172 FBY® FBY? 0.0
832394 Slow No 107 245 FBY® FBY? 0.0
832394 Slow Yes 24 185 506 515 0.3
ORNL Fast No 59 284 476 515 18.0
ORNL Slow No 150 332 493 533 7.0
ORNL Slow Yes 0.8 246 453 561 226

2Samples annealed at 1125C prior to exposure to hydrogen.
bFailed before yield.




To avoid the complexity of oxygen contamination effects, the test system was modified by the
addition of a hydrogen purifier. The Pd-Ag alloy membrane in the purifier permitted only
hydrogen to pass through, effectively eliminating oxygen as an impurity. This was verified by a
residual gas analyzer which indicated that, except for a small amount of residual water vapor,
hydrogen was the only gas that could be detected in the system.

Hydrogen uptake by V-4 Cr-4 Ti was then determined as shown in Fig. 3. The data in Fig. 3 for
hydrogen concentration in V-4 Cr-4 Ti as a function of pressure at 325°C can be described by a
Sievert's law relation and correlate with the data for fast-cooled V-5 Cr-5 Ti at 500°C, shown in
Fig. 1. The agreement of the present data (shown as individual points in Fig. 3) with isotherms
(tlines in Fig. 3) derived from the literature for the V-H system,’? demonstrates that V-Cr-Ti
behaves similarly to pure vanadium with respect to hydrogen uptake at a given hydrogen pressure
and temperature.
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Fig. 3. Comparison of hydrogen concentrations in V-4 Cr-4 Ti with calculated concentrations in
unalloyed vanadium at 450 and 300°C [9,10].

Results of room temperature tensile tests on V-4 Cr-4 Ti after exposure to hydrogen at 325°C are
shown in Fig. 4. When oxygen was excluded, the addition of up to 400 ppm hydrogen increased
the room temperature tensile strength slightly with only a small decrease in tensile elongation
(Fig. 4). The fractures tended to be the cup/cone type, similar to that of the as-received alloys.
However, a further increase in hydrogen concentration to 700 ppm resulted in complete
embrittlement (Fig. 4). As shown in Fig. 5, this hydrogen concentration corresponds to the
solubility threshold for hydride formation in pure vanadium below 80°C and is indicative that the
ductile-brittle transition for specimens containing more than 400 ppm hydrogen is most likely
associated with hydride formation.
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Fig. 4. Effect of hydrogen on room temperature elongation of V-4 Cr-4 Ti.
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Fig. 5. Hydrogen concentrations in unalloyed vanadium at 50-325°C [10]. Horizontal portions
represent two-phase regions (hydride + solid solution).




The synergistic effect of oxygen in combination with hydrogen was determined for V-4 Cr-4 Ti by first
exposing the specimens to oxygen at 500°C, heat treating in vacuum at 800°C and then exposing
the oxygenated specimens to hydrogen (Fig. 4). The initial addition of ~850 wppm oxygen reduced
room temperature elongation from approximately 30 to 20%. However, subsequent exposure of a
similar specimen to hydrogen drastically reduced its elongation to 5% after only 100 wppm hydrogen
was added, whereas, in the absence of oxygen, >500 ppm hydrogen was generally required before
room temperature ductility fell precipitously. Fracture cross sections indicated that the oxygen-doped
specimens retained a relatively ductile core until the hydrogen concentration approached its solubility
limit (Fig. 6). Oxygen was confined to a fixed depth below the surface, and embrittlement appeared
to be associated with the combined effects of oxygen and hydrogen in this outer case. However,
initiation of cracks in the outer case could also affect the fracture toughness of the hydrogen
strengthened, ductile core, thereby further reducing the ductility.

Where embrittlement is due to the combined effects of oxygen and hydrogen, desorbing hydrogen by
vacuum heat treating will generally improve the ductility, although embrittlement induced by oxygen
is not reversed by heat treatments in the range normally used to remove hydrogen (<500°C). In fact,
embrittlement by oxygen is exacerbated by heat treating in the 400-500°C temperature range,® and
the desorption of hydrogen advisedly should be conducted above or below this range. The heat
treatment needed to counter embrittiement by oxygen, when it is absorbed at 400-500°C, was shown
to be in the range of 950°C and higher,® where the oxygen is precipitated from the matrix in the form
of TiO,.

Based on the present results, serious embrittlement of the reference V-Cr-Ti alloys by hydrogen
isotopes would not be expected under nominal fusion reactor operating conditions, providing that
oxygen pickup is carefully controlled. Given present estimates of plasma leakage to the first wall,
our calculations of the deuterium-tritium pressures behind the currently proposed light element
coatings (i.e., in cracks or crevices) show them to be on the order of 10" Pa (102 torr). At this
pressure, as shown by the present results and those of Natesan,* hydrogen concentrations in V-Cr-Ti
alloys are well within the solid solution range, and the principal mechanical property effect would be
limited to slight hardening. One caveat is a possible additive effect with radiation damage, where
protium produced in the alloys by transmutation reactions and radiation hardening may lead to an
increase in the ductile-to-brittle transition temperature. Also, depending on design, hydrogen
isotopes could affect the properties of V-Cr-Ti alloys if used for components on which plasma directly
impinges, such as the divertor.

One of the major concems in the application of V-Cr-Ti alloys to fusion reactors will be oxygen
pickup, particularly in welds during reactor construction and during system bake-out prior to
operation. As shown earlier,® oxidation that occurs internally at lower temperatures (e.g., 500°C)
can of itself cause serious embrittlement, and, as shown here, the uptake of relatively small
concentrations of hydrogen further increases the degree of embrittlement for a given level of oxygen.
Accordingly, the permissible level of oxygen contamination will be strongly impacted by the uptake of
hydrogen isotopes expected during reactor operation.
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Fig. 6. SEM secondary electron images of V-4 Cr-4 Ti tensile fracture sections. Specimens were
pre-exposed to oxygen (=850 ppm) and aged at 800°C prior to hydrogen exposure at 325°C. The
region of brittle cleavage and intergranular cracking increased in depth as H concentration increased
from (a,b) 800 ppm to (c,d) 500 ppm.
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TENSILE PROPERTIES OF V-Cr-Ti ALLOYS AFTER EXPOSURE IN HYDROGEN-CONTAINING
ENVIRONMENTS”
K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) determine the hydrogen uptake of V-Cr-Ti alloys as a function
of temperature and partial pressure of hydrogen (pHo) in the exposure environment, (b) examine
the microstructural characteristics of surfaces and cross sections of the alloys after exposure,
(c) evaluate the influence of hydrogen uptake in low-pH2 environments on the tensile properties
and cracking propensity of the alloys at room and elevated temperatures, and (d) determine the
effects of oxygen/hydrogen interactions on the tensile properties of the alloys.

SUMMARY

A systematic study has been initiated at Argonne National Laboratory to evaluate the performance
of several V-Cr-Ti alloys after exposure to environments containing hydrogen at various partial
pressures. The goal is to correlate the chemistry of the exposure environment with hydrogen
uptake in the samples and its influence on the microstructure and tensile properties of the alloys.
At present, the principal effort has focused on the V-4Cr-4Ti alloy of heat identified as BL-71;
however other alloys (V-5Cr-5Ti alloy of heats BL-63, and T87, plus V-4Cr-4Ti alloy from General
Atomics [GA]) are also being evaluated. Other variables of interest are the effect of initial grain size
on hydrogen uptake and tensile properties, and the synergistic effects of oxygen and hydrogen
on the tensile behavior of the alloys. Experiments conducted on specimens of various V-Cr-Ti
alloys exposed to pHa levels of 0.01 and 3 x 1076 torr showed negligible effect of Ho on either
maximum engineering stress or uniform and total elongation. However, uniform and total
elongation decreased substantially when the alloys were exposed to 1.0 torr Ho pressure.
Preliminary data from sequential exposures of the materials to low-pOs and several low-pHo
environments did not reveal an adverse effect on the maximum engineering stress or on uniform
and total elongation. Further, tests in Ho environments on specimens annealed at different
temperatures showed that grain-size variation by a factor of =2 had little or no effect on tensile
properties.

EXPERIMENTAL PROGRAM

The heats of vanadium alloy selected for the study had nominal compositions of V-5 wt.%Cr-5
wt.%Ti (designated as BL-63 and T87) and V-4 wt.%Cr-4 wt.%Ti (designated as BL-71 and 44 from
the GA heat). Detailed chemical analyses of these heats were given in an earlier report (1). The
tensile specimens were fabricated according to ASTM Standard E8-69 specifications and had a
gauge length of =19 mm and a gauge width of =4.5 mm. Specimens were annealed for 1 h at
1050°C prior to hydrogen exposure and tensile testing. Some specimens of BL-63 and BL-71
heats were aiso annealed for 2 h at 1200°C to obtain a larger grain size before hydrogen exposure.

Tensile samples of the alloys were exposed for 100 h at 500°C to environments containing Ho at

partial pressures of 3 x 10°6 and 1.0 torr and subsequently tensile-tested at a strain rate of 1.8 x 10°
4 51 in room-temperature air. The specimens were loaded by means of pins that pass through
holes in the grips and enlarged end sections of the specimen, thus minimizing misalignment. Total
elongation was measured with a vernier caliper and load/elongation chart records. The fracture
surfaces and longitudinal and axial cross sections of the tested specimens are being examined by
scanning electron microscopy.
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RESULTS AND DISCUSSION
Effect of Hydrogen Exposure

The engineering stress/engineering strain plots at room temperature for V-4Cr-4Ti and V-5Cr-5Ti
materials in as-annealed condition and after exposure to Ho at partial pressures of 3 x 10-6 and 0.01
torr were reported in Ref. 1. The results showed that in the pHp range of the present study, BL-63
exhibited a negligible effect of Ho on tensile properties, while BL-71 exhibited a small decrease in
uniform and total elongation after Ho exposure. During this period, additional tensile specimens of .
the two alloys were exposed for 100 h at 500°C to Ho gas at pressures of 1 x 1074, 1 x 102, 5 x 102,
and 1 torr,

Engineering stress/engineering strain curves from different tests at room temperature were
analyzed to evaluate several tensile properties for the alloys after several Ho treatments. Table 1
shows the values for maximum engineering stress and uniform and total elongation in the two
materials after exposure at different pHo levels. Figure 1 shows the maximum engineering stress
values as a function of H concentration for both the alloys. The results show that Ho pressures in
the range of the present study have little or no effect on the maximum engineering stress for either
alloy. The uniform and total elongation values for the two alloys are 0.14-0.19 and 0.18-0.31,
respectively, at Ho pressures of 3 x 106 10 5 x 102 torr. After exposure at an Hp pressure of 1 torr,
both alloys showed significant decrease in uniform and total elongation, indicating that this Ho
pressure may be the threshold for embrittlement of the alloys. Figure 2 is a plot of uniform and total
elongation values as a function of Ho concentration for both alloys. The hydrogen concentrations
in the BL-63 and BL-71 alloys after exposure for 100 h at 500°C in 1 torr Hp pressure were 330 and
358 wppm, respectively.

Effect of Oxygen Pretreatment

>

To examine the synergistic effect, if any, of oxygen and hydrogen in the alloy on the tensile
behavior of V-Cr-Ti alloys, tensile specimens of the two alloys were pretreated in several low-pOs
environments for 100 h at 500°C. Subsequently, the exposure gas was changed from Oo to Ho at
the same temperature and exposure of the specimens was continued for another 100 h. The
preexposure of the specimens to the low-pO2 environments resulted in different concentrations
of O in the alloys, which were subsequently exposed to different Ho pressures. The specimens
exposed to the dual treatment were analyzed for O and H by the vacuum fusion technique. Table 2
lists the O and H concentrations for specimens with different treatments. The O concentrations
ranged from 550 to 2230 wppm, while the H concentration was 6 to 16 wppm. It should be noted

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

pHa2 in Maximum engineeting
exposure stress .
environment (MPa) Uniform elongation Total elongation
(torr) BL-63 BL-71 BL-63 BL-71 BL-63 BL-71
- 469 424 0.165 0.186 0.303 0.322
3x 106 437 440 0.189 0.174 0.313 0.263
1x104 523 467 0.157 0.154 0.182 0.227
1x 104 487 491 0.169 0.148 0.249 0.206
{repeat)
1x102 445 459 0.194 0.169 0.313 0.263
5x 102 483 477 0.143 0.142 0.223 0.191

1 481 468 0.0077 0.0016 0.020 . 0.0016
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Table 2. Oxygen and hydrogen concentrations in pretreated
tensile specimens

pO2 in pre- pHain

exposure exposure Concentration (in wppm) of
environment?  environment Oxygen Hydrogen
(torr) (torr) BL-63 BL-71 BL-63 BL-71

- 3x10°6 550 670 12 11
3x107 1x10°6 625 620 16 16
1x10°® 1x106 730 80 6 7
1x 104 3x 106 2230 2020 15 13

apreexposure time was 100 h at 500°C.
DExposure time in hydrogen was 100 h at 500°C.

that the diffusion coefficient for O is a few orders of magnitude lower than that for H in these alloys;
as a result, after the 100-h exposures the measured H concentration will be uniformly distributed
over the entire 1-mm-thick section of the specimens, while the O concentration will be confined to
a depth of =50 um from the surface [2,3].

The pretreated tensile specimens were tensile-tested at a strain rate of 1.8 x 104 s-1 in room-
temperature air. Engineering stress/engineering strain curves from different tests were analyzed
to evaluate several tensile properties for the alloys after the dual treatments. Table 3 shows the
values for maximum engineering stress and uniform and total elongation for the two materials after
the dual treatments. Figures 3 and 4 show the maximum engineering stress and the uniform and
total elongation as a function of O concentration for both the alloys. 1t is evident that O
concentration up to =2300 wppm, even though confined to the surface regions of the specimens,
has a negligible effect on tensile properties; no synergistic effect of O and H on the properties is
observed, based on the present study. Additional experiments are planned to examine this issue
at higher O and H concentrations in the material, as well as at temperatures above room
temperature.

Effect of Initial Grain Size

To examine the effect of initial grain size on subsequent Hy uptake and tensile propetties,
specimens of BL-71 and BL-63 were annealed for 2 h at 1200°C; this increased the grain size by at




71

Table 3. Effects of 100 h hydrogen exposure at 500°C on room-temperature tensile properties of
V-Cr-Ti alloys, initially annealed for 1 h at 1050°C in vacuum and pretreated in
low-pO2 environment

pO2 in pre- pHoin Maximum engineering
exposure exposure stress
environment® environment (MPa) Uniform elongation Total elongation

(torr) (torr) BL-63 BL-71 BL-63 BL-71 BL-63 BL-71
- - 469 424 0.165 0.186 0.303 0.322
- 3% 106 437 440 0.189 0.174 0.313 0.263
3x107 1x 106 452 453 0.173 0.162 0.297 0.266
1x10° 1x 106 507 475 0.165 0.146 0.268 0.228
1x 104 3% 106 484 451 0.132 0.136 0.184 0.177

8preexposure time was 100 h at 500°C.

Table 4. Effects of 100 h hydrogen exposure at 500°C on room-temperature tensile properties of
enlarged-grain V-Cr-Ti alloys, initially annealed for 2 h at 1200°C in vacuum

pHz in Maximum engineering
exposure stress
environment (MPa) Uniform elongation Total efongation
(torr) BL-63 BL-71 BL-63 BL-71 BL-63 BL-71

35106 515 472 0.144 0.159 0.250 0.225

1x10°2 524 479 0.160 0.153 0.244 0.227

5x 102 544 509 0.129 0.082 0.188 0.082
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Figure 3. Maximum engineering stress as a Figure 4. Uniform and total elongation as a
function of O uptake during preoxidation and function of O uptake during preoxidation and
subsequent Ho exposure for V-4Cr-4Ti and V- subsequent Ho exposure for V-4Cr-4Ti and V-5Cr-
5Cr-5Ti alloys tested at room temperature 5Ti alloys tested at room temperature

least a factor of 2 over those of alloys annealed for 1 h at 1050°C. Engineering stress/engineering
strain curves for large- and small-grain materials after 100 h exposure at 500°C to a pHg of 0.01 torr
were presented in the previous report [1]. During this period, additional tests were conducted on
larger-grain-size materials after 100 h exposure in 5 x 1072 torr of Ho pressure. With the increased
grain size, both alloys exhibited a slight increase in strength and some decrease in elongation.
Decrease in uniform and total elongation was much more pronounced at the higher Ho pressure of
5 x 10°2 torr. Examination of the fracture surfaces and specimen cross sections, and
measurements of hardness profiles, are in progress and the results will be used to correlate the
microstructure, H concentration, and hardness data with the tensile properties of the alloys.
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OXIDATION BEHAVIOR OF V-Cr-Ti ALLOYS IN LOW-PARTIAL-PRESSURE OXYGEN
ENVIRONMENTS"
K. Natesan and M. Uz (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) quantify the oxygen partial pressure (pO2) in argon and
helium environments of various different purity levels, (b) determine the oxygen uptake of V-Cr-Ti
alloys as a function of temperature and pO2 in the exposure environment, (c) examine the
microstructural characteristics of oxide scales and oxygen trapped at the grain boundaries in the
substrate alloys, and (d) establish performance relationships between exposure time, exposure
temperature, and oxygen concentration in the alloy for application in fusion reactor systems.

SUMMARY

A test program is in progress at Argonne National Laboratory to evaluate the effect of pOs in the
exposure environment on oxygen uptake, scaling kinetics, and scale microstructure in V-Cr-Ti
alloys. The data indicate that the oxidation process follows parabolic kinetics in all of the
environments used in the present study. From the weight change data, parabolic rate constants
were evaluated as a function of temperature and exposure environment. The temperature
dependence of the parabolic rate constants was described by an Arrhenius relationship.
Activation energy for the oxidation process was fairly constant in the oxygen pressure range of1 x
106 to 1 x 1071 torr for both the alloys. The activation energy for oxidation in air was significantly
fower than in low-pO2 environments, and for oxidation in pure Os at 760 torr was much lower than
in low-pOs environments. X-ray diffraction analysis of the specimens showed that VO3> was the
dominant phase in low-pO2 environments, while VoOs was dominant in air and in pure oxygen at
760 torr.

EXPERIMENTAL PROGRAM

The heats of vanadium alloy selected for the study had nominal compositions of V-5 wt.%Cr-5
wt.%Ti (designated BL-63) and V-4 wt.%Cr-4 wt.%Ti (designated BL-71). Sheets of the alloys
were annealed for 1 h at 1050°C prior to oxidation and tensile testing. Coupon specimens that
measured =15 x 7.5 x 1 mm were used for the oxidation studies. Our earlier work on oxidation of
these alloys was conducted in air in a thermogravimetric test apparatus at temperatures of 300 to
650°C [1-4]. During this period, several oxidation experiments were conducted on V-4Cr-4Ti
(identified as 44) and V-5Cr-5Ti (identified as 55) alloys at oxygen partial pressures in the range 1 x
106 t0 1 x 1071 torr at several temperatures in the range of 400-700°C. Specimens were exposed
to these environments in a reaction chamber with an Os bleed/feed system to maintain the
desired oxygen pressure. Specimens were retrieved periodically and weighed, and dimensions
were measured. The oxidation products were examined by X-ray diffraction (XRD) analysis, and
the scale microstructures were evaluated by scanning electron microscopy (SEM) and energy-
dispersive X-ray analysis. In addition, microhardness was measured on cross sections of exposed
specimens to obtain hardness profiles and correlate them with oxygen concentration in the alloys.

RESULTS AND DISCUSSION

Extensive studies were conducted on the oxidation kinetics of 44 and 55 alloys in air over a
temperature range of 300-650°C; the results were reported earlier [1-4]. The current oxidation
study on the two alloys involves exposure of the alloys to low-pO2 environments. Tables 1 and 2
list the experimental variables such as pOs» in the exposure environment and test temperature
used in several of the experiments for the 44 and 55 alloys, respectively. Figure 1 shows
normalized weight changes (in mg/mm?) for 44 and 55 alloys after exposure at 500°C in several
low-pOs environments. Similar data were obtained at other temperatures listed in Tables 1 and 2.
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Table 1. Oxidation parameters of V-4Cr-4Ti alloy at various oxygen pressures

Oxygen pressure Temperature Kp ko Q
(torr) (°C) (mgmm~“#h!)  (mg2mm4h-1) (kd/mol)
5x 106 500 1.6 x10°7 8.6 x 104 174
600 31 X‘IO'B
700 4.1 x105
5x 1074 500 1.3 x10°7 3.9x10° 185
600 3.2 x10°6
700 4.7 x10°
1x10°1 500 4.0 x10-8 9.9 x 10° 199
600 1.7 x107
700 2.2 x10°5
160 (air) 400 1.4 x10°7 2.2x 102 120
500 1.1 x108 ‘
575 1.2 x10°°
620 2.5 x10°5
760 450 2.6 x10-8 1.5x 109 231
525 1.6 x10°6
600 1.9 x10°5

Table 2. Oxidation parameters of V-5Cr-5Ti alloy at various oXygen pressures

Oxygen Pressure Temperature Kp ko Q
(torr) (°C) (mg2mm#h ) (mg2mm-4h-1) (kJ/mol)

5x10°6 500 1.3 x10°7 1.4 x 104 168
600 2.1 x10°7
700 3.4 x10°°

5x 1074 500 1.1 x10°7 8.8 x 104 177
600 2.3 x106
700 3.0 x10°9

1x 101 500 3.6 x10°8 4.8 x 109 195
600 9.4 x10°7
700 1.8 x10°0

160 (air) 400 8.9 x10-8 53x 103 137
500 7.1 x10°7
575 ° 4.6 x10°8
650 9.0 x10°5

760 450 1.8 x10-8 15x 1010 247
" 525 1.7 x10-6
600 2.0 x10°

The weight change data were correlated with time by the parabolic relationship w2 = kp-t, where w
is weight change, t is exposure time, and kp is a parabolic rate constant. The kp values calculated
for various exposure conditions are also listed in Tables 1 and 2. Figure 2 shows the temperature
dependence of the parabolic rate constant for the two alioys exposed to different oxygen
pressures. The temperature dependence of the parabolic rate constant was described by the
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Fig. 2. Temperature dependence of parabolic rate constant for oxygen uptake of 44 (left) and 55
(right) alloys in several low-pO2 and air environments.

relationship kp = ko exp[-Q/(RT)], where kg is a preexponential term, Q is the activation energy for
the oxidation process, R is a gas constant, and T is absolute temperature. The values for kg and
Q, calculated from the best fit of the experimental data at various oxygen pressures, are also listed
in Tables 1 and 2. The results show that the activation energy for the oxidation process is fairly
constant at oxygen pressures in the range 1076 to 10-1 torr. The activation energy calculated from
data in the air tests was significantly lower, and in pure oxygen-tests (at 760 torr) was substantially
higher than the values obtained at low-pO»> conditions. it is not clear at present whether the type
of scale (predominantly VoOs) that forms in air and in pure O» is the cause for this difference.

Table 3 lists the XRD data obtained on several specimens exposed to various oxygen pressures.
The oxide VO»> was the predominant phase that formed in both alloys when exposed to oxygen
pressures in the range 106 to 10°7 torr. VoOs was the primary phase in specimens exposed to air
- and to pure oxygen at 760 torr. Detailed microstructural evaluation of the specimens, especially
those exposed to low-pO2 environments, is in progress to characterize the role of pO2 variation

on the morphology of the scales and substrate penetration of oxygen.
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Table 3. Phases identified® in V-4Cr-4Ti and V-5Cr-5Ti alloys by X-ray diffraction® analysis

Oxygen Temperatur Phases identified in alloy
pressure e
(Torr) (°C) V-4Cr-4Ti V-5Cr-5Ti
5x 100 500 : VO2, TiV401g VO2, VoO4q
700 V02, V1803, CrVoOg V2035, V509, V1603
5X 104 600 V02, V204, CIVO4 VOo, V204, CrVO4
700 VOpo, V204, CrVOyq © VO2, V204, CrV0O4
0.1 600 . VO2,V204 VOo, V204, CrVO4
, 700 V02, V204, CrVO4 v VO», V204, CrVO4g
760 375 V205, V203, V307 V205, VO2, VoO4g
600 V20s5, V2Tig0Og, VO2 V205, VO2

@Phases identified in all samples oxidized in air (pO2 = 160 torr) were primarily V2Os.
bX-ray diffraction unit was run at 1 degree/min.

[2] K. Natesan and W. K. Soppet, “Effect of Oxygen and Oxidation on Tensile Properties of V-
5Cr-5Ti Alloy,” J. Nucl. Mater., 233-237 (1996) 482-487.

[8] K. Natesan and M. Uz, “Oxidation Kinetics and Microstructure of V-(4-5) wt.%Cr-(4-5) wt.%Ti
Alloys Exposed to Air at 300-650°C,” Fusion Reactor Materials Semiannual Progress Report
for Period Ending June 30, 1996, DOE/ER-0313/20, p. 105, Oct. 1996.

[4]. M. Uz, K. Natesan, and V. B. Hang, J. Nucl. Mater. 245 (1997) 191-200.
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MICROSTRUCTURAL CHARACTERIZATION OF EXTERNAL AND INTERNAL OXIDE
PRODUCTS ON V-4Cr-4Ti -- B. A. Pint, P. M. Rice, L.D. Chitwood, J. H. DeVan and
J. R. DiStefano (Oazk Ridge National Laboratory)

OBJECTIVE

The objective of this task is to assess the reaction product and microstructural changes in V-4Cr-
4Ti after exposure to 1atm air and low oxygen pressures (10-6Torr) at 500°C. In both cases, trans-
mission electron microscopy (TEM) is required to observe the fine structure of the oxide scale and
grain boundaries of the internally-oxidized vanadium alloys.

SUMMARY

Air oxidation of V-4Cr-4Ti at 500°C at 1atm resulted in the formation of a thin (100-150nm) exter-
nal vanadium nitride layer which was identified beneath a thicker (1.5um) vanadium oxide scale.
This nitride layer would only be detected by high-resolution, analytical electron microscopy tech-
niques. Subsequent tests comparing room temperature tensile properties for exposure in labora-
tory air, dry air and dry oxygen at 1atm showed more embrittlement in air than in O,. Internal oxi-
dation of coarse-grained V-4Cr-4Ti at low oxygen pressures at 500°C was followed by TEM exam-
ination. In a sample with a 1400ppmw O addition, which is sufficient to reduce the ductility to near
zero, there appeared to be an oxygen denuded zone (150-250nm) near the grain boundaries with
precipitates at the grain boundaries and uniform ultra-fine (<5nm) oxygen particies in the matrix.
In a similar O-loaded specimen that was subsequently annealed for 4h at 950°C to restore ductil-
ity, large oxide particles were observed in the matrix and at the grain boundaries.

PROGRESS AND STATUS

Experimental Procedure

All of the experiments were conducted on V-4Cr-4Ti. Exposures at 1atm were conducted in a tube .
furnace at 500°C using both coupons and tensile specimens annealed at 1050°C. Experiments
were conducted in both laboratory air (tube open) or in dry air or dry oxygen using endcaps on the
tube and bottled gas. After exposure, samples were analyzed using scanning electron microscopy
(SEM), glancing angle x-ray diffraction (GAXRD) and TEM equipped with an energy dispersive x-
ray diffractometer (EDX) and an electron energy loss spectrometer (EELS).

Low pressure exposures were conducted in an ultra high vacuum system with a leak valve to
achieve an oxygen partial pressure of 10-6Torr. Prior to exposure the samples were annealed at
1200°C to produce a relatively large grain size. The coupons were exposed for 48h at 500°C and
then annealed for 100h at 600°C to homogenize the oxygen distribution. Oxygen content was
determined by weighing the samples before and after exposure. Half of the samples were then
annealed for 4h at 950°C, which has been shown t0 restore room temperature ductility to O-
loaded vanadium1.

TEM samples were prepared in parallel (using electropolishing) near the center of the specimen
and in section by a combination of mechanical thinning and precision ion milling.
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Results and Discussion

Using SEM, the oxide on V-4Cr-4Ti after 200h at 500°C was observed to have blade-like
grains and to be 3-4um thick. GAXRD identified VoOg, V5043, and V4Og but no nitrides or Cr- or
Ti-rich phases. Using cross-sectional TEM/EELS, four regions were identified in the reaction layer
(Figure 1) with grain size, d:

(A) 0-150nm from metal; no visible crystal structure d<5nm VN, layer
(B) 150-450nm from metal; very fine grains d=10-15nm VO,
(C) 450-1um from metal; small grains d=50nm VOy
(D) >1um from metal; large, faulted grains d=250-1000nm VO,

The inner layer (Figure 2) was analyzed by EELS in order to determine the presence of nitrogen
and the absence of any Ti enrichment (Figure 3). Some particles were observed at the metal-
oxide interface but also were not enriched in Ti. No segregation was observed at oxide grain
boundaries. There was a slight reduction in the O/V ratio towards the gas interface which may
reflect the different oxides observed by GAXRD. Previous work had suggested a titanium nitride
layer formed during air oxidation2. The vanadium nitride layer observed in the present work is too
thin to be detected by conventional microprobe, SEM/EDX analysis or GAXRD.

metal
Figure 1. TEM bright field image of the external scale formed on V-4Cr-4Ti after 200h at 500°C.
Four distinct layers are identified with increasing grain size. Layer A is rich in nitrogen while the
others are vanadium oxide.
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Figure 2. TEM bright field image of the external scale formed on V-4Cr-4Ti after 200h at 500°C.
The line denotes where the EELS profile in Figure 3 was performed across the metal-scale

interface.
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Figure 3. TEM/EELS profile along the line marked in Figure 2. The layer is clearly enriched in N
but not in Ti, indicating a VN, layer. Regions A and B correspond to the layers indicated in Figure
1.
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In order to explore any possible role of this nitride layer in affecting diffusion through the external
scale or changing the mechanical properties of the underlying alloy, coupons and tensile speci-
mens were exposed in flowing dry oxygen, dry air and laboratory air. In general, there was fittle
difference between the rate of weight gain in air and oxygen indicating that the nitride layer was
neither accelerating or decelerating the rate of corrosion. Relative to changes in mechanical prop-
erties, there was slightly more embrittlement in laboratory air than in dry O, (Table ). Results for
dry air were in between, possibly indicating a slight effect of water vapor on embrittlement.

Table I. Mechanical properties results comparing samples exposed at 500°C in 1atm of laborato-
ry air and oxygen. The laboratory air exposure appeared to embrittle the alloy more than a com-
parable exposure in dry oxygen. The dry air exposure had an intermediate effect.

Dry Oxygen Laborétory Air Dry Air

Yield Elong- Yield Elong- Yield Elong-
Oxidation Strength ation Strength ation Strength ation
Time: (MPa) (%) (MPa) (%) (MPa) (%)
50h 338,356 17.8,20.3 405, 405 14.2, 144 355,371 - 17.7,18.2
200h 355,376 114,120 386,413 7.2,7.7 383,395 8.395

Characterization of the vanadium alloy after exposure to a low oxygen partial pressure at 500°C
(1434ppmw O addition) revealed a uniform matrix microstructure with ultra fine oxide precipitates,
Figure 4. At every grain boundary there was a 100-200nm denuded zone adjacent to the bound-
ary and precipitates along the boundary. Chemical analysis has not yet been performed on these
precipitates.

After a similar oxygen addition at 10-6Torr and 500°C (1160ppmw O) followed by annealing for 4h
at 950°C, the microstructure was remarkably different (Figure 5). Large TiO, precipitates were
observed in the matrix and on the boundaries. The platelets followed established crytallographic
patterns in the vanadium alloy. The denuded zone appeared to be retained adjacent to the grain
boundaries indicating that the fine precipitates prior to annealing at 950°C grew significantly. The
950°C anneal improves the room temperature alloy ductility from near 0% to 15-20%. Without the
anneal, the fracture is predominantly intergranular. Since grain boundary precipitates are
observed before and after annealing, their presence does not appear to affect ductility. The
denuded zone adjacent to the boundaries has been proposed io be an important factor in the
failure® and future work will focus on characterizing the composition of this region.

REFERENCES
1. R. DiStefano and J. H. DeVan, J. Nucl. Mater. 249 (1997) 150.
2. atesan and W. K. Soppet, in Heat Resistant Materials ll, K. Natesan, P. Ganesan and

J.

K. N

G. Lai, eds. (ASM International, Materials Park, OH, 1995) p.375.
C.T

3. . Liu, H. Inouye, R. W. Carpenter, Met. Trans. 4 (1973) 1838.




Figure 4. TEM bright field image of V-4Cr-4Ti after the addition of 1434ppmw O at 500°C and
annealing for 100h at 600°C. Fine oxide precipitates are observed in the malrix and larger pre-
cipitates al the grain boundary which is surrounded by a precipitate denuded zone.

Figure 5. TEM bright field image of a similarly exposed alloy as in Figure 4 (1160ppmw O) but
including a 4h at 950°C anneal. In this case, large oxide precipitates are observed.
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DEVELOPMENT OF ELECTRICALLY INSULATING CaOCOATINGS"
K. Natesan, C. B. Reed, M. Uz, and D. L. Rink (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) develop electrically insulating coatings with emphasis on basic
understanding of the thermodynamic conditions and kinetics of coating development in lithium-
calcium mixtures to achieve stable in-situ coatings of CaO in an Li/Li-Ca environment; (b) perform
detailed postexposure analysis of the surface layers using several electron-optical techniques to
characterize the elemental and phase compositions, quantify stratification in the layers, and
establish the role of compositional changes on the coating defect and microstrucure; (¢} measure
the electrical resistance of the coatings, initially external to Li and eventually in situ in an Li
environment; and (d) establish optimal procedures from the standpoint of sample preparation, Li
chemistry, exposure time and temperature, and sequence of operations to obtain reliable and
reproducible coatings with adequate electrical resistance for use in an Li environment.

SUMMARY

A systematic study has been initiated to develop electricaily insulating CaO coatings by vapor
phase transport and by in-situ formation in a liquid Li environment. Several experiments were
conducted in vapor transport studies with variations in process temperature, time, specimen
location, specimen surface preparation, and pretreatment. Several of the coatings obtained by this
method exhibited Ca concentration in the range of 60-95 wt.% on the surface. However, coating
thickness has not been very uniform among several samples exposed in the same run or even
within the same sample. The coatings developed in these early tests degraded after 24 h
exposure to Li at 500°C. Additional experiments are underway to develop better-adhering and
more dense coatings by this method.

A program to develop in-situ CaQ coatings in Li has been initiated, and the first set of capsule tests
at 800°C in three different Li-Ca mixtures will be completed in early July. Specimens included in
the run are bare V-4Cr-4Ti alloy, specimens with a grit-blasted surface and O-precharged in
99.999% A, polished specimens precharged in a 99.999% Ar and 5000 ppm O»-N2 mixture, and
prealuminized V-5Cr-5Ti alloy preoxidized in a 5000 ppm Oo-No mixture. Additional experiments at

lower temperatures are planned.

BACKGROUND

The primary mechanism of CaO coating formation involves reactions of oxygen from the V alloy with
Ca dissolved in the Li. Several variables in this reaction include temperature, time, O concentration
in V alloy, and Ca concentration in Li. Scoping tests were conducted by exposing small coupons
of V alloys at several temperatures to Li containing various concentrations of Ca(2-50 at %).
Generally, increasing the O concentration in the surface regions of V by exposure to low-pressure
02 environments before exposure to the Li-Ca alloy produced thicker oxide reaction products, but
the results were not conclusive. A range of conditions (temperature, oxygen pressure during
preexposure, and time) were investigated to determine which provided the best coating
characteristics. In the initial investigations, CaO coatings were obtained by reacting V alloy

coupons in Li-Ca in small capsules (<100 cm3) at temperatures of 400-800°C. CaO coatings =10
mm thick were successfully formed on V alloys; however, microcracks were observed at room
temperature but spallation of the coating was not observed.

Additional tests were conducted to evaluate the effects of thermal cycling/thermal shock
resistance of these coatings. Results obtained by thermally cycling the Li-Ca vessel indicated that
the ceramic resistivity behavior (increase in resistivity with a decrease in temperature) initially
observed was followed by a sharp decrease in resistivity. This decrease was attributed to cracking
of the coating. An increase in temperature was followed by an increase in resistance, with a
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possibility of self-healing of the cracks. These types of tests were duplicated with similar resuits.

Significant resistances (R x A > 1000 Q.cmz) were obtained from these “self-healing”
experiments; however, the resistance values were typically much lower than the initial high
resistance values.

Results obtained in these experiments were considered sufficiently encouraging to initiate tests
on a larger scale, i.e., a static test vessel containing =3 L of Li-Ca alloy. These tests were
conducted with rod-type (pencil) specimens with rounded ends in an attempt to minimize
adherence of residual liquid metal to the end of the specimens and possible cracking at sharp
corners. V-alloy specimens exposed to Li-Ca at temperatures of 400-500°C exhibited a modest
increase in resistance with time, indicating formation of a very thin insulating coating.

A range of coating parameters (exposure temperatures and times, Ca content in Li, and pre-
oxidation) were investigated. These tests were conducted primarily with only a few percent Ca in
Li; however, the general procedure remained the same; viz., oxygenation of the V alloy surface,
exposure of the specimen to the Li-Ca alloy, gas-phase oxidation of the Ca coating in most cases,
and subsequent compatibility or resistance testing in the Li (usually in Li with low Ca content to
ensure self-healing). These tests generally were less successful than the previous tests, typically
exhibiting thinner coatings and much lower resistance values from in-situ measurements.
Resistance measurements by probes indicated high resistance over most of the surface at room
temperature, whereas many specimens exhibited very low resistance immediately upon insertion
into the liquid. In several cases, relatively high resistance was observed initially, but upon
exposure to Li-Ca, electrical shorting (low resistance) occurred after <1 hr exposure.

An important result obtained in the analysis of the coatings involved the composition, in particular

the amount of V in the insulator coating. High resistivity was observed at Ca/V ratios above 4,

whereas significantly lower resistivities were obtained when V concentration in the coatings
significantly exceeded 20% of the total cation concentration.

In general, the CaO coatings developed on pencil samples exhibited several microscopic and
macroscopic defects upon reexposure to Li, and in-situ resistance measurements of these
specimens showed significant decreases to values corresponding to those of uncoated
specimens within a few minutes of exposure. Several specimens were examined for defects by
masking different regions of specimens with Ga; resistance measurements were conducted on the
masked specimens. The results showed high resistance at several locations, indicating that the
specimens develop some type of layer with high resistance but that this layer is neither uniform nor
defect-free.

Several of these specimens were also examined by scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) techniques, both radially at a given elevation of the specimen and
axially at various elevations. Resuits indicated that the innermost region, adjacent to the V alloy,
consisted of V, Ca, and O (and probably Li, which was removed during the alcohol wash). Away
from this region and toward the Li side of the interface, the specimens exhibited a higher Ca
content and lower V content than in the interior. It is possible that this layer consisted of Li, Ca, and
O. Based on the results for the microstructures and elemental compositions of several of the
pencil specimens, we concluded that the specimens develop layers that contain Ca and have high
resistance at several locations within a specimen. Such a layer does not consist of CaO alone, but
displays a gradation in composition with high V/low Ca at the specimen surface and high Ca/low V
at the Li side of the interface. We was also concluded that the thickness of the coating is an
important variable and that initially a high-V layer develops over which a high-Ca layer (which imparts
high resistance) develops. It appears that coating thicknesses in excess of 5 um may be needed
to obtain high resistance values and to ensure adequate coverage in all areas.

In addition to evaluating the coatings developed on the pencil specimens, several coupon
specimens of V alloy were were exposed to the same procedure as the pencil specimens, except
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that the Ca-deposited specimens were oxidized at 550 or 625°C. The surface layers on these
specimens (without cleaning treatment in alcoho! and water) were examined by SEM/EDX and X-
ray diffraction (XRD). The results showed that at both temperatures, the outer layer consisted of
LioO, CaO0, and LigV0Og4, and the inner layer contained CaO and Li3VO4. Only trace amounts of
Li2O and V409 were detected in the inner layer. SEM analysis of the specimen oxidized at 550°C
indicated isolated patches of Ca-rich oxide and V-rich oxide in the innerlayer. Similar analysis of the
specimen oxidized at 625°C indicated predominantly a single phase consistingof Ca, V, and O. Of
course, some Li might have been present in these regions (since Li could not be detected by
EDX) but the amount should be small, based on the XRD results for the inner layers. The results
indicate that oxidation at temperatures <550°C may be beneficial in developing Ca-rich oxides.

Several experimental and procedural variables can have a significant effect on the chemical and
mechanical integrity of the coating. The key experimental variables are oxygen precharging time,
temperature, and oxygen content of the gas phase; time, temperature, composition and
concentration of impurities (e.g., H and N) in the Li-Ca mixture used for exposure of oxygen-
precharged specimens; and time, temperature, and oxygen content of the gas phase for oxidation
of the Ca-rich surface layer. In addition, the procedural variables inciude removal of Li after
exposure to the Li-Ca mixture and before oxidation, method of Li removal (such as alcohol
dissolution, vacuum distillation, efc.), time allowed to drip-clean a sample of Li by allowing the
sample to remain in the cover-gas environment above the liquid Li, and removal of residual Li/Li2O
from the sample after Ca oxidation.

EXPERIMENTAL PROGRAM

In an attempt to gain further fundamental understanding, experiments were conducted to develop
Ca-rich coatings by using the pack diffusion process. The experiments involved exposure of
specimens of V alloy to a pack of fine pellets of Ca at temperatures of 700-800°C. The specimens
were either completely enclosed within the pack or were hung above the pack material in a static Ar
environment. The vapor pressure of Ca at 700-800°C is sufficient’to deposit a layer of Ca on the
specimens. Several geometrical arrangements were examined to obtain a uniform coating of Ca on
the specimens, which were typically coupons measuring 5 to 10 x 5 x 1 mm. The alloys included V-
4Cr-4Ti and V-5Cr-5Ti with and without prealuminization. in addition, specimens with various
surface roughnesses (polished, grit-blasted, etc.) were included in the evaluation. Deposition of
Mg at =600°C was also attempted.

The present work on in-situ development of insulator coatings emphasizes a basic understanding
of the thermodynamic conditions and kinetics of coating development in Li-Ca mixtures o achieve
stable coatings of CaO in-situ in a Li/Li-Ca environment. The effort will concentrate on detailed
postexposure analysis of the surface layers by using several electron-optical techniques to
characterize the elemental and phase compositions, quantify stratification in the layers, and
establish the role of compositional changes on coating defects, microstructure, and resistance.
Among the key variables that influence coating formation and its chemical and mechanical integrity
are test temperature, test time, Li chemistry (including Ca content and trace element
concentrations), and alloy chemistry and specimen surface preparation. To ensure flexibility in
adjusting the Li-Ca chemistry in these experiments, capsules containing =50-60 mL of Li-Ca
mixture are used for specimen exposure. The capsules are made of Type 300 series stainless
steel with a retractable 0.25-mm-thick liner of V-alloy to avoid Li contact with the steel. The
materials to be evaluated include V-4Cr-4Ti in bare and prealuminized conditions with various
surface treatments in terms of roughness and precharging of in surface regions with oxygen.

Initially, four exposure temperatures of 800, 700, 600, and 500°C are used for exposure of
samples in the Li-Ca mixture. Ca contents of the mixture are10-20 wt.% and exposure time will be
=100 h. At Ca contents >30 wt.%, the Calio phase is expected 1o deposit as the specimens are
cooled, while at a Ca content of 10 wt.%, p-Ca and o-Ca deposits are expected. A furnace has
been set up to accommodate at least five capsules simultaneously at a given temperature. The
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capsules undergo rocking action to enable mixing of the Ca-Li mixture at elevated temperature.
Upon exposure, the capsules will be inverted at temperature to drain the specimens of Li and will
then be cooled to room temperature. Subsequently, the capsules will be cut open, the sample
holder will be retrieved, and the specimens (without removing the Li}) will undergo postexposure
examination. Both XRD and SEM with EDX will be the primary modes for analyzing the specimens.
After the specimens are examined, they will be oxidized in either air or 99.999% Ar to oxidize the
Ca into CaO. The specimens will be reexamined after oxidation to determine the thickness,
composition, and morphology of the oxide layer, and its adhesion characteristics with the
substrate at room temperature. The results will be correlated with the metallurgical and chemical
structures of the coatings and the lithium exposure conditions. These initial capsule experiments
will establish the roles of several key variables on coating development.

RESULTS AND DISCUSSION
Coating by Vapor Phase Transport

Figure 1 shows typical photomicrographs of the surface of a Ca-deposited V-4Cr-4Ti specimen and
of the surface and cross section of the specimen after oxidation. The layer in the cross-section
photograph is =8-10 um thick. EDX analysis of the specimen showed a gradation in composition,
with more V in the alloy side of the scale and more Ca in the outer region of the scale. The Ca
content range was 0-70 wt.% as a function of depth.

In all, 12 runs were conducted for deposition of Ca or Ca/Mg on V alloys. After deposition, the
specimens were oxidized in air at 600°C to convert the deposited metals into their respective
oxides. The specimens exhibited insulating characteristics after this oxidation step. Detailed XRD
studies on these specimens showed good correlation between high resistance values (at room
temperature) and high Ca/Mg concentration in oxide form. Ca concentrations in the range of 60-80
wt.% were obtained in several specimens. However, coating thicknesses in a given specimen or
between different specimens were not uniform; in some specimens, coating spallation was noted.
Several promising coated specimens were exposed to high-purity Li at 500°C for 24-48 h to
examine coating integrity. In some cases, Li-exposed specimens exhibited high resistance but
only in isolated locations, indicating that the coating deteriorated during Li exposure. XRD analysis
of the Li-exposed specimens showed some indication that locations with high Ca content had high
resistance at room temperature. The results also showed that Ca and/or Mg deposition via vapor
phase transport is possible but that the thickness of the coating and adhesive bonding of the
coating with the substrate produced by this method may need further improvement. Additional
experiments with several procedural modifications are currently in progress.

In-Situ Coating Development

Figure 2 shows the specimen assembly used in the capsule experiments in Li. The first capsule
experiment at 800°C has been initiated. Three Li-Ca mixtures with Ca contents of 39, 59, and 85
wt.% were used in this run. Specimens included in the run are bare V-4Cr-4Ti alloy, a specimen
with a grit-blasted surface and O-precharged in 99.999% Ar, polished specimens precharged in
99.999% Ar and 5000 ppm Oo-No mixture, and a prealuminized V-5Cr-5Ti alloy preoxidized in
5000 ppm O2-Np mixture. The first run is expected to be completed in early July.
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Fig.1. SEM photomicrographs of surface of V-4Cr-4Ti alloy after Ca deposition (top left), after
oxidation of Ca deposited specimen (top right), and cross section of oxidized specimen (bottom).

Fig. 2. Macrophotograph of specimen assembly
used for in-situ coating development in liquid Li.
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LASER-WELDED V-Cr-Ti ALLOYS: MICROSTRUCTURAL AND MECHANICAL PROPERTIES”
K. Natesan, D. L. Smith, Z. Xu, and K. H. Leong (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) determine the optimal parameters for laser beam welding of
sheets of V-Cr-Ti alloys; (b) examine the microstructural characteristics of welded sections,
including base metal, heat-affected-region, and core of weid; (c) evaluate the influence of different
postwelding heat treatments on microstructural characteristics; and (d) evaluate the mechanical
properties, such as tensile and impact, of laser-welded materials.

SUMMARY

A systematic study has been in progress at Argonne National Laboratory o examine the use of
YaG or COp lasers to weld sheet materials of V-Cr-Ti alloys and to characterize the microstructural
and mechanical properties of the laser-welded materials. In addition, several postwelding heat
treatments are being applied to the welded samples to evaluate their benefits, if any, to the
structure and properties of the weldments. Hardness measurements are made across the welded
regions of different samples to evaluate differences in the characteristics of various weldments.
Several weldments were used to fabricate specimens for four-point bend tests. Several additional
weldments were made with a YaG laser; here, the emphasis was on determining the optimal weld
parameters to achieve deep penetration in the welds. A preliminary assessment was then made of
the weldments on the basis of microstructure, hardness profiles, and defects.

EXPERIMENTAL PROGRAM

-The heat of vanadium alloy selected for the study had a nominal composition of V-4 wt.%Cr-4
wt.%Ti (designated as BL-71). A 4-mm-thick sheet of the alloy was used for the welding study.
Earlier microstructural and hardness results were reported on several different welds made under
the same welding conditions but subsequently given different postwelding heat treatments [1].
Several of these weldments were fabricated into four-point bend specimens with a cross section of
3.3 mm and a shallow notch in the base-metal side of the welded specimen. Testing of these
specimens at several temperatures (such as that of liquid N2, -100°C, -40°C, and room
temperature) is in progress. During this period, welding of an additional 4-mm-thick plate was

" continued with a YaG laser in a pulsed mode. The purpose of this study is to increase the weld

“penetration from =1.2 mm in earlier welded samples to as deep as 3 mm or more. Welding
parameters such as power, traverse speed, pulse time, overlap, etc., are being examined to obtain
optimal quality in the final weld. Samples are being cut from different welds, and detailed
microstructural analysis and hardness measurements are being conducted.

RESULTS AND DISCUSSION

In the last report, we presented microstructural and hardness data on laser-welded V-4Cr-4Ti alloy.
The welds in that study were made with a YaG laser in a continuous mode of operation and with an
spatial overlap of 90-95%. Weld depth in those specimens was =1.2 mm and the hardness profiles
showed a substantial increase (from an initial Vickers hardness value of 170-180, upto 240-280) in
the center of the weid; this value stayed high across almost the entire weld zone. The eatiier effort
directed at developing an acceptable postwelding heat treatment showed that five passes of
diffused laser beam over the welded region softened the weld material, especially in the root
region of the weld. Several of these post-welded materials have been used to fabricate four-point
bend specimens and testing of these specimens, at room temperature has begun.

During this period, YaG laser welding of additional 4-mm-thick plate was continued in the pulsed
mode. The purpose of this study is to increase the weld penetration from =1.2 mm in earlier-
welded samples to as deep as 3 mm or more. In the pulsed mode, the energy of the laser beam
was increased to values of 4.5-5.5 J/ms; pulse width was maintained at 3 ms. Further, workpiece
traverse speed was varied between 10 and 40 mm/s.



Fig. 1. Scanning electron photomicrograph of Fig. 2. Scanning electron photomicrograph of
weldment A. weldment 5.

Fig. 3. Scanning electron photomicrograph of weldments 3 (left) and D (right).

Four different welds (identified as A, B, C, and D) were made with laser energy in the range of 5.2-
5.5 J/ms. The work piece traversed at 30, 20, 25, and 25 mm/s for welds A, B, C, and D,
respectively. Penetration depths in the four welds were 1.80, 2.46, 2.23, and 2.23 mm,
respectively. Weld A, with a shallower penetration, exhibited almost no porosity, and no undue
material transfer to the weld surface was noted. Figure 1 shows a low-magnification
photomicrograph of weld A. Welds B, C, and D, with somewhat deeper penetration, exhibited root
porosity in the weld as shown in Figure 2 for weld D, which is typicai of the others. The cause of
this root porosity and the adjustments to welding parameters in order to eliminate this defect are
under investigation.

Six different welds (identified as 1, 2, 3, 4, 5, and 6) were made with laser energy of 4.2 J/ms; pulse
width was maintained at 3 ms. The workpiece traverse speed was maintained at 40 mm/s for welds
1, 2, and 3, while for welds 4, 5, and & it was 30 mm/s. Depths of penetration in the six welds were
1,26, 1.37, 1.26, 1.65, 1.78, and 1.59 mm, respectively. Examination of the weld cross sections
showed that 4, 5, and 6 had almost no macroporosity, but 1, 2, and 3 exhibited significant root
porosity. Figure 3 shows low-magnification photomicrographs of weld 3 (typical of 1, 2, and 3) and
weld 5 (typical of 4, 5, and 6). Two conclusions can be drawn from this study. First, {o increase the
depth of penetration of the weld, the laser energy must be higher; it is evident that the higher
energy used for welds A-D resulted in deeper penetration than the lower power used for welds 1-
6. Second, the traverse speed of the workpiece seems to have an effect (which may not display a
1:1 correlation) on development of root porosity in the welds. For example, welds 1-3 (made with a
traverse speed of 40 mm/s) showed defects, while welds 4-6 (with a traverse speed of 30 mm/s)
exhibited no defects. On the other hand, weld A (made with a laser energy of 5.2 J/ms and
traverse speed of 30 mm/s) was defect-free, while welds B and C, (made with the same laser
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energy and traverse speeds of 20 and 25 mm/s) exhibited defects.

In all the welds (1-6 and A-D) made in the present batch, variation in grain size from the root of the
weld to the free-surface region was lower than that observed in welds reported earlier [1]. Also, in
the earlier welds, the grains near the top of the weld were columnar, which is dictated by rate of
cooling and solidification, but such a structure was confined to only the center region in the
present welds. Further, the weld cross section shows definite contours evenly spaced in the root
region, similar to those observed in earlier welds. The dark- and light-shaded grains in the weld are
due to differences in grain orientation, and virtually no compositional variations were observed
between these grains.

Vickers hardness measurements were made on defectless weldments in the surface-to-root
direction and from the centerline of the weld toward the base metal at half-width of the weld.
Measurements were on welds A, 4, 5, and 6. Figure 4 shows the hardness profiles for these welds
in the two directions. The results indicate that in three of the four (specimens A, 4, and 6)
weldments, the hardness value gradually decreases from =200-210 in the centerline of the weld to
=160 in the base metal over a distance of 0.4-0.5 mm from the weld centerline. In these three
weldments, hardness was fairly constant in the range of 200-210 from the surface-to-root direction,
after which a sharp drop in hardness is noted. Weldment 5 exhibited unusually high hardness in
both directions, the cause for which is not known at present. The resulis also indicate that
substantial additional work is needed to evaluate the role of different weld parameters on the
structure and property of the laser weldments.
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THERMOPHYSICAL AND MECHANICAL PROPERTIES OF SiC/SiC
COMPOSITES — S. J. Zinkle and L. L. Snead (Oak Ridge National Laboratory) '

OBJECTIVE

The objective of this report is to summarize the thermophysical and mechanical properties of
SiC/SiC composites in order to provide a reference design basis for the Advanced Power
EXtraction (APEX) project.

SUMMARY

The key thermophysical and mechanical properties for SiC/SiC composites are summarized,
including temperature-dependent tensile properties, elastic constants, thermal conductivity,
thermal expansion, and specific heat. The effects of neutron irradiation on the thermal
conductivity and dimensional stability (volumetric swelling, creep) of SiC is discussed. The
estimated lower and upper temperatures limits for structural applications in high power density
fusion applications are 400 and 1000°C due to thermal conductivity degradation and void swelling
considerations, respectively. Further data are needed {o more accurately determine these
estimated temperature limits.

PROGRESS AND STATUS
Introduction

In order to provide a reference design basis for the Advanced Power EXtraction (APEX) project,
published data on the thermophysical and mechanical propetties of SiC/SiC composites have
been compiled. Property data for SiC/SiC composites are not contained in conventional fusion
materials data bases such as the ITER Materials Properties Handbook (IMPH). The IMPH should
be used as the reference point for design calculations if the full property database is included in a
future version of the Handbook. Several recent publications have reviewed many of the general
considerations associated with fusion engineering designs that incorporate SiC/SiC composites,
and can be consulted for additional information [1-6].

The engineering database for SiC/SiC composites is very limited, since large quantities of high-
quality fibers such as Hi-Nicalon type S (produced by Nippon Carbon) have not been available up
to the present time. Much of the published data has been generated on composites fabricated
with lower-quality fibers such as ceramic grade Nicalon (cg-Nicalon). Table 1 compares some
properties of several commercial SiC-based fibers and bulk SiC. The chemical composition,
density, elastic constants, thermal conductivity, and neutron radiation resistance of cg-Nicalon
(which contains 11.7 wt.% O and has a C/Si atomic ratio of 1.31) [7] is considerably different from
that of bulk crystalline SiC which is present in the matrix. The nonstoichiometric Hi-Nicalon fibers
{containing 0.5 wt.% O and a C/Si atomic ratio of 1.39) [7] are also considerably different from SiC.
Recent fibers such as Hi-Nicalon Type S (0.2 wt.% O and a C/Si atomic ratio of 1.05) [7] and Dow
Sylramic (0.8 wt.% O and a C/Si atomic ratio of 1.0) [8] are expected {o produce improved
composite properties in the unirradiated and irradiated condition compared to cg-Nicalon-and Hi-
Nicalon. '



Table 1. Compatrison of properties of commercial SiC-based fibers and bulk SiC [7-10].

cg- Hi- Hi-Nicalon Dow Bulk SiC
Nicalon Nicalon type S Syiramic

Diameter (um) 14 12-14 12 10 —
Tensile strength (GPa) 2.0-3.0 2.8-3.4 2.6-2.7 2.8-3.4 ~0.1
Elastic modulus (GPa) 170-220 270 420 390-400 460
Density (g/cm”) 2.55 2.74 2.98-3.10 3.0-3.10 3.25
Coefficient of thermal 3.2 3.5 - 5.4 4.0
expansion (10°%/K)
Thermal conductivity at 1.5 4 18 40-45 100-350
20°C (W/m-K)
Oxygen content (wt.%) 11.7 0.5 0.2 0.8 0.0
C/Si atomic ratio 1.31 1.39 1.05 1.0 1.0

Yield and ultimate tensile strength (unirradiated)

Most of the available data on ceramic matrix composites have been generated using flexural bend
strength tests (3- or 4-point bending). Although bend tests are useful for qualitative screening in
order to investigate variations in processing parameters, uniaxial tensile testing is preferred for the
generation of an engineering data base. Ceramic matrix composites are engineered to produce a
moderate amount of fiber pullout during deformation. Extensive fiber pullout produces low
uitimate tensile strengths, whereas limited fiber pullout leads to brittle failure modes similar to
- monolithic ceramics. The optimum tensile toughness generally occurs in ceramic composites with
tensile elongations on the order of ~0.2 to 0.5%. Therefore, the 0.2% “yield" strength, which is
commonly used for tensile testing in metals, is comparable to the composite ultimate tensile
strength. A more appropriate “vield” strength for ceramic matrix composites is the proportional
stress limit (corresponding to the onset of matrix microcracking), although the location of the
proportional limit is subject to relatively large experimental uncertainty.

The ultimate tensile strength of several different grades of SiC/SiC composites containing 40
vol.% fibers (0/90 weave) have been recently measured by tensile testing [2,11]. The UTS
ranged from 200 to 280 MPa at room temperature and from 228 to 254 MPa at 1000°C for two
different types of SiC/SiC composites fabricated with cg-Nicalon fibers. A room temperature UTS
of 217 MPa was measured for a composite fabricated using Hi-Nicalon fibers. The corresponding
proportional stress limits were 55 to 70 MPa for room temperature tests of SiC/SiC composites
fabricated with cg-Nicalon fibers. Tensile data are not yet available for SiC/SiC composites
fabricated with Hi-Nicalon type S or comparable advanced SiC fibers, although composite
strengths comparable to that of present-day SiC/SIC composites are expected from theoretical
considerations. Specifically, the matrix microcracking stress would be expected to be slightly
higher with Hi-Nicalon type S fibers (due to a better match with the elastic modulus of the matrix),
whereas the ultimate tensile strength would be reduced due to the lower fiber strength of
prototype versions of Hi-Nicalon type S (cf. Table 1).

Yield and ultimate strength (irradiated

Neutron irradiation can produce a significant decrease in the flexural strength of SiC/SiC
composites fabricated with cg-Nicalon fibers, due to neutron-induced densification of the fibers
which causes debonding at the matrix/fiber interfaces [5,12]. Strength decreases up to a factor of
two have been observed in some cases. Improved irradiated behavior is predicted for composites
containing SiC-based fibers which have demonstrated better resistance to neutron irradiation,
such as Hi-Nicalon, MER-999, and Dow Corning Sylramic fibers [6,9,13,14]. Experimental studies
on composites fabricated with advanced fibers are need to determine whether there is any
significant degradation of mechanical strength in these materials.
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Elastic _constants

The elastic constants for SiC/SiC composites depend on the details of the fabrication procedure.
Fibers such as cg-Nicalon have elastic constants which are considerably different from crystalline
SiC, and therefore strongly influence the measured elastic constants of the composite. In
addition, matrix porosity (typically ~8 to 10%) also affects the elastic constants of the composite.
The room temperature Young’s moduli of SiC-based fibers range from ~200 GPa for ¢g-Nicalon to
270 GPa for Hi-Nicalon, and 420 GPa and 400 GPa for Hi-Nicalon Type S and Dow Sylramic
[7,8,13]. The corresponding Young’s modulus for bulk crystalline SiC varies from 460 GPa at
room temperature to 435 GPa at 1000°C [15]. Somewhat lower values of 415 GPa (20°C) to 392
GPa (1000°C) have been reported for sintered alpha-SiC [16]. According to measurements
obtained during tensile testing, the Young’s modulus for a given SiC/SiC composite shows a very
slight (5%) increase as the temperature is increased from 20 to 1000°C [11]. The quantitative
values are strongly dependent on the fabrication process, with values for cg-Nicaion fiber-based
composites (40 vol.% fibers) ranging from 141 to 215 GPa at room temperature [11]. The
corresponding Young's modulus for a SiC/SiC composite fabricated with Hi-Nicalon fibers was 270
GPa. Values approaching 400 GPa would be expected for high-quality, low-porosity SiC/SiC
composites fabricated with Sylramic or Hi-Nicalon type S fibers. Matrix microcracking (in
composites subjected to stress above the proportional limit of ~70 MPa) will cause a reduction in
the elastic modulus [17]. The shear modulus for bulk (sintered) alpha-SiC is 179 GPa at room
temperature and 169 GPa at 1000°C [16]. Poisson’s ratio for bulk SiC is ~0.18 between 20 and
1000°C [15,16]. ,

Thermal expansion, specific heat and thermal conductivity

The themophysical properties of SiC/SiC composites (particularly thermal conductivity) are also
dependent on the fabrication procedure. The measured instantaneous coefficient of thermal
expansion {o,) for SiC/SIC composites fabricated with cg-Nicalon fibers (40 vol.% fibers) are 2.5-3
ppm/°C, with no pronounced dependence on temperature between 20 and 1000°C [11,18]. The
lower value refers to through-thickness measurements on 2-D composites, and the higher value
refers to in-plane measurements. The bulk SiC value is 2.2 ppm/°C at room temperature and 5.0
ppm/°C at 1000°C, with an average value between 20 and 1000°C of 4.0 ppm/°C [15,18]. The
specific heat at constant pressure (Cy) varies from 620-640 J/kg-K at 20°C to 1200-1250 J/kg-K at
1000°C for both monolithic SiC and SiC/SiC composites, where the higher values refer to bulk SiC
[2,11,15,16,19]. The most rapid changes in the specific heat occur at temperatures below 200°C,
which corresponds to about one-half of the Debye temperature for SiC {(~800 K). The specific
heat for bulk SiC is 1134 J/kg-K at 500°C and 1189 J/kg-K at 700°C [15,19]. A slightly less
pronounced variation in the temperature-dependent specific heat has been recently presented
for sintered alpha-SiC [16]. The source of the specific heat discrepancy between ref. [16] and
refs. [15,19] is uncertain.

The thermal conductivity of SiC/SiC composites is strongly dependent on the processing
conditions, type of fiber, and fiber architecture. The upper limit for thermal conductivity
corresponds to that obtained in single crystal and high-purity CVD SiC, with maximum values of
~320 W/m-K at room temperature and 78 W/m-K at 1000°C (Fig. 1). The thermal conductivity of
most of the currently-available commercial fibers is significantly lower than that of bulk high-purity
SiC, and therefore the fibers typically do not make a large contribution to the conductivity of the
composite. The thermal conductivity of SiC-based fibers at 20-500°C varies from ~1.5 W/m-K for
cg-Nicalon and ~4 W/m-K for Hi-Nicalon to 18 W/m-K for Hi-Nicalon type S {20]. Room
temperature thermal conductivities for recently developed Sylramic and Tyranno-SA fibers are
~40-45 and 64 W/m-K, respectively [8,21]. The in-plane thermal conductivity for a 2-D (0/90) plain
weave SiC/SIC composite fabricated from cg-Nicalon fibers (40 vol.%) and a CVI matrix (10%
porosity) varies from ~19 W/m-K at 20°C to 8 W/m-K at 1000°C [2,11]. The corresponding
through-thickness conductivities are 9 and 3 W/m-K, respectively. The through-thickness thermal
conductivity for a 2-D (0/90) plain weave SiC/SiC composite fabricated from Hi-Nicalon fibers (40
vol.%) and a CV! matrix (10% porosity) is ~15 W/m-K at 20°C [2,11]. SiC/SiC composites with




transverse thermal conductivities of ~75 W/m-K at room temperature and 30-35 W/m-K at 1000°C
have recently been fabricated using CVR and reaction sintering techniques [22,23].

Unlike the case for metals (where the thermal conductivity is dominated by electron transport),
irradiation can cause a significant reduction in the thermal conductivity of SiC/SiC composites.
The degradation is particularly large at low irradiation temperatures, as shown in Fig. 2. An
approach to saturation occurs at low damage levels during low temperature (<300°C) irradiation.
The fluence dependence of the conductivity degradation has not yet been studied at high
temperatures. The limited existing data base indicates the irradiated thermal conductivity at high

“irradiation temperatures (~1000°C) is about 25 to 50% of the unirradiated value for bulk SiC
irradiated to damage levels greater than 20 dpa [5,24]. The largest relative degradation in thermal
conductivity is observed in materials with the highest initial thermal conductivity, i.e., the irradiated
thermal conductivity in bulk tends to approach a similar value irrespective of the unirradiated
thermal conductivity.

The values shown in Fig. 2 represent the upper limit of expected thermal conductivities for
irradiated SiC/SiC composites, since impurities and porosity introduced