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FOREWORD

This is the nineteenth 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 Magnetic Fusion Energy Program of the U.S.
Department of Energy. The other major element of the program is concerned with the interactions
between reactor materials and the plasma and is reported separately.

The Fusion Materials Program is a national effort involving several national laboratories, universities,
and industries. A large fraction of this work, particularly in relation to fission reactor experiments, is
carried out collaboratively with our partners in Japan, Russia, and the European Union. The purpose of
this series of reports is to provide a working technical record for the use of the program 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
Division of Advanced Physics
and Technology
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DEVELOPMENT OF LASER WELDING TECHNIQUES FOR VANADIUM ALLOYS -
R. V. Strain, K. H. Leong, and D. L. Smith (Argonne National Laboratory). . . ......

Laser welding is potentially advantageous because of its flexibility and the reduced amount
of material affected by the weld. Lasers do not require a vacuum (as do electron beam
welders) and the welds they produce have high depth-to-width ratios. Scoping tests with a
small pulsed 50 J YAG laser indicated that lasers could produce successful welds in
vanadium alloy (V-5%Cr-5%Ti) sheet (1 mm thick) when the fusion zone was isolated
from air. The pulsed laser required an isolating chamber filled with inert gas to produce
welds that did not contain cracks and showed only minor hardness increases. Following the
initial scoping tests, a series of tests were performed with a 6 kW continuous CO; laser.
Successful bead-on-plate welds were made on V-4%Cr-4%Ti and V-5%Cr-5%Ti alloys to
depths of about 4 mm with this laser.

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

V-4Cr-4Ti alloy has been recently selected for use in the manufacture of a portion of the
DIII-D Radiative Divertor modification, as part of an’ overall DIII-D vanadium alloy
deployment effort developed by General Atomics (GA) in conjunction with the Argonne and
Oak Ridge National Laboratories (ANL and ORNL). The goal of this work is to produce a
production-scale heat of the alloy and fabricate it into product forms for the manufacture of a
portion of the Radiative Divertor (RD) for the DIII-D tokamak, to develop the fabrication
technology for manufacture of the vanadium alloy Radiative Divertor components, and to
determine the effects of typical tokamak environments on the behavior of the vanadium
alloy. The production of a ~1300-kg heat of V-4Cr-4Ti alloy is currently in progress at
Teledyne Wah Chang of Albany, Oregon (TWCA) to provide sufficient material for
applicable product forms. Two unalloyed vanadium ingots for the alloy have already been
produced by electron beam melting of raw processed vanadium. Chemical compositions of
one ingot and a portion of the second were acceptable, and Charpy V-Notch (CVN) impact
tests performed on processed ingot samples indicated ductile behavior. Material from these
ingots are currently being blended with chromium and titanium additions, and will be
vacuum-arc remelted into a V-4Cr-4Ti alloy ingot and converted into product forms suitable
for components of the DIII-D'RD structure. Several joining methods selected for specific
applications in fabrication of the RD components are being investigated, and preliminary
trials have been successful in the joining of V-alloy to itself by both resistance and inertial
welding processes and to Inconel 625 by inertial welding.

PHYSICAL PROPERTIES OF O- AND N-CONTAINING V-Cr-Ti ALLOYS - J.-H. Park,
D. Kupperman, E. T. Park, and G. Dragel (Argonne National Laboratory). .. .........

Incorporation of O in the surface of V-Ti-Cr alloys has been investigated in controlled
environments at 550-750°C, and tests were performed to determine the physical properties of
V-Cr-Ti-O solid solutions. The amount of O in the alloys has been determined by weight-
change measurements. Microhardness was used to determine O depth profiles of the alloys.
X-ray diffraction indicated a phase transformation from body-centered-cubic (bcc) to
tetragonal in the lattice that was highly stressed because of O incorporation. Back-scattered-
electron images and electron-energy-dispersive spectra revealed Cr depletion near alloy grain
boundaries. Elastic modulus and Vickers hardness increased in O-enriched V-Cr-Ti alloys.
Hardening of the alloys results from O atoms on face-centered interstitial sites in the bee
sublattice and the formation of very fine coherent oxide particles. Oxygen or N diffusion
occurs via the interstitial sublattice of bcc V-base alloys and is accompanied by the
formation of homogeneous oxide or nitride phases via internal oxidation or nitridation. The
O,N-enriched surface region exhibited the extraordinarily high Vickers hardness of =18 GPa
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(1800 kg/mm?), a value that is typical of oxides, nitrides, or carbides, or that is obtainable
by ion-beam irradiation of metals.

TENSILE PROPERTIES OF V-(4-5)Cr-(4-5)Ti Alloys — H. M. Chung, L. Nowicki,
D. Busch, and D. L. Smith (Argonne National Laboratory). . . .. ..................

The current focus of the U.S. program of research on V-base alloys is on V-(4-5)Cr-(4-5)Ti
that contains 500-1000 wppm Si. In this paper, we present experimental results on
baseline tensile properties of two laboratory-scale heats of this alloy and of a 500-kg
production heat of V-4Cr-4Ti (Heat 832665) that were measured at 23-700°C. Both the
production- and laboratory-scale heats of the reference alloy V-4Cr-4Ti exhibited excellent
tensile properties at temperatures up to =650°C.

EFFECT OF HEAT TREATMENT ON PRECIPITATION IN V-5Cr-5Ti HEAT BL63 —
D. S. Gelles and Huaxin Li (Pacific Northwest National Laboratory). . . .............

The microstructures. of V-5Cr-5Ti heat BL63 are compared following heat treatments at
1125°C for 1 h and 1125°C for 1 h followed by 890°C for 24 h. Following the 890°C
treatment, precipitate density was increased due to the presence of a moderate density of
highly elongated particles. Microchemical analysis showed that these particles often
contained both Ti and V, some particles showed minor amounts of Si, S, and P, but it was
also possible to show that these precipitates were enriched in O rather than C or N.
Following the 1125°C heat treatment, only Si was found as a minor impurity in large
particles, but S could be identified at grain boundaries, which were coated with a fine
distribution of precipitates. The embrittlement observed is ascribed to a combination of
interstitial solid solution hardening and grain boundary embrittlement, with interstitial
hardening likely the dominant factor.

KINETICS OF RECOVERY AND RECRYSTALLIZATION OF THE LARGE HEAT OF
V-4Cr-4Ti — A. N. Gubbi, A. F. Rowcliffe, W. S. Eatherly, and L. T. Gibson (Oak Ridge
National Laboratory). . o« v v v v vttt it it i i iiiettenenneaereeeonnaonanas

A series of slow cycle and rapid cycle anneals was carried out in the large heat of V-4Cr-4Ti
alloy (heat 832665). Also, a differential scanning calorimetry (DSC) study was initiated on
the samples of the same alloy. The recovery and recrystallization phenomena of V-4Cr-4Ti
in slow cycle annealing were quite different from that observed in rapid cycle annealing.
The large driving force for recrystallization due to rapid heating resulted in the first nuclei
appearing after only 1 minute at 1000°C. There was a two-stage hardness reduction; the
first stage involved recovery due to cell formation and annihilation of dislocations, and
second stage was associated with the growth of recrystallization nuclei. This is consistent
with results obtained from the DSC in which there was a broad exothermic peak from ~200
to 800°C due to recovery followed by a sharp exotherm associated with recrystallization.
The activation energy for recrystallization for V-4Cr-4Ti, which was determined as 576 &
75, k¥/mole is significantly higher than that for pure V, and is thought to be related to Ti
and Cr in solid solution.

EFFECT OF Cr AND Ti CONTENTS ON THE RECOVERY, RECRYSTALLIZATION,
AND MECHANICAL PROPERTIES OF VANADIUM ALLOYS - A. N. Gubbi,

A. F. Rowcliffe, D. J. Alexander, M. L. Grossbeck, W. S. Eatherly, and L. T. Gibson
(Oak Ridge National Laboratory). . . .. oo vve ittt nnniiiei i noeeannns

A series of vacuum-anneals at temperatures from 900 to 100°C for 1 to 4 h was carried out
on small heats of vanadium alloys with Cr and Ti contents ranging from 2 to 6wt. %. The
alloys examined in this work were V-3Cr-3Ti, V-4Cr-4Ti-Si, V-5Cr-5Ti, V-6Cr-3Ti, and
V-6Cr-6Ti. Optical microscopy, TEM, and microhardness testing were conducted.
Variation in Cr and Ti over the range 3 to 6 wt. % had no discernible effect on
recovery/recrystallization behavior. The hardness of both recovered and recrystallized
structures increased with total (CR + Ti) content. In order to study the effect of Cr and Ti
content on mechanical properties, Charpy impact testing and tensile testing were carried out
on small heats of compositional variants. The V-4Cr-4Ti-Si alloy, in a fully recrystallized
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conditions, exhibited a high level of resistance to cleavage failure with a DBTT at ~190°C.
The alloys containing higher concentrations of Cr and Ti, in a fully recrystallized condition,
exhibited a DBTT around -100°C, whereas the V-3Cr-3Ti alloy failed by pure ductile shear
at liquid nitrogen temperature without any ductile-to-brittle transition. Tensile testing was
conducted on SS-3 tensile specimens punched from 0.762-mm-thick plates of V-3Cr-3Ti
and V-6Cr-6Ti. The tests were done in air at room temperature at strain rates ranging from
10-3 to 2 x 10-1/s. For V-6Cr-6Ti, both the 0.2% yield stress (YS) and the ultimate
tensile strength (UTS) were higher than those for V-3Cr-3Ti at all strain rates. Both YS
and UTS showed a similar trend of incremental increase with strain rate for the two alloys.
In the same token, both alloys exhibited an identical behavior of almost no change in
uniform and total elongation up to a strain rate of 10-1/s and a decrease with further increase
in strain rate.

EFFECT OF SPECIMEN SIZE ON THE FRACTURE TOUGHNESS OF V-4Cr-4Ti ~
R. J. Kurtz (Pacific Northwest National Laboratory), Huaxin Li (Associated Western
Universities-Northwest Division), and R. H. Jones (Pacific Northwest National Laboratory)

J-R curves were generated using the single specimen unload-compliance technique on four
specimens of V-4Cr-4Ti to determine the effect of specimen dimensions on the fracture
behavior. Ductile crack initiation and growth was observed in the 6.35 mm thick
specimens but not in the 12.70 mm thick specimens. The J-R curves determined from
these tests were not valid per ASTM validity criteria so quantitative measures of the
resistance to ductile crack initiation and growth were not obtained. These data suggest that
standard fracture toughness tests performed with small-scale DCT specimens may also not
be valid.

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

Oxidation studies were conducted on V-5Cr-5Ti alloy specimens in an air environment to
evaluate the oxygen uptake behavior of the alloy as a function of temperature and exposure
time. The oxidation rates calculated from parabolic kinetic measurements of
thermogravimetric testing and confirmed by microscopic analyses of cross sections of
exposed specimens were 5, 17, and 27 um per year after exposure at 300, 400, and 500°C,
respectively. Uniaxial tensile tests were conducted at room temperature and at 500°C on
preoxidized specimens of the alloy to examine the effects of oxidation and oxygen migration
on tensile strength and ductility. Microstructural characteristics of several of the tested
specimens were determined by electron optics techniques. Correlations were developed
between tensile strength and ductility of the oxidized alloy and microstructural characteristics
such as oxide thickness, depth of hardened layer, depth of intergranular fracture zone, and
transverse crack length.

CHEMICAL AND MECHANICAL INTERACTIONS OF INTERSTITIALS WITH
VANADIUM ALLOYS - 1. R. DiStefano, L. D. Chitwood, and J. H. DeVan (Oak Ridge
National Laboratory). . . .. oot vttt e ittt ittt ettt et e

Oxidation studies of V-4Cr-4Ti were conducted in air and reduced oxygen partial pressures
(104, 10-3, and 1076 torr). Reaction rates were determined by weight change measurements
and chemical analyses. Mechanical properties after the exposures were determined by room
temperature tensile tests.

In air at 400 and 500°C, oxide films form on the surface. Initially, rates are high but
decrease with time reaching similar values to those found in oxygen partial pressures at
104, 103, and 106 torr. At 400°C, oxygen pick-up followed a logarithmic function of
time and was confined to regions near the surface. Little change in room temperature tensile
properties was noted for oxygen increases up to 1500 ppm. Thermal cycling specimens
from 400°C to room temperature up to 14 times had no apparent effect on oxidation rate or
tensile properties. At 500°C, oxygen pick-up appeared to follow a parabolic relation with
time. Rates were ~10 times those at 400°C and correspondingly larger oxygen increases
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viii

occurred when compared with the 400°C tests after similar time periods. This resulted in a
significant decrease in total elongation after 240 h.

At reduced oxygen partial pressures, rates were measured for times <100 h. Data are
relatively sparse but generally show a slightly higher initial rate before slowing down. At
400°C increases to ~200 ppm oxygen were found with no effect on room temperature
elongation. At 500°C increases in oxygen of ~2400 ppm after 50 /105 torr resulted in a
decrease of around 25% in room temperature elongation. By comparison, exposure to air at
500°C for 12 h caused nearly the same results.

SOLUBILITY OF HYDROGEN IN V-4Cr-4Ti AND LITHIUM - J.-H. Park, G. Dragel,
R. A. Erck, and D. L. Smith (Argonne National Laboratory) and R. E. Buxbaum
(Michigan State University). . . . ..o o iit it i et

The solubility of hydrogen in V-4Cr-4Ti and liquid lithium was determined at 400-675°C
and a hydrogen pressure of 1.76 X 104 torr (2.35 X 102 Pa). Hydrogen concentration in
both materials decreased as temperature increased, and the ratio of the hydrogen concentration
in liquid lithium and V-4Cr-4Ti (hydrogen distribution ratio R) increased with temperature,
e.g., R was =17 at 400°C and =80 at 700°C. Desorption of hydrogen from V-4Cr-4Ti is a
thermally activated process and the activation energy of the desorption rate is 0.405 eV.

HYDROGEN UPTAKE IN VANADIUM FIRST WALL STRUCTURES - E. P. Simonen
and R. H. Jones (Pacific Northwest National Laboratory). . . .............. .......

Evaluation of hydrogen sources and transport are needed to assess the mechanical integrity of
V structures. Two sources include implantation and transmutation. The proposed coatings
for the DEMO and ITER first wall strongly influence retention of hydrogen isotopes.
Upper limit calculations of hydrogen inventory were based on recycling to the plasma and
an impermeable coolant-side coating. Hydrogen isotope concentrations in V approaching
1,000 appm may be achieved.

CORROSION OF V AND V-BASE ALLOYS IN HIGH-TEMPERATURE WATER —
I. M. Purdy, P. T. Toben, and T. F. Kassner (Argonne National Laboratory). ..........

Corrosion tests of nonalloyed V, V-5Cr-5Ti, and V-15Cr-5Ti were conducted in high-purity
deoxygenated water at 230°C for up to =4500 h. The effects of Cr concentration in the
alloy and temperature on the corrosion behavior were determined from weight-change
measurements and microstructural observations. An expression was obtained for the
kinetics of corrosion as a function of Cr content of the alloy and temperature.

CaO INSULATOR AND Be INTERMETALLIC COATINGS ON V-BASE ALLOYS FOR
LIQUID-LITHIUM FUSION BLANKET APPLICATIONS - J.-H. Park and T. F. Kassner
(Argonne National Laboratory). . . . ... .o ittt ittt i e e

The objective of this study is to develop (a) stable CaO insulator coatings at the Liquid-
Li/structural-material interface, with emphasis on electrically insulating coatings that
prevent adverse MHD-generated currents from passing through the V-alloy wall, and
(b) stable Be-V intermetallic coatings for first-wall components that face the plasma.
Electrically insulating and corrosion-resistant coatings are required at the liquid-Li/structural
interface in fusion first-wall/blanket applications. The electrical resistance of CaO coatings
produced on oxygen-enriched surface layers of V-5%Cr-5%Ti by exposing the alloy to liquid
Li that contained 0.5-85 wt.% dissolved Ca was measured as a function of time at
temperatures between 250 and 600°C. Crack-free BepV intermetallic coatings were also
produced by exposing V-alloys to liquid Li that contained Be as a solute. These techniques
can be applied to various shapes (e.g., inside/outside of tubes, complex geometrical shapes)
because the coatings are formed by liquid-phase reactions.
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EFFECT OF DYNAMICALLY CHARGED HELIUM ON TENSILE PROPERTIES OF
V-5Ti, V-4Cr-4Ti, AND V-3Ti-1Si — H. M. Chung, B. A. Loomis, L. Nowicki, and
D. L. Smith (Argonne National Laboratory). . . ......... ... iiuuean...

In the Dynamic Helium Charging Experiment (DHCE), helium was produced uniformly in
the specimen at linear rates of =0.4 to 4.2 appm He/dpa by the decay of tritium during
irradiation to 18-31 dpa at 424-600°C in the lithium-filled DHCE capsules in the Fast Flux
Test Facility. This report presents results of postirradiation tests of tensile properties of
V-5Ti, V-4Cr-4Ti, V-3Ti-1Si. The effect of helium on tensile strength and ductility was
insignificant after irradiation and testing at >420°C. Contrary to initial expectation, room-
temperature ductility of DHCE specimens was higher than that of non-DHCE specimens,
whereas strength was lower, indicating that different types of hardening centers are produced
during DHCE and non-DHCE irradiation. In strong contrast to results of tritium-trick
experiments, in which dense coalescence of helium bubbles is produced on grain boundaries
in the absence of displacement damage, no intergranular fracture was observed in any tensile
specimens irradiated in the DHCE.

DENSITY DECREASE IN VANADIUM-BASE ALLOYS IRRADIATED IN THE
DYNAMIC HELIUM CHARGING EXPERIMENT - H. M. Chung, T. M. Galvin, and
D. L. Smith (Argonne National Laboratory). . . ... ......... ... ...

Combined effects of dynamically charged helium and neutron damage on density decrease
(swelling) of V-4Cr-4Ti, V-5Ti, V-3Ti-1Si, and V-8Cr-6Ti alloys have been determined
after irradiation to 18-31 dpa at 425-600°C in the Dynamic Helium Charging Experiment
(DHCE). To ensure better accuracy in density measurement, broken pieces of tensile
specimens =10 times heavier than a transmission electron microscopy (TEM) disk were
used. Density decreases of the four alloys irradiated in the DHCE were <0.5%. This small
change seems to be consistent with the negligible number density of microcavities
characterized by TEM. Most of the dynamically produced helium atoms seem to have been
trapped in the grain matrix without significant cavity nucleation or growth.

MICROSTRUCTURAL EVOLUTION OF V-4Cr-4Ti DURING ION IRRADIATION AT
200°C - 1. Gazda and M. Meshii (Northwestern University), and B. A. Loomis and
H. M. Chung (Argonne National Laboratory). . .. ..o,

The results of a transmission electron microscopy (TEM) investigation of the
microstructural evolution of V-4Cr-4Ti (Heat #832665) that was irradiated with 4.5 MeV
58Ni++ ions at 200°C are presented. Dose effects were investigated for fluences ranging
from 0.5 to 5 dpa. When the irradiation dose was increased, the relative number density of
black dots and dislocation loops was nearly constant and accompanied by an increase in the
size of the defects. Cavity formation was not observed in any of the specimens, indicating
high resistance of the alloy to void swelling at the lower temperature of the experiments.

UNUSUAL RESPONSE OF THE BINARY V-2Si ALLOY TO NEUTRON IRRADIATION
IN FFTF AT 430-600°C — S. Ohnuki, H. Konoshita (Hokkaido University), F. A. Garner
(Pacific Northwest National Laboratory), and H. Takahashi (Hokkaido University). . .....

Extended abstract.

TRANSMUTATION-INDUCED EMBRITTLEMENT OF V-Ti-Ni AND V-Ni ALLOYS
IN HFIR ~ S. Ohnuki and H. Takahashi (Hokkaido University), F. A. Garner (Pacific
Northwest National Laboratory), J. E. Pawel (Oak Ridge National Laboratory),

K. Shiba and A. Hishinuma (Japan Atomic Energy Research Institute). . ............

Extended abstract.
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SILICON CARBIDE COMPOSITE MATERIALS.....................

STATUS OF SILICON CARBIDE COMPOSITES FOR FUSION —L. L. Snead (Oak Ridge
National Laboratory), R. H. Jones (Pacific Northwest Laboratory), A. Kohyama (Kyoto
University), and P. Fenici (JRC-ISPra). . . . oot vv v iv i inimnneesanacenenanasns

Extended abstract.

REVIEW OF DATA ON IRRADIATION CREEP OF MONOLOTHIC SiC —F. A. Garner,
G. E. Youngblood, and M. L. Hamilton (Pacific Northwest National Laboratory). . .....

An effort is now underway to design an irradiation creep experiment involving SiC
composites and SiC fibers. In order to successfully design such an experiment, it is
necessary to review and assess the available data for monolithic SiC to establish the
possible bounds of creep behavior for the composite. The data available show that
monolithic SiC will indeed creep at a higher rate under irradiation compared to that of
thermal creep, and surprisingly, it will do so in a temperature-dependent manner that is
typical of metals.

MICROSTRUCTURAL EFFECTS OF NEUTRON IRRADIATION ON SiC-BASED
FIBERS — G. E. Youngblood and R. H. Jones (Pacific Northwest National Laboratory)
and A. Hasegawa (Tohoku University, Japan). . ............ ...,

For extreme irradiation conditions, 43 dpa at temperatures of = 1000°C, Hi Nicalon SiC
fiber exhibits a much higher degree of microstructural stability than Nicalon CG fiber.

IMPROVEMENT OF THE THERMAL CONDUCTIVITY OF SiCg/SiC COMPOSITE —

G. E. Youngblood (Pacific Northwest Laboratory) and W. Kowbel (MER Corporation,
B (o170 TR - W7/ Tt

The methods, high temperature annealing and doping, were examined for improving the
thermal conductivity of simulated CVI/8-SiC matrix material. For instance, a two hour
1500°C anneal led to the increase of the room temperature (RT) thermal conductivity from
38 to 59 W/mK. Be-doping was even more effective in causing the thermal conductivity to
increase with RT conductivity values up to 160 W/mK attained. To further optimize the
thermal conductivity, hot-pressed SiC materials with carefully controlled amounts of Be-and
B4C-doping were investigated. Although a small improvement (= 8%) was achieved with
2.0 wt % Be-doping, the effort to refine the amount of doping needed was largely
unsuccessful. Apparently, hot-pressing SiC introduced numerous substructural stacking
faults which effectively scattered phonons in the intermediate temperature range and nullified
the benefits of doping. Nevertheless, Be-and B4C-doping and/or thermal treatments appear
to be promising strategies to achieve the goal of eventually improving the thermal
conductivity of SiC¢/SiC composite.

THE MONOTONIC AND FATIGUE BEHAVIOR OF CFCCs — N. Miriyala,
P. K. Liaw, and C. J. McHargue (University of Tennessee) and L. L. Snead (Oak Ridge
National Laboratory). . . . oo oottt ittt it ittt iee it et

Flexure tests were performed to study the fabric orientation effects on the monotonic and
fatigue behavior of two commercially available continuous fiber reinforced ceramic
composites (CFCCs), namely, (i) Nicalon fiber fabric reinforced alumina (AlpO3) matrix
composite fabricated by a direct molten metal oxidation (DIMOZX)) process and, (ii) Nicalon
fiber fabric reinforced silicon carbide (SiC) matrix composite fabricated by an isothermal
chemical vapor infiltration ICVI) process. The fabric orientation effects on the monotonic
and fatigue behavior were strong in the Nicalon/AlpO3 composite, while they were
relatively weak in the Nicalon/SiC composite. '

95

97

98

101

107

115



xi

3.0 FERRITIC/MARTENSITIC STEELS............ ... ..., 125

3.1

3.2

3.3

3.4

3.5

3.6

FATIGUE PERFORMANCE AND CYCLIC SOFTENING OF F82H, A FERRITIC-
MARTENSITIC STEEL - J. F. Stubbins (University of Illinois, Urbana) and D. S. Gelles
(Pacific Northwest National Laboratory). . . . ... .o eeiiiiiienenenanennnns 127

The room temperature fatigue performance of F82H has been examined. The fatigue life
was determined in a series of strain-controlled tests where the stress level was monitored as a
function of the number of accrued cycles. Fatigue lives in the range of 103 to 106 cycles to
failure were examined. The fatigue performance was found to be controlled primarily by the
elastic strain range over most of the range of fatigue lives examined. Only at low fatigue
lives did the plastic strain range contribute to the response. However, when the significant
plastic strain did contribute, the material showed a tendency to cyclically soften. That is,
the load carrying capability of the material degrades with accumulated fatigue cycles. The
overall fatigue performance of the F82H alloy was found to be similar to other advanced
martensitic steels, but lower than more common low alloy steels which possess lower yield
strengths.

IMPACT BEHAVIOR OF REDUCED-ACTIVATION STEELS IRRADIATED TO 24 dpa—
R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory). . . .............. 132

Extended abstract.

CHARPY IMPACT TEST RESULTS FOR LOW ACTIVATION FERRITIC ALLOYS
IRRADIATED TO 30 DPA - L. E. Schubert, M. L. Hamilton, and D. S. Gelles (Pacific
Northwest National Laboratory). . ... ..o oottt i it ittt i i i iaeanannns 133

Miniature specimens of six low activation ferritic alloys have been impact tested following
irradiation at 370°C to 30 dpa. Comparison of the results with those of control specimens
and specimens irradiated to 10 dpa indicates that degradation in the impact behavior appears
to have saturated by ~10 dpa in at least four of these alloys. The 7.5Cr-2W alloy referred to
as GA3X appears most promising for further consideration as a candidate structural material
in fusion reactor applications, although the 9Cr-1V alloy may also warrant further
investigation.

IRRADIATION CREEP AND VOID SWELLING OF TWO LMR HEATS OF HT9
AT ~400°C AND 165 dpa — M. B. Toloczko (University of California at Santa Barbara)

and F. A. Garner (Pacific Northwest Laboratory). . . . .. ... oo i, 140
Extended abstract.

LOW-CHROMIUM REDUCED-ACTIVATION FERRITIC STEELS FOR FUSION —

R. L. Klueh, D. J. Alexander, and E. A. Kenik (Oak Ridge National Laboratory). . . ... 141
Extended abstract.

DEVELOPMENT OF OXIDE DISPERSION STRENGTHENED FERRITIC STEELS
FOR FUSION - D. K. Mukhopadhyay, C. Suryanarayana, F. H. Froes (University of
Idaho), and D. S. Gelles (Pacific Northwest Laboratory). . . .................... 142

Seven ODS steels, Fe-(5-13.5)Cr-2W-0.5Ti-0.25 Y03 (in weight percent) were
manufactured using the mechanical alloying process. Only the composition Fe-13.5Cr2W-
0.5Ti-0.25Y203 showed no austenite formation at any temperature using differential
thermal analysis and hence was selected as an experimental alloy for the present
investigation. Milled powders were consolidated by hot isostatic pressing and hot swaging.
Electron microscopy studies indicated high material homogeneity.: The hardness of the as-
swaged specimen was 65 R;. Annealing of the as-swaged material at 860, 900, 1000,
1100, and 1200°C showed a minor decrease in the hardness.
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DYNAMIC FINITE ELEMENT MODELING OF THE EFFECTS OF SIZE ON THE
UPPER SHELF ENERGY OF FERRITIC STEELS - S. E. Sidener, A. S. Kumar
(University of Missouri), L. E. Schubert, M. L. Hamilton (Pacific Northwest National
Laboratory), and S. T. Rosinski (Electric Power Research Institute). . ..............

Both the fusion and light water reactor program require the use of subsize specimens to
obtain sufficient irradiation data on neutron-induced embrittlement of ferritic steels. While
the development of fusion-relevant size effects correlations can proceed analytically, it is
more cost-effective at this time to use data currently being obtained on embrittlement of
pressure vessel steels to test and expand the correlations developed earlier using fusion-
relevant steels.

Dynamic finite element modeling of the fracture behavior of fatigue-precracked Charpy
specimens was performed to determine the effect of single variable changes in ligament size,
width, span, and thickness on the upper shelf energy. A method based on tensile fracture-
strain was used for modeling crack initiation and propagation. It was found that the upper
shelf energy of precracked specimens (USEy) is proportional to b", where b is ligament size
and n varies from about 1.6 for subsize to 1.9 for full size specimens. The USE, was

found to be proportional to width according to W25, The dependence on thickness was
found to be linear for all cases studied. Some of the data from the FEM analysis were
compared with experimental data and were found to be in reasonable agreement.

COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS.............

STATUS OF ITER TASK T213 COLLABORATIVE IRRADIATION SCREENING
EXPERIMENT ON Cu/SS JOINTS IN THE RUSSIAN FEDERATION SM-2 REACTOR -
D. J. Edwards (Pacific Northwest National Laboratory), S. A. Fabritsiev (D. V. Efremov
Institute, St. Petersburg, Russia), A. S. Polrovsky (SRIAR, Dimitrovgrad, Russia),

S. J. Zinkle (Oak Ridge National Laboratory), R. F. Mattas (Argonne National Laboratory,
and R. D. Watson (Sandia National Laboratory). . ..............ooiiiaannn.

Specimen fabrication is underway for an irradiation screening experiment planned to start in
January 1996 in the SM-2 reactor in Dimitrovgrad, Russia. The purpose of the experiment
is to evaluate the effects of neutron irradiation at ITER-relevant temperatures on the bond
integrity and performance of Cu/SS and Be/Cu joints, as well as to further investigate the
base metal properties of irradiated copper alloys. Specimens from each of the four ITER
parties (U.S., EU, Japan, and RF) will be irradiated to a dose of ~0.2 dpa at two different
temperatures, 150 and 300°C. The specimens will consist of Cw/SS and Be/Cu joints in
several different geometries, as well as a large number of specimens from the base materials.
Fracture toughness data on base metal and Cu/SS bonded specimens will be obtained from
specimens supplied by the U.S. Due to a lack of material, the Be/Cu specimens supplied
by the U.S. will only be irradiated as TEM disks.

TENSILE AND ELECTRICAL PROPERTIES OF COPPER ALLOYS IRRADIATED

IN A FISSION REACTOR - 8. A. Fabritsiev (D.V. Efremov Institute, St. Petersburg,
Russia), A. S. Pokrovsky (Scientific Research Institute of Atomic Reactors, Dimitrovgrad,
Russia), S. J. Zinkle and A. F. Rowcliffe (Oak Ridge National Laboratory), D. J. Edwards
and F. A. Garner(Pacific Northwest National Laboratory), V. A. Sandakov (Scientific
Research Institute of Atomic Reactors, Dimitrovgrad, Russia), B. N. Singh (Risg National
Laboratory, Roskilde, Denmark) and V. R. Barabash (ITER Joint Central Team, Garching,

Postirradiation electrical resistivity and tensile measurements have been completed on pure
copper and copper alloy sheet tensile specimens irradiated in the SM-2 reactor to doses of
~0.5 to 5 dpa and temperatures between ~80 and 400°C. Considerable radiation hardening
and accompanying embrittlement was observed in all of the specimens at irradiation
temperatures below 200°C. The radiation-induced electrical conductivity degradation
consisted of two main components: solid transmutation effects and radiation damage (defect
cluster and particle dissolution) effects. The radiation damage component was nearly




4.3

4.4

4.5

5.0
5.1

xiii

constant for the doses in this study, with a value of ~1.2 nQ-m for pure copper and ~1.6
nQ-m for dispersion strengthened copper irradiated at ~100°C. The solid transmutation
component was proportional to the thermal neutron fluence, and became larger than the

radiation damage component for fluences larger than ~5 ¥ 10%* w/m?. The radiation
hardening and electrical conductivity degradation decreased with increasing irradiation
temperature, and became negligible for temperatures above ~300°C.

FRACTURE TOUGHNESS AND FATIGUE CRACK GROWTH OF OXIDE-
DISPERSION STRENGTHENED COPPER - D. J. Alexander and B. G. Gieseke
(Oak Ridge National Laboratory). . . .o« oo v v it iiin i iieiininnneeenns

The fracture toughness and fatigue crack growth behavior of copper dispersion strengthened
with aluminum oxide (0.15 wt % Al) was examined. In the unirradiated condition, the
fracture toughness was about 45 kJ/m2 (73 MPaVm) at room temperature, but decreased
significantly to only 3 kJ/m2 (20 MPaVm), at 250°C. After irradiation at approximately
250°C to about 2.5 displacements per atom (dpa), the toughness at room temperature was
about 19 kJ/m? (48 MPa\/m), and at 250°C the toughness was very low, about 1 kJ/m?2
(12 mPavm). The fatigue crack growth rate of the unirradiated material at room temperature
is similar to other candidate structural alloys such as V-4Cr-4Ti and 316L stainless steel.
The fracture properties of this material at higher temperatures and in controlled
environments need further investigation, in both irradiated and unirradiated conditions.
FATIGUE BEHAVIOR OF COPPER AND SELECTED COPPER ALLOYS FOR HIGH
HEAT FLUX APPLICATIONS — K. D. Leedy and J. F. Stubbins (University of Illinois),
B. N. Singh (Risg National Laboratory), and F. A. Garner (Pacific Northwest National
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Extended abstract.

EVALUATION OF Nb-BASE ALLOYS FOR THE DIVERTOR STRUCTURE IN
FUSION REACTORS - I. M. Purdy (Argonne National Laboratory) and J. A Todd
(Illinois Institute of Technology). . . . . . o oottt ittt ittt it aeeisnann

Niobium-base alloys are candidate materials for the divertor structure in fusion reactors. For
this application, an alloy should resist aqueous corrosion, hydrogen embrittlement, and
radiation damage and should have high thermal conductivity and low thermal expansion.
Results of corrosion and embrittlement screening tests of several binary and ternary Nb
alloys in high-temperature water indicated that Nb-1Zr, Nb-5Mo-1Zr, and Nb-5V-1Z4
(wt.%) showed sufficient promise for further investigation. These alloys, together with
pure Nb and Zircaloy-4, have been exposed to high-purity water containing a low
concentration of dissolved oxygen (<12 ppb) at 170, 230, and 300°C for up to =3200 h.
Weight-change data, microstructural observations, and qualitative mechanical-property
evaluations reveal that Nb-5V-1Zr is the most promising alloy at higher temperatures.
Below =200°C, the alloys exhibit similar corrosion behavior.

AUSTENITIC STAINLESS STEELS..... et e

EFFECTS OF LOW TEMPERATURE NEUTRON IRRADIATION ON DEFORMATION
BEHAVIOR OF AUSTENITIC STAINLESS STEELS - J. E. Pawel, A. F. Rowcliffe,

D. J. Alexander, M. L. Grossbeck (Oak Ridge National Laboratory), and K. Shiba (Japan
Atomic Energy Research Institute). . . ........ ... ... ... ..

Extended abstract.
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FRACTURE TOUGHNESS OF IRRADIATED CANDIDATE MATERIALS FOR

ITER FIRST WALL/BLANKET STRUCTURES: SUMMARY REPORT -

D. J. Alexander, J. E. Pawel, M. L. Grossbeck, and A. F. Rowcliffe (Oak Ridge

National Laboratory), and K. Shiba (Japan Atomic Energy Research Institute).......... 204

Disk compact specimens of candidate materials for first wall/blanket structures in ITER
have been irradiated to damage levels of about 3 dpa at nominal irradiation temperatures of
either 90 or 250°C. These specimens have been tested over a temperature range from 20 to
250°C to determine J-integral values and tearing moduli. The results show that irradiation
at these temperatures reduces the fracture toughness of austenitic stainless steels, but the
toughness remains quite high. The toughness decreases as the temperature increases.
Trradiation at 250°C is more damaging than at 90°C, causing larger decreases in the fracture
toughness. The ferritic-martensitic steels HT-9 and F82H show significantly greater
reductions in fracture toughness than the austenitic stainless steels.

MICROSTRUCTURAL OBSERVATION OF HFIR-IRRADIATED AUSTENITIC
STAINLESS STEELS INCLUDING WELDS FROM JP-9-16 — T. Sawai, K. Shiba,
A. Hishinuma (Japan Atomic Energy Research Institute JAERI). . ................. 217

Austenitic stainless steels, including specimens taken from various electron beam (EB)
welds, have been irradiated in HFIR Phase II capsules, JP9-16. Fifteen specimens irradiated
at 300, 400, and 500°C up to 17 dpa are so far examined by a transmission electron
microscope (TEM). In 300°C irradiation, cavities were smaller than 2 nm and different
specimens showed little difference in cavity microstructure. At 400°C, cavity size was
larger, but still very small (<8 nm). At 500°C, cavity size reached 30 nm in weld metal
specimens of JPCA, while cold worked JPCA contained only small (<5 nm) cavities.
Inhomogeneous microstructural evolution was clearly observed in weld-metal specimens
irradiated at 500°C.

IRRADIATION CREEP IN AUSTENITIC AND FERRITIC STEELS IRRADIATED IN
A TAILORED NEUTRON SPECTRUM TO INDUCE FUSION REACTOR LEVELS OF
HELIUM — M. L. Grossbeck and L. T. Gibson (Oak Ridge National Laboratory), and

S. Jitsukawa (Japan Atomic Energy Research Institute}. .. .............. ... ..., 223
Extended abstract.
INSULATING CERAMICS AND OPTICAL MATERIALS.............. 225

INFLUENCE OF IRRADIATION SPECTRUM AND IMPLANTED IONS ON THE
AMORPHIZATION OF CERAMICS - S. J. Zinkle and L. L. Snead (Oak Ridge National
LabOTAtOrY). « « o o oo it vt teeianseananesoaaesssusesesoanneeenennns 227

Extended abstract.

ELECTRICAL INTEGRITY OF OXIDES IN A RADIATION FIELD - S.J. Zinkle
(Oak Ridge National Laboratory) and C. Kinoshita (Kyushu Univ.). ............... 229

Extended abstract.

LOSS TANGENT MEASUREMENTS ON UNIRRADIATED ALUMINA - S. J. Zinkl
and R. H. Goulding (Oak Ridge National Laboratory). . ...................... 231

Unirradiated room temperature loss tangent data for sapphire and several commercial grades
of polycrystalline alumina are compiled for frequencies between 105 and 4 x 1011 Hz.
Sapphire exhibits significantly lower values for the loss tangent at frequencies up to 1011
Hz. The loss tangents of 3 different grades of Wesgo alumina (AL300, AL995, AL998)
and 2 different grades of Coors alumina (AD94, AD995) have typical values near ~10%ata
frequency of 108 Hz. On the other hand, the loss tangent of Vitox alumina exhibits a large
loss peak (tan d ~5 x 10-3) at this frequency.
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INVESTIGATION OF THE FEASIBILITY OF IN-SITU DIELECTRIC PROPERTY
MEASUREMENTS ON NEUTRON-IRRADIATED CERAMIC INSULATORS -
R. H. Goulding and S. J. Zinkle (Oak Ridge National Laboratory). . ...............

Computer modeling and experimental benchtop tests haye demonstrated that a capacitively
loaded resonant coaxial cavity can produce accurate in-situ measurements of the loss tangent
and dielectric constant of ceramic insulators at a frequency of ~80 MHz during fission reactor
irradiation. The start of the reactor irradiations has been postponed indefinitely due to
budgetary constraints.

CAPSULE FABRICATION FOR IN-SITU MEASUREMENT OF RADIATION INDUCED
ELECTRICAL DEGRADATION (RIED) OF CERAMICS IN HFIR — W. S. Eatherly,

D. W. Heatherly, M. T. Hurst, A. L. Qualls, D. G. Raby, R. G. Sitterson, L. L. Snead,

K. R. Thoms, R. L. Wallace, D. P. White, and S. J. Zinkle (Oak Ridge National
Laboratory), E. H. Farnum and K. Scarborough (Los Alamos National Laboratory),

T. Sagawa (JAERI), K. Shiiyama (Kyushu University), M. Narui and T. Shikama

(Tohoku University). . . . ..o oot i ittt it iiiiieraaeeeateeennneaaannns

A collaborative DOE/Monbusho series of irradiation experiments is being implemented to
determine, in-situ, the effects of irradiation on the electrical resistivity of ceramic materials.
The first experiment, TRIST-ER1, has been designed to irradiate 15 Al;O3 test specimens
at 450°C in an RB* position of the High Flux Isotope Reactor (HFIR). Each test specimen
is located in a sealed vanadium subcapsule with instrumentation provided to each subcapsule
to measure temperature and resistance, and to place a biasing voltage across the specimen.
Twelve of the specimens will be biased with 200 V/mm across the sample at all times,
while three will not be biased, but can be if so desired during the irradiation. The
experiment design, component fabrication, and subcapsule assembly have been completed
A three cycle irradiation, to a fast neutron (E>0.1 MeV) fluence of about 3 X 1025 n/m2
(~3 dpa in Al203), is expected to begin early in March 1996.

ISEC-3: RESULTS FROM THE THIRD IN-SITU ELECTRICAL CONDUCTIVITY
TEST ON POLYCRYSTALLINE ALUMINA L. L. Snead, D. P. White,*
W. S. Eatherly, and S. J. Zinkle (Oak Ridge National Laboratory). . ..............

An experimental investigation of radiation induced electrical degradation (RIED) has been
performed at the High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory. In
this study (the third in a series of experiments at the HFBR) the effects of neutron
irradiation on the electrical conductivity of Wesgo AL.995 polycrystalline alumina has been
investigated at approximately 450°C. The capsule design used in this study is very similar
to a design used in the first two experiments in this series with some improvements made
in the cable terminations. A guard ring configuration was used on the disk shaped sample.
Triaxial mineral insulated cable was used as the data lead from the sputter deposited guard
ring and central electrode of the sample, and coaxial mineral insulated cable was used as the
sample power lead. No evidence for RIED was observed in this series of experiments to a
dose level of ~1.8 dpa. The effect of neutron irradiation on the electrical properties of two
mineral insulated MgO) cables was also investigated.

SUMMARY OF THE IEA WORKSHOP ON RADIATION EFFECTS IN CERAMIC
INSULATORS - S. J. Zinkle (Oak Ridge National Laboratory). . . ...............

A brief summary is given of research on radiation effects in ceramic insulators for fusion
energy applications performed during the last two years in Europe, Canada, Japan, the
Russian Federation, the Ukraine and the United States. The IEA round-robin radiation-
induced electrical degradation (RIED) experiment on Wesgo AL995 polycrystalline alumina
has been completed by 5 research groups, with none of the groups observing clear
indications of RIED.
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OPTICAL PROPERTIES OF SILICA FIBERS AND LAYERED DIELECTRIC
MIRRORS - D. W. Cooke, E. H. Farnum, F. W. Clinard, Jr., B. L. Bennett
(Los Alamos National Laboratory) and A. M. Portis (UC-Berkeley). ..............

Radioluminescence (RL) from virgin and neutron-irradiated (1023 n-m-2) silica fibers has
been measured in the temperature interval 4 to 300 K. Unirradiated specimens exhibit a
decrease in RL intensity with increasing temperature such that the intensity is extremely
weak at room temperature. The luminescence is well described by a barrier-limited exciton
mechanism. In contrast, the heavily-irradiated samples show an increase in RL with
elevated temperatures such that the intensity at room temperature is about twice that
measured at 4 K. Neutron irradiation presumably produces many luminescence centers that
act as radiative sites for exciton decay. Absolute specular reflectance of a series of neutron-
irradiated, layered dielectric mirrors was also measured. In addition to structural damage that
has already been reported, we typically found approximately 10% reduction in the reflectance
following irradiation. These results suggest that neither fibers nor dielectric mirrors are well
suited for use near the high radiation area of the ITER plasma.

SOLID BREEDING MATERIALS. .. ... ..ttt iiiiiiiinannn
No contributions.

RADIATION EFFECTS, MECHANISTIC STUDIES, AND
EXPERIMENTAL METHODS. .. ... ... ...t

THEORY AND MODELING OF RADIATION EFFECTS IN MATERIALS FOR

FUSION ENERGY SYSTEMS — H. L. Heinisch (Pacific Northwest National Laboratory). .

The U.S./Japan Workshop on Theory and Modeling of Radiation Effects in Materials for
Fusion Energy Systems, under Phase III of the DOE/Monbusho collaboration, convened on
July 17-18, 1995, at Lawrence Livermore National Laboratory. A brief summary of the
workshop is followed by the workshop program. s

DISPLACEMENT RATE DEPENDENCE OF IRRADIATION CREEP AS PREDICTED
BY THE PRODUCTION BIAS MODEL - C. H. Woo (Atomic Energy of Canada Limited)
and F. A. Garner (Pacific Northwest National Laboratory). . . ..........ccecvnv.n.

Extended abstract.

STOCHASTIC ANNEALING SIMULATION OF CASCADES IN METALS -
H. L. Heinisch (Pacific Northwest National Laboratory). . ... ...........oohuen..

The stochastic annealing simulation code ALSOME is used to investigate quantitatively the
differential production of mobile vacancy and SIA defects as a function of temperature for
isolated 25 KeV cascades in copper generated by MD simulations. The ALSOME code and
cascade annealing simulations are described. The annealing simulations indicate that above
Stage V, where the cascade vacancy clusters are unstable, nearly 80% of the post-quench
vacancies escape the cascade volume, while about half of the post-quench SIAs remain in
clusters. The results are sensitive to the relative fractions of SIAs that occur in small,
highly mobile clusters and large stable clusters, respectively, which may be dependent on
the cascade energy.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION
CALCULATIONS. ... i ittt ianananan s

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE JP-10, 11,
13, AND 16 EXPERIMENTS IN HFIR - L. R. Greenwood and R. T. Ratner (Pacific
Northwest National Laboratory). . . . ... v i iii i i e i e e

Neutron fluence measurements and radiation damage calculations are reported for the joint
U.S./Japanese experiments JP-10, 11, 13, and 16 in the target of the High Flux Isotope

267

269

271

274

275

279

281



9.2

9.3

xvii

Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). These experiments were
irradiated at 85 MW for 238.5 EFPD. The maximum fast neutron fluence >0.1 MeV was
about 2.1E + 22 n/cm?2 for all of the experiments resulting in about 17.3 dpa in
316 stainless steel.

NEUTRON DOSIMETRY AND DAMAGE CALCULATIONS FOR THE JP-17, 18,
AND 19 EXPERIMENTS IN HFIR - L. R. Greenwood (Pacific Northwest National
Laboratory)and C.A.Baldwin. . . .. ... ..o it it it

Neutron fluence measurements and radiation damage calculations are reported for the joint
U.S./Japanese experiments (JP-17, 18, and 19 in the target of the High Flux Isotope
Reactor (HFIR) at Oak Ridge National (ORNL). These experiments were irradiated at
85 MW for two cycles resulting in 43.55 EFPD for JP-17 and 42.06 EFPD for JP-18 and
19. The maximum fast neutron fluence >0.1 MeV was bout 3.7E + 21 n/cm? for all three
irradiations, resulting in about 3 dpa in 316 stainless steel.

HYDROGEN GENERATION ARISING FROM THE S9NI(N,P) REACTION AND ITS
IMPACT ON FISSION-FUSION CORRELATIONS - L. R. Greenwood and F. A. Gamer
(Pacific Northwest National Laboratory). . .. ......ccoiiieiiiiiienanenn,

Extended abstract.

10.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS........

10.1

SUMMARY OF RECOMMENDED CORRELATIONS FOR ITER-GRADE

TYPE 316L(N) FOR THE ITER MATERIALS PROPERTIES HANDBOOK —

M. C. Billone (Argonne National Laboratory) and J. E. Pawel (Oak Ridge

National Laboratory). . . .. . oo e oottt ittt ii ittt ecaaaaans

The focus of this effort is the effects of irradiation on the ultimate tensile strength (UTS),
the yield strength (YS), the uniform elongation (UE), the total elongation {TE) and the
reduction in area (RA) in the ITER-relevant temperature range of 100-400°C. For the
purposes of this summary, data for European heats of 316 with 0.02 < C < 0.03 wt. % and
0.06 < N < 0.08 wt. % are referred to as E316L(N) data and grouped together. Other heats
of 316 and Ti-modified 316 are also included in the data base. For irradiation and
postirradiation-test temperatures in the range of 200-400°C, the common behavior of these
heats of stainless steel is a yield strength approaching the ultimate tensile strength, an
ultimate tensile strength approaching 800 MPa, a uniform elongation approaching 0.3%, a
total elongation approaching 3-9%, and a high (about 60%) reduction in area as the neutron
damage approaches 10 dpa.

11.0 IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL

11.1

11.2

METHODS. . ... ittt iienranenaneaneeesannaanns

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

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

STATUS OF DOE/JAERI COLLABORATIVE PROGRAM PHASE I AND PHASE III
CAPSULES - J. E. Pawel, K. E. Lenox (Oak Ridge National Laboratory), and I. Ioka
(Japan Atomic Energy Research Institute). . .. ....... ..o,

During this reporting period, the HFIR-MFE-RB-200J-1 and HFIR-MFE-RB-400J-1
spectrally tailored capsules were disassembled and the individual specimens recovered, sorted,
and identified. Tensile testing and irradiation creep measurements will be performed during
the next reporting period.
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ATR-A1 IRRADIATION EXPERIMENT ON VANADIUM ALLOYS AND LOW-
ACTIVATION STEELS — H. Tsai, R. V. Strain, I. Gomes, A. G. Hins, and D. L. Smith
(Argonne National Laboratory), and H. Matsui (Tohoku University). . ..............

To study the mechanical properties of vanadium alloys under neutron irradiation at low
temperatures, an experiment was designed and constructed for irradiation in the Advanced
Test Reactor (ATR). The experiment contained Charpy, tensile, compact tension, TEM,
and creep specimens of vanadium alloys. It also contained limited low-activation ferritic
steel specimens as part of the collaborative agreement with Monbusho of Japan. The design
irradiation temperatures for the vanadium alloy specimens in the experiment are =200 and

300°C, achieved with passive gas-gap sizing and fill-gas blending. To mitigate vanadium-

to-chromium transmutation from the thermal neutron flux, the test specimens are contained
inside gadolinium flux filters. All specimens are lithium-bonded. The irradiation started in
Cycle 108A (December 3, 1995) and is expected to have a duration of three ATR cycles and
a peak fluence of 4.5 dpa.

DISASSEMBLY OF IRRADIATED LITHIUM-BONDED CAPSULES CONTAINING
VANADIUM ALLOY SPECIMENS - H. Tsai and R. V. Strain (Argonne National
Laboratory). - « o vt oi ittt e e et i e e

Capsules containing vanadium alloy specimens from irradiation experiments in FFTF and
EBR-II are being processed to remove the lithium bond and retrieve the specimens for
testing. The work has progressed smoothly.

MICROSCOPIST’S AIDE: A COMPUTER PROGRAM WRITTEN TO ANALYZE TEM
MICROGRAPHS - D. E. Reinhart (Graduate Research Assistant, University of Missouri,
Rolla), and D. S. Gelles (Pacific Northwest National Laboratory). . ...............

A computer program has been rewritten in DOS Basic allowing current state-of-the-art
computer equipment to be used for quantitative measurement of microstructural features
such as voids, dislocations, and precipitates.

PASSIVE SiC IRRADIATION TEMPERATURE MONITOR - G. E. Youngblood
(Pacific Northwest Laboratory). . . . . v v oo v vinii it e i i i it i i i e e e

A new, improved passive irradiation temperature monitoring method was examined after an
irradiation test at 627°C. The method is based on the analysis of the thermal diffusivity
changes during postirradiation annealing of polycrystalline SiC. Based on the results from
this test, several advantages for using this new method rather than a method based on length
or lattice parameter changes are given.
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DEVELOPMENT OF LASER WELDING TECHNIQUES FOR VANADIUM ALLOYS*
R.V. Strain, K. H. Leong, and D. L. Smith

OBJECTIVE

Techniques for joining vanadium alloys, and possibly vanadium, to steel will be required for the
construction of fusion devices. The primary objective of this program is to develop laser welding
techniques for vanadium alloys, particularly for the manufacture of test specimens of welded materials.

SUMMARY

Laser welding is potentially advantageous because of its flexibility and the reduced amount of material
affected by the weld. Lasers do not require a vacuum (as do electron beam welders) and the welds they
produce have high depth-to-width ratios. Scoping tests with a small pulsed 50 J YAG laser indicated that
lasers could produce successful welds in vanadium alloy (V-5%Cr-5%Ti) sheet (1 mm thick) when the
fusion zone was isolated from air. The pulsed laser required an isolating chamber filled with inert gas to
produce welds that did not contain cracks and showed only minor hardness increases. Following the initial
scoping tests, a series of tests were performed with a 6 kW continuous CO2 laser. Successful bead-on-plate
welds were made on V-4%Cr-4%Ti and V-5%Cr-5%Ti alloys to depths of about 4 mm with this laser.

EXPERIMENTAL PROGRAM

Because of the potential advantageous of laser welding, it is important-to include laser-welded samples in
the materials testing program for vanadium alloys, and laser welding tests on vanadium alloys were begun
in late 1994. Initial scoping tests with a small pulsed laser were performed to determine the environment
required to make successful welds and the depth-of-penetration capability of this welder. These tests
indicated that successful welding of a V-5%Cr-5%Ti alloy would require protection of the molten metal
from contamination by interstitial elements (primarily oxygen). Some initial tests have been performed
with a 6 kW continuous CO+ laser and an argon purge to protect the weld. Successful bead-on-plate welds
have been made on 1 mm-thick sheet and 4 mm-thick plates. Modification of the purge-stream
configuration and adjustment of the welding parameters will be pursued as methods of optimizing these
welds. The use of a 1600 W pulsed YAG laser will also be evaluated for making these welds.

RESULTS

Weld beads were generated during initial scoping tests with a 50 J pulsed YAG laser by overlapping
individual spot welds. Welds made in air with the aid of an argon purge to protect the welds resulted in
welds that contained cracks. However, a crack-free weld was made by placing the sample in a glass
chamber filled with argon. In this case, metal vaporized during the individual shots coated the glass and
significantly reduced the penetration depth near the end of the bead. These results showed that laser
welding was feasible, but that protection of the weld from interstitial impurities was necessary.

Previous experience of the operators of the 6 kW continuous laser indicated that successful welds could
probably be made on vanadium alloys by using inert gas purges, which would avoid the complications
associated with enclosing the work piece. Initial weld trials have shown that bead-on-plate welds could be
obtained to depths of about 4 mm with a power of 5.5 kW and a speed of 4.5 cm/s. Argon at a flow rate of
100 cfh was distributed through a diffuser nozzle aimed just behind the laser beam on the upper surface of
the work piece. The rapid solidification rate in these welds resulted in a fine, highly elongated grain
structure, as shown in Fig. 1. Results of microhardness measurements (Fig. 2) show an increase from about
180 dph in the bulk material to about 230 dph in the fusion zone.

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



Fig. 1. Microstructure of Laser Weld and Base
Material; 100X.
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Fig.2. Microhardness Measurements on Laser Weld

and Base Material.

Results of Charpy impact testing on V-4%Cr-4%Ti alloy samples fabricated with the weld located
transversely at the notch showed good ductility at 100°C, but poor ductility at -25°C. Only three welded
samples were available for testing so no additional data were obtained on the as-welded samples. The third
sample was heat treated under vacuum at 1000°C for 1 h and then tested. Charpy testing showed that this
sample had good ductility at -25°C. A preliminary interpretation of these results is that the reduction in
ductility resulted from the welding. If oxygen contamination were the cause of the reduction in ductility,
the annealing operation may have caused the oxygen to precipitate from the matrix in the form of titanium
oxides.

FUTURE ACTIVITIES

The next step in the development of laser welding techniques is to evaluate the performance of a 1600 W
YAG laser in welding the vanadium alloys. Both improved purging techniques and inert gas enclosures
will be included as methods to reduce or eliminate oxygen contamination. Efforts will be made to optimize
the power and speeds used to weld 1- and 4-mm-thick material. The effectiveness of changing the welding
and cover gas parameters will be measured by mechanical testing, as well as by microstructural and
microchemical characterization of samples. Post-welding heat treating will be studied if it is needed to
obtain material properties in the weld that are comparable to those in the bulk material.



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

SUMMARY

V-4Cr-4Ti alloy has been recently selected for use in the manufacture of a portion of the DIII-D Radiative
Divertor modification, as part of an overall DIII-D vanadium alloy deployment effort developed by General
Atomics (GA) in conjunction with the Argonne and Oak Ridge National Laboratories (ANL and ORNL). The
goal of this work is to produce a production-scale heat of the alloy and fabricate it into product forms for the
manufacture of a portion of the Radiative Divertor (RD) for the DIII-D tokamak, to develop the fabrication
technology for manufacture of the vanadium alloy Radiative Divertor components, and to determine the effects
of typical tokamak environments on the behavior of the vanadium alloy. The production of a ~1300-kg heat
of V-4Cr-4Ti alloy is currently in progress at Teledyne Wah Chang of Albany, Oregon (TWCA) to provide
sufficient material for applicable product forms. Two unalloyed vanadium ingots for the alloy have already
been produced by electron beam melting of raw processed vanadium. Chemical compositions of one ingot and
a portion of the second were acceptable, and Charpy V-Notch (CVN) impact tests performed on processed
ingot samples indicated ductile behavior. Material from these ingots are currently being blended with
chromium and titanium additions, and will be vacuum-arc remelted into a V-4Cr-4Ti alloy ingot and converted
into product forms suitable for components of the DIII-D RD structure. Several joining methods selected for
specific applications in fabrication of the RD components are being investigated, and preliminary trials have
been successful in the joining of V-alloy to itself by both resistance and inertial welding processes and to
Inconel 625 by inertial welding.

PROGRESS AND STATUS
1. Introduction

General Atomics (GA), along with the Argonne and Oak Ridge National Laboratories (ANL and ORNL), has
developed a plan for the utilization of vanadium alloys in the DIII-D tokamak which will culminate in the
fabrication, installation, and operation of a vanadium alloy structure in the DIII-D Radiative Divertor (RD)
modification.!2 The use of a vanadium alloy will provide a meaningful step towards developing advanced
materials for fusion power applications by 1) demonstrating the in-service behavior of a vanadium alloy in a
typical tokamak environment, and 2) developing knowledge and experience on the design, processing, and
fabrication of full-scale vanadium alloy components.

The program consists of three phases: first, small vanadium alloy coupons is being exposed in DIII-D at
positions in the vessel floor and behind the existing divertor structure; second, a small vanadium alloy
component will be operated in conjunction with the existing divertor, and third, during the forthcoming RD
modification, in 1998 a portion of the upper section of the new double-null, slotted divertor will be fabricated
from vanadium alloy product forms. A major portion of the program is.research and development to support
fabrication and resolve key issues related to environmental effects. The execution of the plan is a joint effort
by GA, the DIII-D Program, and Department of Energy (DOE) Material Program participants, primarily ANL
and ORNL.

On the basis of excellent properties that have been determined for both laboratory-scale and production-scale
heats, V-4Cr-4Ti alloy has been identified as the most promising vanadium-based candidate alloy for
application in fusion reactor structural components,3# and has been selected for procurement in product forms
applicable for the manufacture of a portion of the DIH-D RD modification.

The alloy has been, and is currently being exposed in DIII-D during various stages of DIII-D operation to
assess the effects of a typical tokamak environment on the behavior of the alloy. Procurement of product
forms (sheet and rod) of the alloy has also been initiated, and a ~1300-kg V-4Cr-4Ti alloy ingot is currently in
processing at TWCA to provide applicable product forms for the manufacture of a portion of the upper section
of the DIII-D radiative divertor. In addition, fabrication studies are in progress to develop joining methods
applicable to manufacture of the vanadium alloy RD components.



2. PHASE 1: Specimen and Coupon Exposures and Analysis

In March of 1995, minature Charpy V-notch (CVN) impact and tensile specimens of V-4Cr-4Ti alloy from a
large production-scale heat fabricated for ANL by TWCA (500-kg, Heat ID#832665)* were installed in DITI-D
in positions behind the divertor baffle. These specimens were scheduled for long-term exposure (~1 year).
ANL supplied the samples, and GA provided the design and fabrication of the hardware for retaining the
samples. The specimen environment was monitored (i.e., thermocouples, residual gas analyzer, and pressure
gauges) during various stages of DIII-D operation (e.g., baking, discharge cleaning, boronization, plasma
discharges, etc.). Comparison of specimen and vessel thermocouple readings indicate that the specimens
closely followed (within ~5°C) the outer vessel wall temperature (i.e., the inner wall of the outer toroidal
surface of the vessel). These samples were removed during the January 1996 DIII-D vent, having experienced
numerous thermal cycles up to temperatures of ~350°C as well as exposure to trace amounts (10-9-1075 atm)
of potentially embrittling impurities (e.g., Ha, O2, H20, N3, B, CO, COa, and a number of hydrocarbons).
GA is currently analyzing the environmental data while ANL is performing an evaluation of the specimens.
These data will be used to provide a preliminary assessment of the effects of a tokamak environment on the
behavior of the alloy. During the January 1996 vent, additional V-4Cr-4Ti alloy CVN and tensile specimens
were installed in the DITI-D specimen holder, and will be exposed (and monitored) until the next DIII-D vent.

In parallel, other V-4Cr-4Ti alloy (Heat ID #832665) samples were exposed in a position in the DIII-D vessel
floor utilizing the DIII-D Divertor Material Exposure System (DiMES). Utilization of the DiMES allows for
an exposure of a material without waiting for a vent to retrieve samples. A V-4Cr-4Ti alloy disc was exposed
during the initial baking and cleaning of DIII-D after the February 1995 vent, as a post-vent baking cycle
representing what is expected to be the most potentially severe environmental condition for the vanadium
alloy specimen. During the exposure the disc was monitored using an infrared camera (temperature), RGA, and
pressure gauges. It was removed soon after the bake/clean was completed having experienced temperatures and
exposure to trace amounts of impurities typical of bakeout conditions. The disc is currently being evaluated at
ANL to quantify any possible impurity(s) pickup. Additional exposures of five (5) miniature V-4Cr-4Ti alloy
CVN specimens to a similar baking cycle were performed in July 1995, and are also currently under evaluation
at ANL. Other DiMES exposures are planned to evaluate the effects of other DIII-D environmental conditions
(e.g., discharge cleaning, boronization, etc.).

3. PHASE 2: Small Component Exposure

A second step in the DIII-D Vanadium Plan is to install a small V-4Cr-4Ti alloy component in DIII-D which
will operate in conjunction with the existing DIII-D Advanced Divertor. This component will be a single
radiatively-cooled divertor plate or a small representative water-cooled component which will be operated in
series with the primary water-cooled divertor panels. The component will be installed during an upcoming
DIII-D vent, exposed for some period of operation, and then removed. Samples from the component will be
excised by GA, and GA, ANL, and ORNL will perform metallurgical analyses and property measurements on
the excised materials. A decision as to the specific component has not been made at this time.

4. PHASE 3: Radiative Divertor Program

The final step in the deployment of a vanadium alloy in DIII-D is the design, manufacture, and installation of
a portion of the upper half of the RD structure using V-4Cr-4Ti alloy, with the other portions being fabricated
from Inconel 625. The V-4Cr-4Ti alloy structure will contain toroidally-continuous, water-cooled structural
panels with inertially-cooled graphite tiles mechanically attached to their surfaces by welded studs. The panels
will be water cooled during machine operation, experiencing a maximum temperature of ~60°C. During post-
vent clean-up, hot air will replace the water in the coolant channels of the structure, and the structure (along
with the DIII-D vessel) will be baked to ~400°C. The panels will be supported from the vacuum vessel by
Inconel 718 supports which will provide the required strength for reacting disruption loads and the flexibility
for withstanding differential thermal growth during baking. Due to the lower electrical resistivity of the V-
4Cr-4Ti alloy as compared to Inconel 625, the toroidal current flow during disruption will be approximately 4
times larger. The design of the panels and supports will be modified to react the larger loads.!




The panels will be made in segments and fabricated of sandwich construction from two 4.76 mm sheets, each
containing a 1.5 mm deep coolant channel milled into its side. Resistance seam welding is the primary
candidate process being considered for joining the panel edges and creating a leak tight seal. Electron beam
welding may be used in addition to resistance seam welding as a process for ensuring the leak tightness of the
water-cooled panels. Electron beam welding is being considered for making the water connections (V-4Cr-4Ti
alloy tubing) to the panels with inertial welding as a possible backup. Inertial welding is the primary
candidate process being considered for joining studs to the panels for graphite tile attachment, and for making
V-4Cr-4Ti alloy to Inconel 625 bi-metallic joints for effecting in-vessel gas tungsten arc (GTA) field welds to
Inconel 625 water supply tubes.

4.1 Fabrication of Product Forms For The Radiative Divertor

The production campaign for the V-4Cr-4Ti alloy product forms consists of electron beam melting of
unalloyed vanadium ingot materials, alloying with high purity Cr and Ti and vacuum-arc melting (two times)
of a large-scale (~1300-kg) V-4Cr-4Ti alloy ingot, extrusion of the alloyed vanadium ingot into rectangular
bars, and subsequent conversion by rolling (and drawing) and heat treatments into 4.76 mm thick sheet and
10.16 mm diameter rod product forms. The specification for the alloy was developed by GA with input from
ANL and ORNL. Particular attention was given to the control of impurities to meet the immediate goals for
the RD program and also future goals for further deployment of vanadium alloys in advanced fusion systems
including the minimization of Nb, Mo, and Ag for low neutron activation; the optimization of Si (400-1000
ppm) to suppress neutron-induced swelling; and the limiting of O, N, C, Cu, §, P, Cl, Ca, K, Mg, Na, and B
to avoid grain boundary segregation and precipitation of embrittling phases.4 The final specification of
unalloyed vanadium and alloyed vanadium ingot chemistries for the V-4Cr-4Ti alloy procurement is listed in
Table 1.

Processing of the V-4Cr-4Ti alloy by TWCA was initiated in September 1994. The raw vanadium for the
unalloyed vanadium ingots for the alloy, in the form of ~100-kg lots was prepared from high purity vanadium
oxide by the aluminothermic process. Chemical analysis of the ~30 lots processed, although deemed not
specifically precise with respect to predicting the composition of subsequent ingots, revealed substantial
variation in their chemical compositions. Several key chemical attributes were noted as follows: 1) all of the
lots were out of specification limits with respect to Si (400-1000 wppm), containing only 100-200 wppm, a
variation often observed in processed raw vanadium due to the varying Si levels typically found in the starting
material (vanadium oxide); 2) all of the lots contained <50 wppm Mo (within specification limits); 3)
approximately half of the lots contained <50 wppm Nb, with the other half containing substantially more Nb
(several hundred wppm); and 4) lot-averaged values for Fe and S were slightly greater than specifications
limits. Variations in other elements were also noted with most elements being within specification limits for
all of the lots. Rather than process additional raw vanadium in the hopes of increasing the Si to within
specification levels (400-1000 wppm), and delay the production of the V-4Cr-4Ti alloy, or make Si additions
to the vanadium during processing of the alloyed vanadium ingot, and run the risk of producing unwanted Si
segregation in the alloy, the low-Si raw vanadium lots were accepted for further processing.

Lots of raw vanadium were then selected into two groups by TWCA in collaboration with GA based on their
overall chemistries with respect to meeting all of the specification requirements, and two 395 mm diameter
vanadium ingots were processed by electron beam melting. Chemical analysis of the resulting ingots
indicated that both ingots were generally within specification limits for all elements except primarily for Nb
(See Table 1). One ingot (~900-kg) had a Nb level of which averaged ~40 wppm and another larger ingot
(~2200-kg) had a Nb level of several hundred wppm. Samples (~0.5 in. x ~0.5 in. X ~1.5 in.) were excised
from the surfaces of the low-Nb ingot and the higher-Nb ingot portion at their mid-lengths for mechanical
property measurements to confirm their purity (and microstructure). These samples were subsequently
processed by cold rolling and annealing at ORNL, and were then machined into CVN specimens and tested at
ANL at ~196°C and above to evaluate their toughness (ductility), a property which is extremely sensitive to
impurities in vanadium. Both ingot materials exhibited ductile behavior and had impact toughness (ductility)
values similar to that obtained by ANL for the pure vanadium ingot material for the 500-kg V-4Cr-4Ti alloy
heat.5 Since the blending of the low-Nb ingot with a portion of the higher-Nb ingot was expected to result in
only a doubling of the final Nb level, from ~40 wppm to ~90 wppm Nb, and this increase was not expected to
compromise the properties of the alloy for its intended application, a decision was made to blend the ingot
materials to produce the ~1300-kg of the alloy.



TABLE 1 )
CHEMICAL COMPOSITION GOALS FOR V-4Cr-4Ti ALLOY
AND CHEMISTRIES OF VANADIUM INGOTS

Content, parts/million by weight (ppm)*

Specification Unalloyed Unalloyed Specification
For Vanadium Ingot Vanadium Ingot For
Unalloyed [Heat ID #820645] [Heat ID Alloyed
Vanadium (Average of 3 #820642] Vanadium
Element Ingot . Measurements) (Average of 3 (V-4Cr-4Ti)
Measurements) Ingot
Cr - - - 440.5 wt %
Ti - - - 430.5 wt %
Si 400-1000 173 197 400-1000
H <10 <3 <3 <10
0] <400 313 213 <400
N <200 113 153 <200
C <200 24 25 <200
Al <200 243 167 <200
Fe <300 147 135 <300
Cu <50 <50 <50 <50
Mo <5071 <50 <50 <50t
Nb <20t 40 226 <20t
Cl <3 t i <3
Ga <10 <5 <5 <10
Ca <1t <10d <5d <1t
Na <1t <5d <sd <1t
K <1 <5d <5d <1t
Mg <1t <10d <104 <1t
P <30 <30 <30 <30
S <30 <10 <10 <30
B <5 <5 <5 <5
Ag <1 <5d <5d <1
Vv balance balance balance balance

*Unless otherwise specified in weight %.

TDesired values — <5 ppm Mo, <1 ppm Nb, <1 ppm total Ca+Na+K+Mg.
#Not analyzed.

#Request initiated to TWCA for re-analysis to higher sensitivity level

During February 1996, consolidation of the two vanadium ingot materials with each other was initiated at
TWCA, to be followed by addition of high purity Cr and Ti (double vacuum-melted Ti), and alloying by
vacuum arc melting (twice) of the V-4Cr-4Ti alloy ingot.



4.2 Manufacturing Technology Development

As manufacturing development is a major focus of this project a significant amount of research and devel-
opment is being performed in this area. The RD structure will require many metal/metal joints, and joining
development is therefore a key area of study. In addition to the welding development work on vanadium alloys
being conducted at ANL and ORNL (laser, electron beam, GTA, etc.) to support this program, GA is
investigating several different joining processes which are attractive for fabrication of RD components
including resistance seam, electrodischarge (stud), inertial, and electron beam welding. The scope of the GA
joining development efforts has been limited by the availability of material, some of which has been pur-
chased from TWCA (V-5Cr-5Ti; Heat ID #932394) and some of which has been supplied by ANL (V-5Cr-5Ti
alloy; Heat ID #832394 and V-4Cr-4Ti alloy; Heat ID #832665). Support is also being provided by ANL and
ORNL in the development of basic engineering design properties.

Resistance Welding Studies

Resistance seam welding is planned to form the closure weld in the RD water-cooled structural panels.
Industrial companies with seam welding experience have been contacted and resistance spot welding trials are
currently being performed by one of these vendors (K-T Aerofab of El Cajon, CA).

Resistance welding trials (in air) were initially performed on sandwiches of 1 mm pure and alloyed vanadium
sheet by B-J Enterprizes of Albany, Oregon. Weld nuggets were formed and microhardness measurements on a
sectioned sample showed very little increase (<10%) in hardness in the weld or heat-affected zones (HAZ) over
the parent metal.

Thicker sheet material (3.81 mm) of V-4Cr-4Ti was obtained from ANL and resistance spot weld trials (12
trials) were initiated at the local vendor. Although some diffusion bonding (up to ~80% of the interface
regions directly under the weld electrodes) was obtained between sheet sandwich samples, no weld nuggets
were observed. A second set of trials (4 trials) using different weld parameters (i.e., slightly higher current
inputs) were made over several of the original spots from the first trials. Diffusion bonding was observed to a
greater extent (~95%), yielding strengths of greater than 135 MPa using crude shear strength tests, but still no
weld nuggets were developed. A third set of trials (8 trials) was performed with similar V-4Cr-4Ti alloy sheet
material using weld parameter data obtained from the literature for carbon steel which were found to have
similar strength and resistivity to V-4Cr-4Ti. These trials were successful, with metallography of sectioned
samples indicating good diffusion bonds for the lowest current trials, good weld nuggets with no porosity for
intermediate current levels, and weld nuggets with some porosity (single central pores) for the highest current
levels. Weld nuggets for the best trials were ~7 mm in diameter, and microhardness measurements showed
less than ~10% increase in hardness in the weld and HAZs over that of the parent metal. Additional spot weld
trials are now in planning using material similar in thickness to that to be used for the RD water-cooled
panels (4.76 mm). V-5Cr-5Ti alloy sheet material, 6.35 mm in thickness, was supplied by ANL, and has
recently been cold rolled by ORNL to this thickness for these trials. )

Inertial Welding Studies

Inertial welding to join a vanadium alloy (V-5Cr-5Ti alloy) to itself, and to stainless steel and Inconel 625,
have been investigated. A vendor with experience in joining pure vanadium to Monel was located (Interface
Welding of Carson, CA) and preliminary welding trials have been completed. Inertial welding trials on
V-5Cr-5Ti alloy to itself (19.05 mm diameter disc to 9.52 mm diameter rod) were successful. Metallography
showed complete bonding with no indications of porosity or cracking. Microhardness measurements showed
only slight increases in hardness in the weld and HAZs. Tensile pull tests were performed on three weld trial
specimens at room temperature, and all three samples failed in the threaded grip area of the V-5Cr-5Ti alloy
rod (at ~520 MPa stress) well away from the weld areas. Torque tests were also performed on two additional
samples to measure the capability of the joint to withstand torsion loads as would be experienced in a stud-to-
plate joint. Again, failures occurred in the V-5Cr-5Ti alloy threaded sections away from the weld joints.
Trials to join stainless steel (19.05 mm diameter disc) to V-5Cr-5Ti alloy (9.52 mm diameter rod) did not
achieve complete bonding, but results indicated that development of such bi-metallic joints could be enhanced
by decreasing the diameter of the stainless steel part and enhancing its forgability relative to that of the softer
vanadium alloy. Joining trials were continued on Inconel 625 (12.7 mm diameter rod) to V-5Cr-5Ti alloy
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(9.52 mm diameter rod) in order to be more relevant to the planned DIII-D effort. Additional trials using
similar size V-5Cr-5Ti alloy rod (9.52 mm diameter) and smaller diameter (6.35 mm diameter) Inconel 625 rod
to match the forgabilities of the two materials were successful. Metallography showed complete bonding with
no porosity or cracking. Tensile pull tests were performed on three weld trial samples. Two samples failed in
the Inconel 625 section well away from the weld area (at ~930 MPa stress) and one sample failed at the
approximate weld interface, but at a stress level of ~760 MPa. Additional inertial weld trials are now being
planned to fabricate bi-metallic tube joints.

Stud Welding Studies

Stud welding trials utilizing the drawn arc method were performed between vanadium alloy (V-5Cr-5Ti) stud
(9.6 mm diameter) and plate (3.8 mm thickness) materials. A representative from the stud welding equipment
manufacturer (TRW Nelson Stud Welding Division of Walnut, CA) assisted in the trials. A range of welding
parameters were used without success. The weld materials would not stay in the weld area, blowing out from
the sides. Cracking was also observed (audible) during cool down of the materials. Visible bonding never
exceeded ~50%, and for many of the trials achieved much less than this value. A second set of trials was
performed with a different stud geometry, but were also unsuccessful. These failures, and the successes
achieved in the vanadium alloy inertial weld trials, prompted the investigation of portable friction welding as a
process for the attachment of studs. Preliminary V-5Cr-5Ti alloy stud-to-plate, portable friction welding trials
were performed at RamStud Inc. of Smyma, GA, and substantial bonding was achieved. Evaluation of these
trials is currently in progress.

Electron Beam Welding Studies

Preliminary electron beam welding trials have also been initiated at GA. Initial weld parameters were obtained
from ORNL personnel and weld penetration tests were performed using 6.35 mm thick V-5Cr-5Ti alloy plate
acquired from ANL. Initial metallography was performed on these weld penetration trial samples to establish
specific weld parameters for creating a lap weld of two 3.85 mm thick vanadium alloy sheet materials (V-5Cr-
5Ti alloy to V-4Cr-4Ti alloy). A lap weld of the materials was created and metallurgically examined. Good
weld penetration was obtained with no indications of cracking. Microhardness measurements showed less than
~10% increase in hardness. Tensile and shear specimens are planned to evaluate the strength of the welds.

CONCLUSIONS

A program for utilizing vanadium alloys in DIII-D has been developed, and production of material for this
program has started. Two vanadium ingots have been electron beam melted as base materials for a
~1300-kg V-4Cr-4Ti alloy ingot. Chemical analyses of one ingot (900-kg) and a portion (~400-kg) of another
larger (~2200-kg) ingot, Charpy V-notch impact test results on material excised from both ingots were found
to be satisfactory to continue the processing of the V-4Cr-4Ti alloy. Preliminary successes were achieved in
developing similar metal weldments of vanadium alloys by resistance spot and inertial welding methods, and
in producing vanadium alloy/Inconel 625 dissimilar metal weldments by inertial welding.
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PHYSICAL PROPERTIES OF O- AND N-CONTAINING V-Cr-Ti ALLOYS®
J.-H. Park, D. Kupperman, E. T. Park, and G. Dragel (Argonne National Laboratory)

SUMMARY

Incorporation of O in the surface of V-Ti-Cr alloys has been investigated in controlled environments at
550-750°C, and tests were performed to determine the physical properties of V-Cr-Ti-O solid solutions.
The amount of O in the alloys has been determined by weight—change measurements. Microhardness was
used to determine O depth profiles of the alloys. X-ray diffraction indicated a phase transformation from
body-centered-cubic (bcc) to tetragonal in the lattice that was highly stressed because of O incorporation.
Back-scattered—electron images and electron—energy—dispersive spectra revealed Cr depletion near alloy
grain boundaries. Elastic modulus and Vickers hardness increased in O-enriched V-Cr-Ti alloys.
Hardening of the alloys results from O atoms on face-centered interstitial sites in the bce sublattice and the
formation of very fine coherent oxide particles. Oxygen or N diffusion occurs via the interstitial sublattice
of bee V-base alloys and is accompanied by the formation of homogeneous oxide or nitride phases via
internal oxidation or nitridation. The O,N-enriched surface region exhibited the extraordinarily high
Vickers hardness of =18 GPa (1800 kg/mmz), a value that is typical of oxides, nitrides, or carbides, or that
is obtainable by ion—beam irradiation of metals.

INTRODUCTION

Several V-base alloys exhibit good high~temperature creep strength, low ductile-to-brittle transition
temperatures, and high resistance to neutron irradiation damage.! However, thermomechanical processing
to produce alloys in plate, sheet, and tubular form requires high—temperature annealing in vacuum or inert
gas environments. Contamination of the processing environment by trace levels of O, N2, H20, CO, etc.,
leads to formation of a hard ceramiclike near-surface region on the alloys. In some applications, surface
modification by controlled addition of O, N, or C, with and without the formation of ceramic compounds
within the substrate, could be desirable. Modification of the surface region of V-base alloys by diffusion of
O, N, or C into the interstitial sublattice has been investigated under conditions in which V-0, V-N, or V-C
ceramic compounds do not form at the alloy/gas interface. Most of these compounds have melting points
greater than (VN, 2320°C) or comparable to (VO2 and V203) that of the alloys (=1910°C), except for the
low~melting VoOs (690°C) phase. Formation of V205 must be avoided in all thermomechanical and
surface-modifying processes. The hardness and elastic modulus of V-Cr-Ti-O solid solutions have been
investigated.

EXPERIMENTAL PROCEDURE

Several experimental methods were used to explore the relationship between O and/or N and the physical
properties of V-Cr-Ti alloys, namely (a) surface O charging of the alloys, followed by evaluations by
optical metallography, transmission— and scanning—electron microscopy (TEM and SEM); (b) X-ray
diffraction, energy-dispersive electron spectroscopy (EDS), secondary—ion mass spectroscopy (SIMS), and
microhardness tests; and (c) elastic modulus measurements.

Oxygen and/or N charging of the near—surface region of V-4Cr-4Ti. Oxygen and/or N charging of the
near—surface region of the alloy was carried out in flowing 99.999% Ar and/or N3 that contained <5 ppm
O3, £ 5 ppm Hy0, and a total impurity content of <20 ppm, at 550-1030°C for 17-96 h. Oxygen and N
pickup by the alloys was determined by weight-change measurements.

X-ray diffraction and related studies. The surface of O-charged samples (25 x 25 x 1 mm) was subjected to
X-ray diffration to investigate the relationship between hardness and O content of the materials. To
determine X-ray parameters as a function of depth, the specimen surface was polished with a diamond
paste. Secondary—ion mass spectroscopy studies were performed on cross sections of O-charged regions of
the specimens. Vickers hardness was used to determined the depth of O or N diffusion into the alloys.
TEM of O-enriched regions was performed to confirm the presence of a small cluster phase in this region.

*Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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Elastic modulus measurements. Elastic modulus measurements were performed by a simple pulse-echo
technique on O-charged small samples (25 x 25 x 1 mm). Because of relatively low attenuation, 15 MHz
elastic waves were used.

RESULTS AND DISCUSSION
Oxygen and/or Nitrogen Charging of Near—-Surface Region of V-4Cr-4Ti

When V or V-base alloys (e.g., V-Cr, V-Ti, V-Cr-Ti, or V-Cr-Al) oxidize in high-O environments, the
low-melting V,Oj5 phase forms via outward diffusion of cations, even in the presence of O-active elements
such as Y, Si, Al etc.2:3 It is well known that O can be incorporated into the interstitial sublattice of bcc V
and its alloys.4 In the bec lattice of V-Cr-Ti, O can occupy interstitial sites within the lattice up to several
atomic percent. Weight gain of V-4Cr—4Ti specimens was determined after 70-h exposures to flowing
high—purity Ar and N9 (99.999%) that contained O as an impurity. At temperatures of 500-1030°C, the
rate of O pickup by the alloy was greater than that of N. This could indicate that the energy of interaction
between Ti in the alloy and O is greater than that between Ti in the alloy and N. Also, the atomic size of N
is larger than that of O. Diffusion coefficients of O and N in V indicate that O diffuses 10-1800 times
faster than N. The activation energies of O and N (plus traces of O as impurity) uptake by the alloy are
0.83 and 0.65 eV, respectively.

Analysis of a back—scattered—electron image from the cross section of an O-charged specimen revealed that
the dark area indicates elements with low atomic numbers, i.e., the O—enriched area. Localized enrichment
of O occurs in the grains and near grain boundaries. From EDS analysis, areas enriched with O and Ti
contain less Cr. However, localized Cr depletion did not occur during O charging at <670°C. Based on
metallographic information and weight gain data, the depth of the O—charged layer can be controlled by
exposure temperature and time in a flowing Ar atmosphere. Oxygen concentration in the near—surface
layer was calculated from weight gain, surface area, and thickness of the hardened region; it ranged from
250 ppm (as—received) to =2—3%, depending on position within the layer and exposure conditions.

Microhardness Tests on O, N*-Charged V Alloys

Hardness profiles across the O—charged region and at 2200 um below the surface of V-4Cr-4Ti specimens
were obtained after exposure to flowing Ar at several temperatures. Hardness at the interior of the
specimen charged with O at 550°C is higher than that of the as-received specimen. Presumably, O
penetration was greater at 550°C than at higher temperatures. An O-blocking mechanism could be
involved at high temperatures; for example, local Ti migration or Cr depletion was detected by EDS
analysis near grain boundaries. If Ti migrates to grain boundaries or to the surface via cation diffusion,
residual O in the alloy will follow Ti, and, as a result, enrichment of O near grain boundaries or at the
surface will occur. Because hardness is directly related to O concentration in the alloy, the amount of O
pickup by the alloy in the near—surface region in relation to the exposure temperature increases in the order
615-685>703>750>550°C.

X-Ray Diffraction Studies

To determine whether the hardening mechanism involves primarily occupation of interstitial sites by O or
formation of small particles of V-O, Ti-O, or V-Ti-O, TEM and X-ray diffraction were performed on the
near—surface region of an O-charged V-5Cr-5Ti specimen that was exposed to pure Ar for 21 h at 650°C.

Figure 1 is a TEM photomicrograph of a surface that reveals small particles of coherent oxide. The TEM
study supports a hardening mechanism whereby O and/or N lead to internal oxidation or nitridation at
elevated temperatures. Coefficients of thermal expansion (CTE) of dilute solid solutions of O in V-O,

*we ex[;lgcg; O and a very small amount of N contamination in the system. SIMS analysis indicated only contamination, but measured microhardness was
very high.
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Ti-O, or V-Ti-O are probably not much higher than those of V and the alloys, =9.2 x10-6/K. However, the
CTEs of small coherent particles of oxide, nitride, oxynitride, or carboxynitride present in the alloy at high
temperatures are probably lower than those of the alloy matrix, and, during cooling from high temperatures,
stresses develop that are due to the difference in CTE of the coherent particles and the matrix. This effect
seems to be more significant in V-base alloys than in other alloy systems, e.g., Ni-base a110ys.5 X-ray
peaks that tend to broaden because of strain that originates from small particles in the alloy (Fig. 3) provide
evidence that hardening occurs by incorporation of interstitial impurities.

Figure 1.

TEM photomicrograph of O-charged region of
V-5Cr-5Ti after exposure to Ar for 21 h at
650°C.

However, hardening can also be explained by an alternative mechanism. When O or N is incorporated into
an alloy by a solid—state diffusion process at elevated temperatures and the alloy is cooled, impurities can
become trapped in interstitial positions. The X-ray spectrum from this specimen did not show significant
broadening; only the X-ray lattice parameter of the bce structure increased. Based on the Vickers hardness
versus O—charged depth of the near-surface region at various temperatures, we can write the following
equation:

Log K =2.77 - 1615/T (K) (um/h1/2),
where K is the rate constant for the O-affected depth x = K¢t!2.

Figure 2 shows the X-ray diffraction spectrum from the surface of a specimen after =20 pum of the
O-charged layer was removed by polishing, and the d-spacing of the (110) and (200) planes as a function of
depth. The results indicate that the variation of interstitial O in the alloy with depth can be directly related
to the average strain distribution with position. In general, all d-spacings decreased with depth. However,
as mentioned previously, if Ti migrates from the bulk to grain boundaries or to the surface, then residual
bulk O follows Ti, and enrichment of O near grain boundaries or the surface occurs. The X-ray lattice
parameter could also increase because of vacancy formation (Fig. 2).

X-ray diffraction profiles in Fig. 3, from the near-surface region of an O-charged sample, reveal phase
transformation from a bcc to a tetragonal phase. Oxygen charging at low temperatures produces more
separation of the ratio of the a/c spacing in the lattice. It is possible that the high—purity Ar maintains a
constant O partial pressure (pO7) over the range of temperatures and stabilizes the tetragonal phase in the
alloy. Lower temperatures should increase the thermodynamic stability of this phase, and less relaxation
(diffusion) should occur. Therefore, the difference in a/c is larger (produces more distortion) at low
temperatures. During heating, stress relaxes at the free surface and if the tetragonal phase is present within
bulk regions of the bec lattice, it could generate active diffusion/reactive sites during thermal cycling.
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Elastic Modulus Measurements on O-Charged Specimen

A relationship between hardness and impurity concentration in the V-Cr-Ti was developed from the results
of TEM, SEM, X-ray diffraction, and hardness measurements. Elastic modulus measurements were
performed on O— and O,N-charged samples at room temperature. Because of the relatively low attenuation
of V-base alloys, 15 MHz elastic waves were applied. The results are shown in Fig. 4, and the data are

replotted in Fig. 5 in terms of the change in elastic modulus with the amount of either O or O, N in the
V-4Cr-4Ti samples.
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CONCLUSIONS

Incorporation of O and N in the surface of V-Ti-Cr alloys produced a high degree of hardening in the
alloys. X-ray diffraction indicated a phase transformation from body-centered—cubic (bcc) to tetragonal
phase and a highly stressed lattice because of O and N incorporation. O and N atoms occupied face-
centered interstitial sites and sites between corners in the bcc sublattice. Elastic modulus and Vickers
hardness also increased in O— and N-enriched V-Cr-Ti alloys.
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TENSILE PROPERTIES OF V—(4-5)Cr~(4-5)Ti ALLOYS® H. M. Chung, L. Nowicki, D. Busch, and
D. L. Smith (Argonne National Laboratory)

OBJECTIVE

The objective of this work is to provide a data base on the baseline tensile properties of nonirradiated
V-(4-5)Cr-(4-5)Ti alloys, including a 500-kg production heat of V-4Cr—4Ti.

SUMMARY

The current focus of the U.S. program of research on V-base alloys is on V-(4-5)Cr-(4-5)Ti that contains
500-1000 wppm Si. In this paper, we present experimental results on baseline tensile properties of two
laboratory-scale heats of this alloy and of a 500-kg production heat of V-4Cr—4Ti (Heat 832665) that were
measured at 23-700°C. Both the production— and laboratory—scale heats of the reference alloy V-4Cr—4Ti
exhibited excellent tensile properties at temperatures up to =650°C.

INTRODUCTION

A recently reported comprehensive data base on tensile strength and ductility of several major alloys of the
V-Cr-5Ti system includes a 30-kg laboratory heat (BL-47) of the reference alloy V-4Cr—4Ti that has been
known to exhibit excellent properties after irradiation with and without He generation.! Subsequently, a
500-kg production heat of V-4Cr—4Ti (Heat 832665) and a 15-kg laboratory heat of V-5Cr—5Ti (Heat
T87) were fabricated successfully. Excellent impact properties of these new heats have been reported
recently.2‘5 This report presents results of tensile tests on the three heats.

MATERIALS AND PROCEDURES

The chemical composition of the three heats of V—(4—5)Cr—(4-5)Ti used in this study is given in Table 1.
In the table, electron-beam-melted raw V Heat 820630 was used to melt the ingots of both V-4Cr—4Ti
Heat 832665 and V-5Cr—5Ti Heat T87. Final forms of the extruded products were 3.8—, 1.0-, and
0.3-mm-thick plates and sheets. Tensile specimens were machined from 0.7-1.0-mm-~thick sheets so that
the rolling direction of the sheet was parallel to the uniaxial loading direction.

Table 1. Composition of three heats of

V—(4=5)Cr—(4-5)Ti
Alloy Impurity Concentration
Composition (wt. ppm)
Heat ID (wt.%) [6) N C Si
820630 V 200 62 75 780

BL-47 V-4.1Cr-43Ti 350 220 200 870
832665 V-3.8Cr-39Ti 310 85 80 783
T87 V49Cr-5.1Ti 380 89 100 545

Typically, the machined and polished specimens were annealed at 1000°C for 1 h in a high—quality vacuum
before testing. This annealing condition has been found to produce optimal impact properties in the two
new heats T87 and 83266524 and it produced an =70% recrystallized structure in Charpy—impact
specimens. The only secondary phase in the as-annealed specimen was a Ti(O,N,C) precipitate, =300—
500 nm in size, which is normally observed in Ti—containing vanadium alloys with O+N+C > 400 wppm.
The gauge cross section of each polished specimen was measured individually. Tensile tests were
conducted at 23-700°C at a strain rate of 1.1 x 1073 s—!. High—temperature tests were conducted in a
quartz cylinder that was evacuated and continuously flushed with flowing Ar. Specimen temperature was

* Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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monitored with two thermocouples spot—welded on the gauge section. Reduction in area was determined
from magnified SEM images of the fracture surface that was photographed perpendicular to the tensile axis.

RESULTS AND DISCUSSION

Yield strength, ultimate tensile strength, uniform elongation, total elongation, and reduction in area are
shown in Figs. 1-5, respectively. Note that yield strength of the alloys was nearly constant between 200
and 700°C. Ultimate strength appears to be slightly lower at =250-300°C than at <200°C or >300°C. At
700°C, the yield and ultimate tensile strengths decreased only slightly.
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At all test temperatures in the previous studies, yield and ultimate strength of V-Cr—(4-5)Ti increased
monotonically for increased chromium content, indicating the predominant effect of Cr on the tensile
strength of the alloy system.! The results shown in Figs. 1 and 2 appear to be consistent with the findings
of the previous studies, that is, for similar annealing conditions, the strength of T87 (V-4.9Cr-5.1Ti) was
higher than that of 832665 (V-3.8Cr—3.9Ti). Tensile specimens of BL-47 (V-4.1Cr—4.3Ti) were annealed
at temperatures somewhat higher than those of 832665. Note that the strength of BL—47 is slightly higher
than that of 832665. It is not clear if this is because of the higher annealing temperature or the higher
combined content of Cr and Ti (i.e., 8.4 vs. 7.7 wt.%) of BL—47.

The yield strength of V-Cr—Ti alloys at room temperature and 420-600°C could be correlated well with
combined content of Cr and Ti, as shown in Fig. 6. The strength of the two new heats of V-(4-5)Cr-
(4-5)Ti alloys is also consistent with the correlation shown in Fig. 6. The excessive alloying addition of Cr



19

800

B0 [T T[T T T T T
! ]
28 | V-(4-5)Cr-(4-5)Ti
26 - -
g -3 3 ° <
i LT ]
s 22 . . .
2 - -
20 - o .
5 -] hd -] -
18 | " . i
g -] o -
g 16 |- ° -
5l . .
o V-4Cr-4Ti (30-kg, BL-47), annealed at 1050-1125°C 1 h -
12 |- e V-4Cr-4Ti (500-kg, #832665), annealed at 1000°C 1 h -1
= V-5Cr-5Ti (15-kg, T87), annealed at 1000°C 1h
2 PR SN IR ST A S N S ST S N NSNS ST NPT ST ST SN BT ST ST ST NN ST ST N A S S 1
100 100 200 300 400 500 600 700 800
Temperature (°C)
[ T L L LIS B LRI SR UL
38 .
o V-{4-5)Cr-(4-5)Ti ]
34 .
£ ]
St Q “
= 30 * * . 7]
o - . s o hd ~
@ 26[ . 0 ]
6 ° ., ]
m 22F " . . 7
— - [ ] o -
8 " ]
o 18 3
- L ® .
o V-4Cr-4Ti (30-kg, BL-47), annealed at 1050-1125°Cfor 1 h E
141 o v.4Cr4Ti (500-kg, 4832665), annealed at 1000°C for 1 h .
- = V-5Cr-5Ti (15-kg, T87), annealed at 1000°C for 1 h .
PRI ST T S B N T ST S [ N S N T N S SN N S NI ST SR S JNE SUR S S S0 S ST TN VN S DU ST U U 1
100 100 200 300 400 500 600 700
Temperature (°C)
120 T T
110 V-(4-5)Cr-(4-5)Ti ]
100} 7
£ ool s 8 .
[ o [
o 80} * hd . _
g - . :
< 70 i
£ 60 -
g 50 ° =
S wo o
® 30F ]
m s -
20, V-4Cr4Ti (500-kg, #B32665), annealed at 1000°C for 1 h y
10| e  V-5Cr-5Ti (15-kg, T87), annealed at 1000°Cfor 1 h n
o [ PRNY ST ST SN REPRNT ST T N ST S ST SN N ST VT NN SN S S ST S NNV SNV WAT SN TN SV SN S Y U JNT SN SNY A ]
0 100 200 300 400 500 600 700 8

Temperature (°C)

00

Fig. 3.

Uniform elongation of three
heats of nonirradiated
V-(4-5)Cr-(4-5)Ti alloys at
23-700°C.

Fig. 4.

Total elongation of three
heats of nonirradiated
V-(4-5)Cr-(4-5)Ti alloys at
23-700°C.

Fig. 5.

Reduction in area of
V-4Cr-4Ti and V-5Cr-5Ti
alloys at 23-700°C.

(=26 wt.%) is undesirable from the standpoint of irradiation—induced degradation of material toughness.
Likewise, excessive addition of titanium (29 wt.%) is believed to be undesirable from the standpoint of
higher ductile-brittle transition temperature and, probably, thermal creep.



20

8

T F 1T 17T 1T 1011711771
g 25°C, V-(4-5)Cr-(4-5)Ti ]
m  420-600°C, V-(4-5)Cr-(4-5)Ti -

~
g

=23
3

T
L

Fig. 6.

] Yield strength of non—irradiated
& V, V-Ti, V-Cr-Ti, and V-Ti-Si
: alloys at 25°C and 420-600°C
as function of combined Cr and
Ti content.

4]
3

L X J h
®  420-600°C 3

g
AR R LN

Yield Strength (MPa)
§-S
8

200 - V-(4-5)Cr-{4-5)Ti
100 " Unirradiated ‘
X {H <30 appm) 3
i I NN YN JUUN YN N T NN SN NN TN SN TNNN NN NN UNN NN SN W SN NN N
079 4 8 12 16 20 24

Cr+Ti Content (wt.%)

Within the limits of data scattering, uniform and total elongation of the laboratory and production heats of
V-4Cr-4Ti (Figs. 3 and 4) is similar at 20-700°C, i.e., 15-26 and 20-34%, respectively. However,
uniform (12-23%) and total (16-35%) elongation of the laboratory heat of V-5Cr—5Ti is somewhat lower
than that of V-4Cr—4Ti for the similar temperature range. Uniform and total elongation decreases
monotonically with increasing temperature.

Reflecting the high elongation, reduction in area (Fig. 5) of the production heat of V-4Cr—4Ti and the
laboratory heat of V-5Cr-5Ti was significantly large, i.e., =<80% at 20-600°C. However, reduction in area
decreased significantly to <40% at 700°C.

CONCLUSIONS

1. Baseline tensile properties of one production— and two laboratory—scale heats of V—(4-5)Cr—(4-5)Ti
alloy were determined at 23-700°C. Yield strength of the alloys was nearly constant at 200-280 MPa
at 200-700°C, whereas ultimate strength (330-530 MPa) was slightly lower at =200-250°C than at
<150°C or >350°C. Yield strength of the V—(4-5)Cr—(4-5)Ti alloys at room-temperature and 420—
600°C was consistent with a previously developed correlation between yield strength and the combined
content of Cr and Ti of the V—(0~15)Cr—(0-20)Ti alloys.

2. Uniform and total elongation of the laboratory and production heats of V-4Cr—4Ti was similar, i.e.,
15-26 and 20-34%, respectively. However, uniform (12-23%) and total (16-35%) elongation of the
laboratory heat of V-5Cr-5Ti was somewhat lower than that of V-4Cr—4Ti. Uniform and total
elongation decreased monotonically with increasing temperature.

3. Reduction in area of the production heat of V-4Cr—4Ti and the laboratory heat of V-5Cr—5Ti was
significantly large, i.e., =80% at 20-600°C. However, reduction in area decreased significantly to
<40% at 700°C.

4. The reference alloy V-4Cr—4Ti, identified as the most promising candidate alloy for a fusion reactor
first-wall structure on the basis of its excellent resistance to irradiation-induced embrittlement,
swelling, creep, and microstructural evolution, exhibited excellent baseline tensile properties at
temperatures up to =650°C. The ratio of uniform to total elongation of the alloy remained constant at
=0.8 regardless of test temperature, whereas the ratio of yield to ultimate tensile strength decreased
monotonically from =0.9 at room temperature to =0.6 at 700°C, indicating more pronounced work
hardening of the alloy at higher temperatures.




21

REFERENCES

1.

B. A. Loomis, H. M. Chung, and D. L. Smith, “Baseline Tensile Properties of V-4Cr—4Ti Alloys,”
U.S. Contribution to 1994 ITER Summary Report, Task T12: Compatibility and Irradiation Testing of
Vanadium Alloys, ANL/FPP/TM-287, ITER/US/95/IV MAT 10, Compiler, D. L. Smith, Argonne
National Laboratory, 1995, pp. 79-85.

H. M. Chung, L. Nowicki, and D. L. Smith, “Effect of Annealing on Impact Properties of Production—
Scale Heat of V-4Cr-4Ti,” in: Fusion Reactor Materials Semiannual Progress Report for Period
Ending March 31, 1995, DOE/ER-0313/18, U.S. Department of Energy, Office of Fusion Energy, July
1995, pp. 273-278.

H. M. Chung, L. Nowicki, and D. L. Smith, “Impact Properties of Precracked V-4Cr—4Ti Charpy
Specimens,” ibid., pp. 253-258.

H. M. Chung, L. Nowicki, and D. L. Smith, “Fabrication and Impact Properties of Laboratory—Scale
Heat of V-5Cr-5Ti,” ibid., pp. 259-264.

M. L. Grossbeck, D. J. Alexander, J. J. Henry, Jr., W. S. Eatherly, and L. T. Gibson, “Characterization
of V—4Cr—4Ti Heat 832665,” ibid., pp. 183-186.



22

Effect of Heat Treatment on Precipitatiog' in V-5Cr-5Ti heat BL63 - D. S. Gelles and Huaxin Li,
(Pacific Northwest National Laboratory)

OBJECTIVE

The objective of this work is to explain changes in mechanical properties of V-5Cr-5Ti heat BL63 due
to variations in heat treatment.

SUMMARY

The microstructures of V-5Cr-5Ti heat BL63 are compared following heat treatments at 1125C for 1
h and 1125C for 1 h followed by 890C for 24 h. Following the 890C treatment, precipitate density
was increased due to the presence of a moderate density of highly elongated particles. Microchemical
analysis showed that these particles often contained both Ti and V, some particles showed minor
amounts of Si, S and P, but it was also possible to show that these precipitates were enriched in O
rather than C or N. Following the 1125C heat treatment, only Si was found as a minor impurity in
large particles, but S could be identified at grain boundaries, which were coated with a fine
distribution of precipitates. The embrittlement observed is ascribed to a combination of interstitial
solid solution hardening and grain boundary embrittlement, with interstitial hardening likely the
dominant factor.

PROGRESS AND STATUS
Introduction

It has been shown that some heats of V-5Cr-5Ti are sensitive to heat treatment variations.1# The
effects can be large. For example, heat treatment of material from Teledyne heat # 832394 (ANL
code BL63) at 1125C/1 h (HT1), gives fracture toughness less than 70 kJ/m? when tested at 25C
(due to brittle failure), and the ductile to brittle transition temperature (DBTT) as determined by
testing 1/3 size Charpy impact specimens is about room temperature."’ Properties can be recovered
by a treatment of 890C/24 h (HT2).2 The reasons for this behavior are not completely understood.
Sulfur concentrations on grain boundaries were found to be higher, by a factor of six, and precipitate
concentrations appeared to be decreased for the 1125/1 h treatment.*

The purpose of this effort was to examine precipitate structures in BL63 in more detail following HT1
and HT1+HT2 using transmission electron microscopy (TEM) and analytical electron microscopy.

Experimental Procedure

Mechanical properties specimens given HT1 and HT1+HT2, as described in references 3 and 4, were

“sectioned with a slow speed saw, and sections were punched to provide TEM disks 3 mm in diameter

by 0.25mm thick. Samples were thinned in a commercial twin jet polishing apparatus using a solution
of 5% sulfuric acid in methanol operating at 40 V and -20C with a moderate pump speed.

Specimens were examined both in a JEOL 1200EX electron microscope operating at 120 KeV (to
provide microstructural information) and a JEOL 2010F electron microscope operating at 200 KeV (to

*Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Battelle
under Contract DE-AC06-76RLO 1830.
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provide microchemical information). Precipitates were attacked more slowly than the grain matrix
during electopolishing, making it possible to restrict precipitate composition spectra to particles
hanging over the edge of the thin foil, reducing the effect of the surrounding matrix. Beam conditions
on the 2010F provide an electron probe approximately 1 nm in diameter for compositional analysis.

Results
Precipitate Distributions

The microstructures of the two specimen conditions revealed differences in precipitate structures.

HT1 produced generally clean microstructures, with a very low density of large precipitates, often
associated with grain boundaries and triple points. However, unusual contrast was observed on some
grain boundaries, indicative of fine precipitation. The HT1+HT2 condition contained a higher density
of precipitate particles, generally decorating grain boundaries, but also in groups in the matrix.
Particles in the matrix were generally rod shaped, but at grain boundaries they were more globular
forming complex particle arrays. As precipitation is generally coarser following heat treatment at
higher temperatures, it is possible that the fine precipitate found at grain boundaries following HT1
had formed during slow furnace cooling.

Examples of these structures are provided in Figure 1. Figures la and b provide low magnification
examples of grain boundary structures in V-5Cr-5Ti heat BL63 following heat treatment at 1125C for
1 h and furnace cooled (HT1). Figure lc shows particles at a grain boundary in a specimen of the
same material heat treated for a further 24 h at 890C and then furnace cooled (HT1+HT2). Figures
1d, e, and f give examples of precipitate structures at higher magnification, showing the fine grain
boundary structure following HT1 in Figure 1d, the coarser grain boundary structure following
HT1+HT?2 in Figure le and precipitation in the matrix following HT1+HT2 in Figure 1f.

Therefore, HT1+HT?2 provides a microstructure with a higher density of second phase particles,
probably at a higher volume fraction. However, the precipitate density actually on grain boundaries
may be similar for the two conditions because a fine distribution of particles is found on boundaries
following HT1.

Precipitate Compositions

Compositional spectra were obtained for precipitates extending over the edge of foils prepared with
large perforations, to provide information on a large number of particles. Approximately eight
precipitate particles were analyzed for condition HT1 and 30 for HT1+HT2. In addition, seven grain
boundary areas were analyzed in condition HT1. In both cases, particles were found for each of three
composition ranges, 1) high Ti with V, 2) approximately equal levels of Ti and V, and 3) high V with
Ti. In both conditions, the high Ti case (1) was the most frequently observed. The statistical details
are provided in Table 1. However, significant differences could be identified between the two
conditions with regard to S, P, Si and O. Also of note were two flakes of material, found on the HT1
condition, that showed unusually high S content.

Table 1. Number of Precipitate Particles Examined with Observed Minor Elements noted

| reatment l # V rich # (V,Ti) # Tirich

T
HT1
" HT1+HT2

2 showing low Si, S 1 showing low Si, S | 5 showing Si

9 showing O, C, Si, P, and S | 5 showing C, O 17 showing O, Si, P, and S "
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Figure 1. Precipitate structures in V-5Cr-5Ti HT1, (a), (b), and (d), and in HT1+HT2, (c), (e), and (f).
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Examples of x-ray spectra for representative particles from each condition are provided in Figure 2 along
with a matrix spectrum for the HT1+HT2 condition. Figures 2 a through d are from the HT1 condition and 2
e through h are from the HT1+HT2 condition. Figure 2h, showing a typical matrix spectum, should be
examined first. It displays peaks typical of a material high in V, with low levels of Ti and Cr, but the V-K,,
peak overlaps the Cr-K,. The V-L and Ti-L peaks can be identified in the low energy range at 0.5 and 0.25
KeV, respectively. These L peaks provide a basis for comparison with light elements C, N, and O, which
overlap this region, in effect providing information on the efficiency of the x-ray detecting system for light
elements. Figure 2a shows the spectrum for a particle that contained high V levels in condition HT1. A
strong C peak is indicated, but it should be noted that this peak grew relative to the other peaks during
acquisition, indicating that it was largely due to C contamination, and therefore conclusions regarding C
must be taken with care. Figures 2b and ¢ show particles containing approximately equal levels of V and Ti,
and high Ti, respectively. Of particular note is the fact that the peak at 0.5 KeV is larger in both cases than
that in Figure 2h, indicating the presence of O. Figure 2d shows an example of a spectrum taken of a grain
boundary region, which indicates the presence of S, by the peak at 2.3 Kev.

Figures 2e, 2f, and 2g show similar features for precipitates with high V, with approximately equal levels of
V and Ti, and with high Ti, respectively. Three features are of particular note. The C contamination was not
a problem with this specimen, so C peaks are often absent. Oxygen is indicated in all precipitates, and the O
levels are significantly higher than in the HT1 spectra. Also, evidence of Si, P, and S can be found in several
particles, particularly in the case of Figure 2g for the high Ti containing particle where a strong S peak can
be seen at 2.3 KeV.

These results demonstrate that heat treatment at 890°C for 24 h results in higher O, S, P, and perhaps Si
levels in precipitate particles, compared to the situation following heat treatment at 1125°C for 1 h. The
concentration of these elements left in solid solution would therefore be significantly higher following the
high temperature treatment. The results also confirm that S is found in grain boundary regions following the
high temperature heat treatment, and this S may be in the form of thin layers, as indicated by the flake
material identified with high sulfur.

Discussion

The present work provides two possible explanations for the observed embrittlement and reduction of
toughness arising from heat treatment of V-5Cr-5Ti heat BL63 at 1125°C for 1 h: interstitial hardening and
grain boundary embrittlement during furnace cooling.

We find that recovery of ductility and toughness properties is achieved by concurrent precipitation of
(Ti,V)O. This removes not only Ti from solid solution, but also significant amounts of O. Precipitation
would generally increase strength and reduce ductility, but the particle spacing is quite large, so the major
effect is expected to occur from interstitial hardening or lack thereof. Precipitates also incorporate
significant amounts of P and S, apparently reducing the concentrations in solid solution and at grain
boundaries. Therefore, precipitation is expected to not only reduce interstitial hardening, but also the level
of S at grain boundaries.

We also find that precipitation does develop on grain boundaries following the 1125°C treatment. The
precipitate is at high density and in the form of fine particles directly associated with the boundary. As
noted, it is expected that such precipitation formed on cooling rather than at temperature, in part because a
much coarser structure is expected at higher temperature, but also because it is shown that a strong tendency
exists to form such structures at somewhat lower temperatures, and a slow cooling process such as furnace
cooling would allow such precipitates to form, but to a less extent than for a long time at temperature.
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The question can then be asked, which of these processes is more important? It can be noted that failure as a
result of embrittlement consisted of both brittle transgranular cleavage and failure at grain boundaries.
Therefore, both grain boundary embrittlement and hardening play a role because the failure mode changed
from dimple rupture to transgranular cleavage. As interstitial hardening can explain both cleavage and
intergranular features whereas grain boundary embrittlement cannot, it is anticipated that precipitation of
(Ti,V)O is the more important process because it reduces the levels of interstitial O available for solid
solution hardening.

CONCLUSIONS

The microstructures of two conditions of V-5Cr-5Ti heat BL63 have been compared to explain the
embrittlement arising from heat treatment at 1125°C for 1 h (HT1) and the recovery of ductility and
toughness from heat treatment at 890°C for 24 h (HT1+HT2). Differences in precipitation are found
between the two conditions such that more precipitation, consisting of (Ti,V)O and containing Si, P and S,
develops at 890°C and a high density of fine precipitates is found on grain boundaries following heat
treatment at 1125°C. This grain boundary precipitation is believed to develop during furnace cooling.
Enhanced sulfur concentrations are confirmed following the 1125°C heat treatment. The embrittlement is
ascribed to a combination of interstitial solid solution hardening and grain boundary embrittlement, with
interstitial hardening likely the dominant factor.

FUTURE WORK
This effort will continue as further specimens are available.
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KINETICS OF RECOVERY AND RECRYSTALLIZATION OF THE LARGE HEAT
OF V-4Cr-4Ti — A. N. Gubbi, A. F. Rowcliffe, W. S. Eatherly and L. T. Gibson
(Oak Ridge National Laboratory)

OBJECTIVE

The purpose of this research is to evaluate the kinetics of recovery and recrystallization, and to develop a
suitable model to explain the mechanistics of recrystallization of vanadium alloys.

SUMMARY

A series of slow cycle and rapid cycle anneals was carried out on the large heat of V-4Cr-4Ti alloy

(heat 832665). Also, a differential scanning calorimetry (DSC) study was initiated on the samples of the
same alloy. The recovery and recrystallization phenomena of V-4Cr-4Ti in slow cycle annealing were quite
different from that observed in rapid cycle annealing. The large driving force for recrystallization due to
rapid heating resulted in the first nuclei appearing after only 1 min at 1000°C. There was a two-stage
hardness reduction; the first stage involved recovery due to cell formation and annihilation of dislocations,
and second stage was associated with the growth of recrystallization nuclei. This is consistent with resuits
obtained from the DSC in which there was a broad exothermic peak from ~200° to 800°C due to recovery
followed by a sharp exotherm associated with recrystallization. The activation energy for recrystallization
for V-4Cr-4Ti, which was determined as 576 + 75, kJ/mole is significantly higher than that for pure V,
and is thought to be related to Ti and Cr in solid solution.

INTRODUCTION

Vanadium alloys with Cr and Ti contents ranging from 3 to 6 wt. % have been proposed as possible
candidate materials for the first wall/blanket structure in a demonstration reactor.] More recently, it was
concluded by researchers in the U.S.5 that a V-4Cr-4Ti alloy has an optimum combination of creep and
fracture properties, and resistance to irradiation-induced swelling and embrittlement. Using plate material
from a 500 kg heat of V-4Cr-4Ti prepared by Teledyne Wah Chang (TWCA), Albany, Oregon, the U.S.
fusion materials program is engaged in a broad study of physical and mechanical properties, gaseous and
liquid metal compatibility, insulating coatings, and irradiation performance. The work reported here was
undertaken to provide an understanding of recovery, recrystallization, and precipitation behavior in support
of efforts to further improve strength and creep properties and swelling resistance.

EXPERIMENTAL PROCEDURE

Specimens for TEM and optical metallography were prepared from the 500 kg heat of V-4Cr-4Ti using
1.02-mm-thick sheet supplied by TWCA in a ~40% cold-worked condition. Three types of annealing study
were carried out to investigate recovery, recrystallization and precipitation kinetics.

@ Slow cycle annealing: Conventional heat treatments were carried out in a tungsten element fumace

with a vacuum better than 1 x 106 torr (<10'4 Pa). Temperatures ranged from 900° to 1100°C for times
ranging from 1 to 4 hours. The time to reach temperature and the time for subsequent cool-down was
approximately 120 minutes.

()] Rapid cycle annealing: Specimens were encapsulated in quartz tubes under a vacuum of ~10"3 torr

(10'3 Pa) and annealed in an induction heating system capable of reaching a temperature of 1200°C in 60 to
80 seconds with a temperature control of + 5°C. A thermocouple was fixed in contact with the quartz tube.
The rapid cycle annealing was carried out at 1000°C for times from 60 s to 3600 s. Following the anneal,
the quartz capsule was quenched into ice-cold water to produce a cool-down time of 1 to 2 seconds.

© Differential scanning calorimetry: This was carried out in a Stanton-Redcroft apparatus using 5
mm diameter disks prepared from the ~1.0 mm thick sheet. Heat flow measurements were obtained with
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heating rates of 0.167 to 0.667°C/s for temperatures up to 1300°C. Three disks were used in each anneal
cycle to increase the heat release rate. The same mass of fully annealed material was used as a reference.
These anneals were carried out in an atmosphere of high purity flowing argon.

RESULTS
Slow cycle annealing

The microstructure of as-rolled plate consisted of elongated grains and precipitate particles, primarily
titanium oxycarbonitrides, which were aligned into stringers during the initial hot working operations.
The initial hardness was 200 + 5 DPH. Hardness is plotted as a function of time for various temperatures
in Fig. 1. After 1 hour at 900°C, sub-grains ~1 pum diameter developed within the original elongated grain
structure. With increasing annealing time the residual dislocation density within the sub-grains continued
to decrease and after 4 hours a few recrystallized grain nuclei could be detected. No additional precipitation
at grain boundaries or within the sub-grains could be detected for 1- and 4-h anneals at 900°C.

At 950°C the hardness dropped rapidly to ~155 DPH after only 1 hour at temperature (Fig. 1). New
recrystallized grains appeared and it was estimated that at this point the material was approximately 10%
recrystallized (Fig. 2). After 4 hours, the hardness dropped to its minimum value of ~145 DPH, with
recrystallization about 30 to 40% complete. The remaining un-recrystallized regions consisted of well
developed sub-grains with a low dislocation density; no additional precipitation could be detected following
any of the treatments at 950°C.
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Figure 1. Microhardness as a function of annealing time for various temperatures
for V-4Cr-4Ti ‘
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ORNL-DWG 95-8910

1 h/950°C

Figure 2. Optical and TEM microstructures at 950° and 1000°C for the large heat of
V-4Cr-4Ti. The arrow heads indicate nuclei appearing at pre-existing grain boundaries.

Recrystallization occurred rapidly at 1000°C and was complete after 2 hours (Fig. 2); all sub-grains were
consumed, leaving a low density of individual dislocations. After annealing, many of the new grain
boundaries contained small titanium oxycarbonitride particles which had precipitated during the cool-down
from 1000°C.

After a 1 h anneal at 1050°C, recrystallization was complete; the microstructure consisted primarily of new
equiaxed grains interspersed with larger grains which retained their original elongated shape. The latter
were probably old grains which had undergone complete recovery without being swept by new migrating
grain boundaries. New grain boundaries contained a dispersion of fine (0.06 to 0.2 p) titanium
oxycarbonitride particles. At 1100°C, recrystallization occurred rapidly followed by development of a bi-
modal grain structure. Grain growth was restricted in the vicinity of the bands of coarse oxycarbonitrides

during the initial stages of processing. After annealing for 4 hours, the hardness was significantly higher
than after annealing for 2 hours, probably due to some pick-up of interstitial elements from the fumace
atmosphere.
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id cycle annealin

Figure 3 shows the variation in hardness with annealing times for samples rapidly heated to 1000°C and
quenched after holding for the time shown. Hardness dropped rapidly in the first 2 minutes from 200 DPH
to ~180 DPH. During the next 8 minutes at 1000°C, very little change in hardness occurred. This period
was followed by further softening until, after 1 hour at temperature, the minimum hardness value of ~150
DPH was approached. Optical metallography and TEM examination showed that the initial rapid drop in
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Figure 3. Microhardness as a function of annealing time for V-4Cr-4Ti

hardness during the first minute was entirely due to recovery of the cold worked dislocation structure into a
system of cells which still contained a fairly high dislocation density. However, a small number of
randomly occurring subrains (1 to 2 pm diameter) were almost completely free of dislocations and it is
believed that these are the nuclei for recrystallization. During the 480 to 600-s period where the hardness
remains fairly constant, the sub-grain structure became better developed and the number of recrystallization
nuclei increased. The subsequent period of decreasing hardness with annealing time was associated with the
rapid growth of the recrystallization nuclei, which expanded to consume the remaining sub-structure.

Differential nin rime

Differential scanning calorimetry has been widely used to provide kinetic information on solid state
reactions such as recovery, recrystallization, precipitation and dissolution, and radiation damage
annealing6-14. The technique measures the difference between the heat flow required to heat the material
under investigation and a thermally inert reference material. Both materials are heated at a constant rate and
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the changes in heat flow due to endothermic or exothermic reactions are recorded until the reaction is
complete. Kinetic parameters are obtained by plotting the peak temperature as a function of heating rate.

The relationship between the heating rate 8 and the peak temperature Tp is given by

B = Aexp (_E(?I‘—)
P

where A is a transformation function and Q is the activation energy!3 which can be determined from a

plot of Ln (B) as a function of reciprocal of Tp 9.

In the present study, calorimetric measurements were carried out on the 40% cold-worked material using
fully annealed samples as a reference. Heating rates ranged from 10 to 40°C per min. A typical
thermogram determined for a heating rate of 20°C/min is shown in Fig. 4. A broad region of exothermic
behavior with several subsidiary peaks occurs over the approximate range from 200 to 800°C. A second,
more sharply defined exotherm, that is associated with recrystallization, begins at around 900°C. Gaussian
curves were fitted to the recrystallization exotherms and first derivatives were obtained to determine the
peak temperatures for a series of heating rates. A plot of Ln ( 3) versus the reciprocal of the peak
temperature is shown in Fig. 5.
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DISCUSSION

The slow heating and cooling cycles are typically used during heat treatment of specimens for mechanical
property testing and irradiation experiments, or during fabrication of components. It is not possible to
define a unique recrystallization temperature. The extent of recrystallization in any given heat treatment is
strongly dependent upon the initial level of deformation and upon the temperature at which that
deformation was carried out. It also depends upon the heating and cooling rate and upon the time at
temperature. The slow cycle annealing study of the V-4Cr-4Ti alloy in 40% cold-worked condition showed
that annealing for 1 hour produces recovery and subgrain formation at 900°C, partial recrystallization at
1000°C, full recrystallization at 1050°C, and significant grain growth at 1100°C. It is critically important
to specify heat treatments in terms of the microstructures produced rather than simply quoting the time at
temperature. It has been shown in companion studies!> that Charpy impact properties depend upon
microstructure, as well as upon the distribution and concentration of interstitial elements; the resistance to
transgranular cleavage at low temperatures is greater when the microstructure contains a high proportion of
recovered subgrains.

The rapid cycle annealing (in which the annealing temperature is reached in ~30 to 40 s gives a better
definition of the kinetics of recovery and recrystallization. Because of the rapid heating rate there is a large
driving force for the formation of recrystallization nuclei, and the first nuclei are detected after only 1
minute at 1000°C. Following the initial hardness reduction due to dislocation recovery, there is a period
during which further nuclei develop, unaccompanied by any significant change in hardness. This is
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followed by a second stage of hardness reduction associated with the rapid growth of recrystallization
nuclei.

The differential scanning calorimetry measurements show an exothermic recovery process beginning in the
vicinity of 200°C. A hardness recovery process at ~200°C in 85% CW V-4Cr4Ti was reported by
Loomis, et all6, followed by several minima and maxima in hardness with increasing annealing
temperature. The low temperature maxima was tentatively ascribed to the diffusion of carbon, oxygen,
hydrogen, and nitrogen to dislocations and the low temperature recovery was ascribed to evolution of
hydrogen, and/or removal of oxygen, nitrogen and carbon from solid solution. The interstitial species are
highly mobile at these temperatures!’ and the strong interaction between interstitials and dislocations is
evidenced by the strain-aging phenomena at ~100°C described by Edington, et al.18, Thus, the broad
exothermic recovery region between 200 and 800°C (Fig. 4) probably encompasses contributions from
several processes, including segregation of interstitial elements to dislocations, annihilation of vacancies,
and the climb and annihilation of dislocations. The second, more well defined exothermic peak is ascribed
to recrystallization. This is consistent with the observation from the rapid cycle anneal of two fairly
distinct stages of hardness recovery separated by a recrystallization incubation period where very little
hardness recovery occurs.

From the plot of Fig. 5, the activation energy for recrystallization is determined to be 576 + 75 kJ/mole.
This value is significantly greater than the value of 397 kJ/mole reported by Loria et all? for
recrystallization in pure V, and the activation energy of 309 kJ/mole for self-diffusion in V single crystals
reported by Pelleg20, The higher value determined here is thought to be related to the presence of Ti and
Cr in solid solution, although some influence of un-dissolved titanium oxycarbonitrides is possible.

CONCLUSIONS

The recovery and recrystallization phenomena of V-4Cr-4Ti in slow cycle annealing are quite different from
that observed in rapid cycle annealing. The large driving force for recrystallization due to rapid heating
results in first nuclei appearing after only 1 min at 1000°C. There is a two-stage hardness reduction; the
first stage involves recovery due to cell formation and annihilation of dislocations, and second stage is
associated with the growth of recrystallization nuclei. This is consistent with results obtained from the
differential scanning calorimetry in which there is a broad exothermic peak from ~200° to 800°C due to
recovery followed by a sharp exotherm associated with recrystallization. The activation energy for
recrystallization for V-4Cr-4Ti, which is determined as 576 + 75, kJ/mole is significantly higher than that
for pure V, and is thought to be related to Ti and Cr in solid solution.
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EFFECT OF Cr AND Ti CONTENTS ON THE RECOVERY, RECRYSTALLIZATION,
AND MECHANICAL PROPERTIES OF VANADIUM ALLOYS — A. N. Gubbi,

A, F. Rowcliffe, D. J. Alexander, M. L. Grossbeck, W. S. Eatherly and L. T. Gibson

(Oak Ridge National Laboratory)

OBJECTIVE

The aim of this work is to examine the effect of varying Cr and Ti contents on the recovery and
recrystallization, and mechanical properties like yield stress, tensile strength and impact properties of small
heats of vanadium alloys.

SUMMARY

A series of vacuum-anneals at temperatures from 900° to 100°C for 1 to 4 h was carried out on small heats
of vanadium alloys with Cr and Ti contents ranging from 3 to 6 wt.%. The alloys examined in this work
were V-3Cr-3Ti, V-4Cr-4Ti-Si, V-5Cr-5Ti, V-6Cr-3Ti and V-6Cr-6Ti. Optical microscopy, TEM and
microhardness testing were conducted. Variation in Cr and Ti over the range 3 to 6 wt.% had no discernible
effect on recovery/recrystallization behavior. The hardness of both recovered and recrystallized structures
increased with total (Cr + Ti) content. In order to study the effect of Cr and Ti content on mechanical
properties, Charpy impact testing and tensile testing were carried out on small heats of compositional
variants. The V-4Cr-4Ti-Si alloy, in a fully recrystallized condition, exhibited a high level of resistance to
cleavage failure with a DBTT at ~—190°C. The alloys containing higher concentrations of Cr and Ti, in a
fully recrystallized condition, exhibited a DBTT at around —100°C, whereas the V-3Cr-3Ti alloy failed by
pure ductile shear at liquid nitrogen temperature without any ductile-to-brittle transition. Tensile testing
was conducted on SS-3 tensile specimens punched from 0.762-mm-thick plates of V-3Cr-3Ti and V-6Cr-
6Ti. The tests were done in air at room temperature at strain rates ranging from 10-3 102 x 1015, For
V-6Cr-6Ti, both the 0.2% yield stress (YS) and the ultimate tensile strength (UTS) were higher than those
for V-3Cr-3Ti at all strain rates. Both YS and UTS showed a similar trend of incremental increase with
strain rate for the two alloys. In the same token, both alloys exhibited an identical behavior of almost no
change in uniform and total elongation up to a strain rate of 10-1/s and a decrease with further increase in
strain rate.

INTRODUCTION

In the early stages of the program on the development of alloys for fusion reactor applications, vanadium
alloys with 3 to 6 wt.% Cr and Ti were investigated.14 This composition range was subsequently
narrowed down to vanadium alloys with 4 wt.% each of Cr and Ti based on the thermal creep properties,
low DBTT under Charpy impact testing, resistance to swelling, and also resistance to helium- and
irradiation-induced embrittlement exhibited by a laboratory-scale heat of this alloy.5 A production-scale
heat (~500-kg, heat 832665) of V-4Cr-4Ti alloy has been fabricated by Teledyne Wah Chang, Albany,
Oregon (TWCA) recently. Impact data have been reported from the testing conducted on the samples
machined from a warm-worked plateS as well as from an annealed plate.” Also, recovery and
recrystallization behavior of this heat has been documented.® The present study reports the results from
recovery and recrystallization study, and impact and tensile testing of the small heats of compositional
variants with Ti and Cr contents ranging from 3 to 6 wt.%. These alloys will give the window for
permissible ranges of Cr and Ti concentrations for consistent properties.

EXPERIMENTAL PROCEDURE

A small heat of (~15-kg melt) V-5Cr-5Ti (heat T87) was produced by Teledyne Wah Chang as per the
specifications supplied by Argonne National Laboratory. Four small heats (each ~15-kg melt), V-3Cr-3Ti
(heat T91), V-4Cr-4Ti-Si (heat T89), V-6Cr-3Ti (heat T92), and V-6Cr-6Ti (heat T90) were fabricated
according to the specifications set by Oak Ridge National Laboratory. The samples for the recovery and
recrystallization study were obtained from the rolled plates (~1.02-mm thick) of small heats. The
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V-5Cr-5Ti alloy had a cold work level of approximately 40%10 whereas the other small heats had a cold
work of approximately 49%. The chemical compositions of the small heats of compositional variants
have been presented elsewhere.8. Heat treatments were carried out on samples (for both optical
metallography and TEM analysis) from 900° to 1100°C for 1 to 4 h in a vacuum better than 1 x 106 torr

(<10‘4 Pa). Optical metallography, microhardness testing, and TEM analysis were carried out to
understand the effect of temperature-time on the recovery and recrystallization of vanadium alloys.

One-third-size blunt-notch Charpy specimens (3.33 x 3.33 x 25.4 mm), with a notch that was 0.51 mm
deep, with a root radius of 0.08 mm and an included angle of 30°, were obtained by electrodischarge
machining from 3.81-mm-thick plates which were in a 40% warm-rolled (400°C) condition. All the
specimens were oriented such that the crack could propagate parallel to the rolling direction. The machined
Charpy samples were annealed at temperatures from 950° to 1050°C for 2 h in a vacuum better than

1x 10 torr (<10'4 Pa). Impact testing was carried out in a semiautomated pendulum-type impact testing
system modified for subsize specimens.? Test temperatures employed were from —196° to 100°C with low
temperatures being achieved by using liquid nitrogen. The results from the testing were fitted with a
hyperbolic tangent function for determining the DBTT and upper-shelf energy. The lower-shelf energy was
fixed at 0.2 J. The midpoint between the upper- and lower-shelf energy levels was considered as the DBTT.
Fractography was done using a scanning electron microscope on the fracture surfaces obtained after the
impact testing.

Tensile specimens (SS-3s) with a gauge length of 7.62 mm and a gauge width of 1.52 mm were punched
from the as-received sheets. The punched samples were recrystallized by annealing for 2 h at 1000°Cina

vacuum better than 1 x 1076 torr (<10'4 Pa). Tensile testing was carried out in air at room temperature at
strain rates ranging from 1.1 x 103 t022x 10°Vs.

RESULTS AND DISCUSSION
RECOVERY AND RECRYSTALLIZATION

The complete results from the recovery and recrystallization study on the compositional variants have been
presented earlier.8 No significant difference in recovery and recrystallization kinetics was observed among
the five alloys examined. A major drop in hardness due to recovery by annihilation of dislocations and cell
formation leading to nucleation of some new grains was observed for 900°C anneals. At 950°C,
recrystallization proceeds from 20-30% after 1 h to 70-80% complete after 2 h. The recrystallization was
almost fully complete for 1000°C anneals after 1-2 h. The grain growth was observed in all five alloys for
anneals at 1050°C.

Figure 1 shows a plot of microhardness as a function of (Cr + Ti) content for alloys in a recovered (900°C)
. condition and in a fully recrystallized (1050°C) condition. The increasing dependence of hardness of V
alloys on Cr and Ti concentration has been reported by Loomis et al.11 and the data reported here follow
the same trend. In the present data, however, there does seem to be a significant incremental step in
hardness values when the combined Cr + Ti concentration exceeds ~9 wt.%. The 3Cr-3Ti, 4Cr-4Ti, and
6Cr-3Ti alloys have a minimum hardness in the range 130 to 142 DPH, whereas minimum hardness for
the 5Cr-5Ti and 6Cr-6Ti alloys falls in the range 160 to 165 DPH.

IMPACT TESTING

A full report on the impact testing and fracture behavior of the compositional variants has been published
earlier.” The 6Cr-3Ti alloy was tested with the following microstructures: recovered structure with small
amount of recrystallization (after 2-h anneal at 950°C), a partially recrystallized structure (after 2-h anneal at
1000°C), and a fully recrystallized structure (after 2-h anneal at 1050°C). Ali the three microstructures
showed a typical ductile-to-brittle transition behavior with a decrease in impact test temperature. The
DBTT ranged from around —175°C for the recovered structure to around -75°C for the fully recrystallized
structure which indicates that the final microstructure has a significant influence on the impact behavior.
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Figure 2 shows the results from the Charpy impact testing with absorbed energy as a function of test
temperature for V-5Cr-5Ti (heat T87), V-3Cr-3Ti (heat T91), V-4Cr-4Ti-Si (heat T89), V-6Cr-3Ti (heat
T92), and V-6Cr-6Ti (heat T90). Al the alloys were annealed at 1000°C for 2 h to produce an almost fully
recrystallized microstructure. The impact results shown in Fig. 2 can be placed into two groups: one group
containing alloys with lower (Cr + Ti) contents, i.e. V-3Cr-3Ti and V-4Cr-4Ti-Si, and the other group
having alloys with higher (Cr + Ti) contents, i.e. V-5Cr-5Ti, V-6Cr-3Ti, and V-6Cr-6Ti. The lower (Cr +
Ti)-containing alloys exhibit excellent impact behavior with V-4Cr-4Ti-Si showing DBTT of around
-175°C. The V-3Cr-3Ti alloy did not show any ductile-to-brittle transition and remained quite ductile even
at-196°C with shelf energy around 12 J. The higher (Cr + Ti)-containing alloys, V-5Cr-5Ti, V-6Cr-3Ti,
and V-6Cr-6Ti all had a DBTT of ~-120°C. The only difference among these alloys is in the upper shelf
energy with that for V-6Cr-3Ti being around 15 J and V-5Cr-5Ti and V-6Cr-6Ti having around 11 J. Ina
companion article,8 it was reported that the microhardness of the same alloys studied in the present work
was grouped in a similar fashion. In the fully recrystallized conditions, the lower (Cr + Ti)-containing
alloys had lower microhardness values (130-140 DPH) compared to the higher (Cr + Ti)-containing alloys
which possessed higher hardness values (155-160 DPH). Thus, the results of the impact testing in
conjunction with the results from recovery and recrystallization study8 indicate that there is an incremental
change in the physical and mechanical properties when the combined (Cr + Ti) content exceeds ~8 wt %.
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Figure 2. Third-size Charpy impact data for the Compositional Variants.
TENSILE TESTING

Figure 3 shows the variation of 0.2% yield stress (YS) with strain rate and Figure 4 shows the variation of
ultimate tensile strength (UTS) with strain rate for the 3Cr-3Ti and 6Cr-6Ti alloys. Both alloys exhibited
a general trend of incremental increase in YS and UTS with strain rate which is in line with the observed
results for many metals. There is a marked difference in the YS and UTS of 3Cr-3Ti with those of 6Cr-6Ti
for all strain rates tested. The V-6Cr-6Ti alloy was much stronger both at 0.2% strain and in UTS
compared to the V-3Cr-3Ti alloy. It is useful to recall here the results of the microhardness testing from an
earlier study® which showed that in both the recovered and fully recrystallized states, 6Cr-6Ti was much
harder (160-185 DPH) than 3Cr-3Ti (130-140 DPH), see Fig. 1. Hence, the results of tensile testing in the
present study in conjunction with the previous microhardness results reveal that the V-6Cr-6Ti alloy isan
intrinsically stronger alloy (possibly due mainly to solid solution strengthening from higher Cr and Ti
contents) compared to the V-3Cr-3Ti alloy. This strength difference may help explain the difference in the
impact behavior (strain rate of ~103/s) observed in the previous study’ between the V-6Cr-6Ti and V-3Cr-
3Ti alloys. The V-3Cr-3Ti alloy did not show any ductile-to-brittle transition behavior whereas the V-6Cr-
6Ti alloy showed a higher DBTT (compared to lower [Cr + Ti]-containing alloys) of around ~120°C with
both alloys exhibiting identical upper shelf energy of around 12 J, see Fig. 2.
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Figure 5 shows the variation of uniform elongation with strain rate for the 3Cr-3Ti and 6Cr-6Ti alloys.

Both showed identical behavior with ductility exhibiting no change for strain rates up to 1%x10"1/sanda
decrease for higher strain rate.
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Figure 5. Uniform Elongation as a function of Strain Rate for V-3Cr-3Ti and V-6Cr-6Ti.

CONCLUSIONS
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Variations in Cr and Ti over the range 3 to 6 wt.% have no discernible effects on recovery and
recrystallization kinetics; the hardness of both recovered and  recrystallized structures increases
with total (Cr + Ti) content.

In a fully recrystallized microstructural condition, the Charpy impact properties of the
compositional variants fall into two groups. Alloys containing a combined (Cr + Ti) content in
excess of ~8 wt.% exhibit a DBTT of —120°C. Alloy containing 3Cr3Ti and 4Cr4Ti showed
better resistance to cleavage fracture at low temperatures.

The 0.2% yield stress and UTS, in general, increase with increase in strain rate for both 3Cr-3Ti
and 6Cr-6Ti alloys. The V-6Cr-6Ti alloy was much stronger both at 0.2% strain and in UTS
compared to the V-3Cr-3Ti alloy. The results of tensile testing in the present study in
conjunction with the previous microhardness results reveal that the V-6Cr-6Ti alloy is an
intrinsically stronger alloy (possibly due mainly to solid solution strengthening from higher Cr
and Ti contents) compared to the V-3Cr-3Ti alloy.
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Effect of Specimen Size on the Fracture Toughness of V-4Cr-4Ti - R. J. Kurtz (Pacific Northwest
National Laboratory)*, Huaxin Li (Associated Western Universities-Northwest Division), and R. H.
Jones (Pacific Northwest National Laboratory)*

QBJECTIVE

The purpose of this research is to characterize the effect of specimen dimensions on the fracture
toughness of a low activation vanadium alloy.

SUMMARY

J-R curves were generated using the single specimen unload-compliance technique on four
specimens of V-4Cr-4Ti to determine the effect of specimen dimensions on the fracture behavior.
Ductile crack initiation and growth was observed in the 6.35 mm thick specimens but not in the
12.70 mm thick specimens. The J-R curves determined from these tests were not valid per ASTM
validity criteria so quantitative measures of the resistance to ductile crack initiation and growth were
not obtained. These data suggest that standard fracture toughness tests performed with small-scale
DCT specimens may also not be valid.

PROGRESS AND STATUS

Introduction

Development of vanadium alloys for the first-wall and blanket structures of fusion power systems
requires detailed information on the fracture properties in both the unirradiated and irradiated
conditions. Irradiation volumes for typical neutron sources limit the in-plane dimensions of fracture
toughness specimens to a few millimeters. Small-scale disk compact tension (DCT) specimens are
being used [1,2] to determine the fracture toughness of irradiated V-4Cr-4Ti. A recent study [3] of
the mixed-mode (I/III) fracture toughness behavior of V-5Cr-5Ti (Heat BL-63) annealed at 1125 °C
for one hour and tested at room temperature (RT) and 100 °C indicated the mode I toughness was
about 60 kJ/m2 and 470 kJ/m2, respectively. ASTM validity requirements were satisfied for the
RT tests, but not for the 100 °C tests. Recent developments in vanadium alloy processing indicate
the unirradiated fracture toughness will be high at RT and above. Tensile test data on unirradiated
and irradiated V-4Cr-4Ti specimens [4-5] suggest that room temperature mechanical properties of
unirradiated material are similar to irradiated material at about 600 °C. Thus, measurements of the
fracture toughness of unirradiated V-4Cr-4Ti at room temperature will provide insight as to the
validity of elevated temperature toughness measurements using small-scale DCT specimens of
irradiated material. A study of the effect of in-plane and thickness dimensions on the mode I J-R
curve behavior of unirradiated V-4Cr-4Ti was performed to aid the development and interpretation of
results from small-scale specimens used in irradiation experiments.

xperimental Procedur:

The material used in this study was V-4Cr-4Ti (Heat #832665) produced by Teledyne Wah Chang.
Material fabrication details have been reported previously [6]. The material was annealed by the
manufacturer for 2 hours at 1050 °C in a vacuum better than about 1.3 x 10-3 Pa. Compact tension
test specimens in the T-L orientation were machined from 6.35 and 12.7 mm thick plates. All
specimens were heat treated at 180 °C for 2 hours following machining to remove hydrogen. Table

*Qperated for the U. S. Department of Energy by Battelle Memorial Institute under Contract DE-
ACO06-76RLO 1830.
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1 gives the pertinent specimen dimensions employed in this study.

Table 1. Compact Tension Specimen Dimensions for J-R Curve Testing

Specimen ID | Width, mm | Thickness, mm | Side Groove Depth, % | Net Thickness, mm "

| vosTi2 50.80 12.70 None 12.70
| vos -1 50.80 6.35 10 5.08
V95 S1-2 30.48 12.70 10 10.16

V95 S2-1 30.48 6.35 10 5.08 "

J-R curves were generated by the single specimen unload-compliance test procedure. All tests were
performed in laboratory air at 25 °C. Specimens were fatigue cracked before and after J-testing to
mark the extent of ductile crack growth.

Results

Plots of the J-R curves for the 6.35 mm thick specimens are shown in Figures 1 and 2. Figure 1
presents results for the 30.48 mm wide specimen and Figure 2 gives the results for the 50 80 mm
specimen. The results for the two specimens are similar. Figures 1 and 2 show J-values
approaching 1500 k}/m2 for both specimens. ASTM validity criteria for Jp,5¢ and Aap,ax were

violated for these tests so critical J-values for crack extension were not computed from the data.

The test results for the 12.70 mm thick specimens showed no ductile crack initiation and growth
occurred. Inspection of the fracture surfaces after the test confirmed this finding. Normally the
fracture toughness should decrease with increasing thickness until plane-strain conditions are
reached. Under plane-strain conditions the fracture toughness will not depend on specimen
thickness and therefore, constitutes a fundamental material property. The present tests were not
conducted under plane-strain conditions. Thus, the fracture toughness would be expected to
decrease with increasing thickness. The lack of ductile crack extension for the 12.70 mm thick
samples suggests the toughness of these specimens is higher than for the thinner samples. This
result is contrary to expectation.

Discussion

Elastic-plastic fracture mechanics using the J-integral is based on the concept of J dominance, where
the stress and strain states near the crack tip are established by the J-level. The applicability of the
J-integral is limited to high constraint crack geometries. For J to be the relevant fracture mechanics
parameter controlling ductile crack initiation in the region of intense plastic deformation near the
crack tip must be small relative to certain specimen dimensions such as the thickness and uncracked
ligament. ASTM test procedure E 1152-87 [7] describes a standard method for determining valid J-
R curves for metallic materials. This standard puts limits on the J-level and amount of ductile crack
extension permitted for a measured J-R curve to be considered valid. The maximum J-integral
capacity for a particular specimen is given by the smaller of:

where Oy is the material flow stress (i.e., the average of the 0.2% offset tensile yield strength and the
ultimate tensile strength), and B is the specimen thickness. The maximum crack extension, Aanax,
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capacity for a specimen is given by:
Aapay = 0.1b,

where by, is the size of the initial uncracked ligament. Table 2 gives the maximum J-integral and

crack extension capacities for the specimens used in this study compared to the standard DCT
specimens used in ifradiation experiments. The RT value of oy used to generate Table 2 was 420
MPa [4]. Note the J-integral capacity of the DCT specimens is limited by their small in-plane
dimensions, but the specimens used in this study are limited by their thickness dimensions.
Clearly the results presented in Figures 1 and 2 are not valid J-R curves per ASTM criteria.

Thus, a critical J-value (Jic) for ductile crack initiation can not be determined from these curves.

Larger test specimens or alternative analysis techniques such as those recently advanced by
Edsinger, et. al. [8] may be needed to obtain valid estimates of the fracture toughness of V-4Cr-4Ti
over the temperature range of interest in a fusion power system.

Table 2. Maximum J-Integral Measurement Capacities for Various Specimen Geometries

| Specimen ID Tmax, KI/m2* Tmax, KI/m2** Afmay, MM
V95 T1-2 267 533 2.54
" V95 T2-1 133 533 2.54 |
V95 S1-2 267 320 1.53
V95 §2-1 133 320 1.53 “
DCT-A*** 75 50 0.24 |
| pcr-Bes 123 83 0.39 H

*Based on thickness dimension.
**Based on uncracked ligament dimension.
**+*Standard Fusion Materials Program DCT specimens.

CONCLUSIONS

The RT fracture toughness of V-4Cr-4Ti (Heat 832665) is very high. ASTM validity criteria for J-
R curve determination were not satisfied for any of the specimens tested. These results suggest that
standard fracture toughness tests performed with small-scale DCT specimens may also not meet
ASTM criteria. No ductile crack extension was observed for the 12.70 mm thick specimens. This
suggests the toughness of the 12.70 mm thick specimens is greater than the 6.35 mm specimens
which is contrary to expectation since thicker specimens should exhibit higher constraint. .

FUTURE WORK

Alternative fracture toughness measurement techniques will be investigated to determine
applicability to fusion power system materials, components and structures.
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EFFECT OF OXYGEN AND OXIDATION ON TENSILE BEHAVIOR OF V-5Cr-5Ti"
K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) evaluate the oxygen uptake of V-Cr-Ti alloys as a function of
temperature and oxygen partial pressure in the exposure environment, (b) examine the microstructural
characteristics of oxide scales and oxygen entrapped at the grain boundaries in the substrate alloys,
(c) evaluate the influence of oxygen uptake on the tensile properties of the alloys at room and elevated
temperatures, (d) evaluate oxidation kinetics of the alloys with aluminum-enriched surface layers, and
(e) determine the effect of oxygen uptake on the tensile behavior of the alloys.

SUMMARY

Oxidation studies were conducted on V-5Cr-5Ti alloy specimens in an air environment to evaluate the
oxygen uptake behavior of the alloy as a function of temperature and exposure time. The oxidation rates
calculated from parabolic kinetic measurements of thermogravimetric testing and confirmed by microscopic
analyses of cross sections of exposed specimens were 5, 17, and 27 um per year after exposure at 300, 400,
and 500°C, respectively. Uniaxial tensile tests were conducted at room temperature and at 500°C on
preoxidized specimens of the alloy to examine the effects of oxidation and oxygen migration on tensile
strength and ductility. Microstructural characteristics of several of the tested specimens were determined by
electron optics techniques. Correlations were developed between tensile strength and ductility of the
oxidized alloy and microstructural characteristics such as oxide thickness, depth of hardened layer, depth of
intergranular fracture zone, and transverse crack length. :

EXPERIMENTAL PROGRAM

The heat of vanadium alloy selected for the study had a nominal composition of V-5 wt.%Cr -5 wt.%Ti and
was designated as BL-63. A sheet material of the alloy was annealed for 1 h at 1050°C prior to its use in
oxidation and tensile testing. Coupon specimens measuring =15 x 7.5 x | mm were used for the oxidation
studies. Oxidation experiments were conducted in air in a thermogravimetric test apparatus. The test
temperatures ranged between 300 and 650°C.

Tensile specimens were fabricated according to ASTM specifications and had a gauge length of =19 mm and

. a gauge width of =4.5 mm. The grain size of the specimens was =32 pm. The specimens were preoxidized

in air at 500°C for 24, 250, 600, 1000, and 2060 h prior to tensile testing in air at 500°C. Similar
specimens preoxidized up to 1000 h at 500°C in air were also tensile tested at room temperature. As-
annealed (control) specimens were tensile tested on an Instron machine at constant crosshead speeds between
0.0005 and 0.2 cm/min. These speeds correspond to initial strain rates in the range of 4.4 x 106 t0 1.8 x

103 s1. The preoxidized specimens were tested at a strain rate of 1.8 x 104 s71. The test temperature was
maintained within 2°C in all tests performed in air at 500°C. 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 by using load/elongation chart
records. The fracture surfaces and longitudinal and axial cross sections of tested specimens were examined
by scanning electron microscopy (SEM). In addition, Vickers hardness was measured on several of the
tested specimens. Coupon specimens of the alloy that were oxidized with the tensile specimens were
analyzed for bulk oxygen content by a vacuum-fusion technique.

RESULTS AND DISCUSSION
Oxidation Behavior

Oxidation of the alloy followed parabolic kinetics with time. Detailed SEM analysis (with both energy-
dispersive and wavelength-dispersive analysis) of the oxidized samples showed that the outer layer was
predominantly vanadium-rich oxide and the inner layer was (V,Ti) oxide. Further, X-ray diffraction of the

*Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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oxides showed the outer oxide to be V205; no nitrogen or nitride phases were detected. The thickness of
the oxide scale of the specimens calculated from a parabolic rate equation was in good agreement with the
values determined by microscopy. The results were discussed in earlier reports (1, 2). Secondary ion mass
spectrometry is presently used to obtain depth profiles for oxygen in the tested specimens.

Effect of Oxidation on Tensile Properties

To evaluate the effect of oxide scale formation and oxygen penetration into the substrate alloy, tensile
behavior of the alloy was examined as a function of oxygen ingress and oxide scale formation. Specimens
were exposed to air for 24-2060 h in air at 500°C and then tensile tested in air at either room temperature or

500°C at a strain rate of 1.8 x 1074 5.

Figure 1 shows the engineering stress/engineering strain curves at 500°C for specimens after oxidation for
several exposure times up to 2060 h. Stress/strain behavior of the alloy is virtually unaffected by 24 h
exposure in air at 500°C. As exposure time increases to 250 h, alloy strength increases, with some loss in
tensile ductility. In the exposure period of 250-1000 h, the alloy essentially has the same ultimate tensile
strength but with reductions in tensile ductility from 0.21 at 24 h exposure to 0.14 at 1000 h exposure.
Further exposure of the alloy to air at 500°C causes loss of strength and tensile ductility, as evidenced by -
the stress/strain curve for the specimen preoxidized for 2060 h.

Figure 2 shows engineering stress/engineering strain curves obtained at room temperature for specimens
after oxidation for several exposure times up to 1000 h. A significant increase in tensile strength of the
alloy is seen after 24 h of oxidation. The rupture strain of the specimen decreased from =0.32 to 0.265 after
24 h of oxidation at 500°C. However, the effect of oxidation on ductility was more severe as oxidation
time increased to 260 h and beyond. The rupture strain values were, respectively 0.07, 0.032, and 0.032
after 260, 600, and 1000 h of oxidation. Figures 3 and 4 show the variations in maximum engineering
stress and rupture strain as a function of preoxidation time in air at 500°C for tests conducted at room

temperature and 500°C.
: T l LR I LB LI I LER LI I T 17 7 ' T 1 T T I LR : 600 _l TI1T 8373V 7T T3 3T LISLINLINE St 2k But At Sut Suimk tut Bt 4 T L ot 0t 2 S B S O 3 l-l
500 | E — v 3
-~  F 3 500
o o ] o F k
S 400 E £ t L ]
% k . @400 i
5 300 F 3 3 L | ]
& F ] Haool /soo and 1000 h 0h1
o ] 3 3
£ 200 F 3 2t 4 24h)|
g : 52001 u/ ]
S100[ - e f 250 h 1
@ A \ ] D400{ ]
- 24h \0h - LTI 3
of 1000 h 600 h 3 s ]
A PP BT AT P TSI e [ IR e nh-.......n.....\n.nl
0 0.05 0.1 0.15 0.2 0.25 0 005 0.1 0.15 02 025 03 035
Engineering Strain ‘ Engineering Strain
Figure 1. Effect of preoxidation at 500°C on Figure 2. Effect of preoxidation at 500°C on
stress-strain behavior of V-5Cr-5Ti stress-strain behavior of V-5Cr-5Ti
alloy tested at 500°C in air at a alloy tested at room temperature in
strain rate of 1.75 x 104571, air at a strain rate of 1.75 x 104 571,

Microstructural Observations

Axial cross sections of several tested specimens were examined by SEM. Figure 5 shows specimen
sections tested in as-annealed condition and after oxidation for 24, 250, 1000, and 2060 h in air at S00°C.
The photomicrographs show that as oxidation time increases, both the cracks in the transverse direction and
the crack spacing in the axial direction increase. Furthermore, as oxidation time increases, the specimen
undergoes little necking of the gauge section during the tensile test. It is evident, especially from
specimens exposed for 1000 and 2060 h, that fracture occurred by propagation of an axial crack and that
because the core of the alloy was somewhat ductile, the crack- propagation direction in the core region was
at an angle of =45°. |
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Figure 5. Scanning electron photomicrographs of axial sections of V-5Cr-5Ti specimens tensile tested at
500°C in as-annealed condition and after oxidation in air at 500°C for several exposure times

Figure 6 shows photomicrographs of as-annealed and preoxidized specimens tested at room temperature.
The as-annealed specimen exhibited significant necking prior to fracture. The specimen preoxidized for 24 h
exhibited numerous cracks, but less necking than in the as-annealed specimen. The specimen preoxidized
for 260 h exhibited several small cracks but virtually no necking prior to fracture. The specimens
preoxidized for 600 and 1000 h showed no surface cracks but were fully embrittled.

Table 1 lists the calculated and measured thickness of oxide layers, depths of hardened layers (from Vickers
hardness measurements), thickness of intergranular fracture zones, and transverse crack lengths for
specimens as-annealed, preoxidized, and tensile tested at room temperature and 500°C. The data in Table 1
show that the oxide layer is fairly thin even after exposure to air at S00°C for 2060 h. However, oxygen
diffusion into the substrate alloy and its enrichment in the surface regions of the specimens alter the fracture
mode, changing it from ductile to cleavage. Furthermore, the thickness of the intergranular fracture zone is
in good agreement with the crack lengths measured in the transverse direction. The difference in the
intergranular fracture zone thickness and the crack length can be attributed to a subsurface oxygen-enriched
layer that is not fully brittle. The results also indicate a threshold oxygen concentration in the alloy for
embrittlement to ensue, and this is presently being investigated.
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As Annealed 24 h 600 h 1000 h

Figure 6. Scanning electron photomicrographs of axial sections of V-5Cr-5Ti specimens tensile tested at
room temperature in as-annealed condition and after oxidation in air at 500°C for several
exposure time

Table 1. Oxidation, hardness, and fracture data for V-5Cr-5Ti alloy

Depth of
Calculated Measured  hardened layer Intergranular-  Measured crack
oxide oxide after exposure at  fracture zone length (Um)
Exposure  thickness? thickness 500°C (nm) Rupture strain
time (h) (tm) (um) (m) RT? 500°C_ RT® 500°C__RTP  500°C
0 0 0 0 0 0 0 10 0322 0.233
24 14 1.2 <25 c 25 24 22 0265 0215
250d 4.6 5.0 45 >500 65 e 50 0065 0.172
600 7.1 7.1 68 >500 100 e 90  0.032 0.143
10004 9.1 9.0 80 >500 120 e 110 0.032 0.135
2060 13.1 14.0 120 NTf 165 NTf 160 NTf  0.090

8Values were calculated with an equation developed from a parabolic fit of all the oxidation data .
bRT=room temperature. .

CFracture is partially ductile and no transition is noted from ductile to brittle fracture.

dExposure times were 260 and 1050 h for the samples tested at room temperature.

€Specimen fully embrittled.

fNT=not tested.

Additional exposures as a function of oxygen partial pressure in the exposure environment, as well as
tensile tests at other temperatures on oxidized specimens, are underway to establish alloy performance in an
oxygen-containing environment.
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CHEMICAL AND MECHANICAL INTERACTIONS OF IN'IﬁRSTITIALS WITH VANADIUM
ALLOYS-J. R. DiStefano, L. D. Chitwood and J. H. DeVan , Oak Ridge National Laboratory,
P.O. Box 2008, Oak Ridge, TN 37831-6157

OBJECTIVE

Liquid lithium contained by a vanadium alloy structure is the favored concept for an advanced
breeding blanket for certain fusion reactor concepts. The objective of this task is to determine the
Kinetics of reactions of vanadium alloys with hydrogen and oxygen as a function of alloy composition
and microstructure, and to determine their effects on mechanical properties.

SUMMARY

Oxidation studies of V-4Cr-4Ti were conducted in air and reduced oxygen partial pressures (10'4, 10
and 107® Torr). Reaction rates were determined by weight change measurements and chemical
analyses. Mechanical properties after the exposures were determined by room temperature tensile
tests.

In air at 400 and 500°C, oxide films form on the surface. Initially, rates are high but decrease with
time reaching similar values to those found in oxygen partial pressures of 10‘4, 10" and 10° Torr.
At 400°C, oxygen pick-up followed a logarithmic function of time and was confined to regions near
the surface. Little change in room temperature tensile properties were noted for oxygen increases up
to 1500 ppm. Thermal cycling specimens from 400°C to room temperature up to 14 times had no
apparent effect on oxidation rate or tensile properties. At 500°C, oxygen pick-up appeared to follow
a parabolic relation with time. Rates were ~ 10 times those at 400°C and correspondingly larger
oxygen increases occurred when compared with the 400°C tests after similar time periods. This
resulted in a significant decrease in total elongation after 240 h.

At reduced oxygen partial pressures, rates were measured for times <100 h. Data are relatively sparse
but generally show a slightly higher initial rate before slowing down. At 400°C increases to ~ 200
ppm oxygen were found with no effect on room temperature elongation. At 500°C increases in
oxygen of ~2400 ppm after 50 1h/10™ Torr resulted in a decrease of around 25% in room temperature
elongation. By comparison, exposure to air at 500°C for 12 h caused nearly the same results.

Results and Discussion

Air The oxidation of V-4Cr-4Ti has been studied in air at 400 and 500°C. As was previously done
with V-5Cr-5Ti, we are continuing to use small tensile specimens’(SS-3), nominally 0.76 mm thick
with 1.5 mm x 7.6 mm gage sections that were stamped from sheet.

Cyclic oxidation behavior of annealed material (1050°C) was determined by repeatedly heating
samples to 400°C for 24 h and then cooling to room temperature (1 cycle). Weight changes and
room temperature tensile properties after exposure for 1 - 14 cycles (24 - 337 h) are shown in Table 1.
The weight change data best fit a logarithmic time dependence:

* Consultant
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AW (mg/cm?)=1.1x 10" Iog t (h) - 527x 102,

an indication that chemisorption of oxygen or electric-field-induced transport of electrons or ions
across the oxide film may be rate limiting. The weight change data in Table 1 show considerable
scatter; therefore, in a separate experiment, a single specimen was given 9 cycles in air while its
weight was continuously monitored in a microbalance system. In this case a slightly different
logarithmic function fit the data:

aW (mg/em?)=08x 101 10g t (h) - 33x 1072,

Table 1. Results of Cyclic Oxidation of V-4Cr-4Ti at 400°C in Air

Spec. | Time | Cycles | Weight Change Rate Room Temp. Tensile
No. (h) mg,/cm2 mgcmzlh Y.S. U.T.S. Elong.
(MPa) (MPa) (%)
WE-43 |24 1 085 35x103 | 363 449 308
| WE-44 |48 2 135 28x103 | 350 441 31 I
" we4s |72 |3 165 23x103 | 347 446 31 "
WE-46 | 9% 4 215 22x102 | 352 441 28.8
WE47 |120 |5 205 17x103 | 350 445 30.7
WE48 | 144 |6 185 13x103 | 354 445 295
WE49 |169 |7 160 95x10% | 339 438 32
WEs0 | 193 |8 265 14x103 |35 458 28.6
WES1 |217 |9 205 95x 104 | 357 451 293
WE52 |265 |11 190 72x10% | 368 467 26.8
WE-53 |289 |12 190 66x10% | 357 452 26.0
" WE54 [313 |13 200 64x10% |356 452 28.8
" WE-s5 |337 |14 280 83x10% | 361 452 287
u WE-58 |577 |None |.270 47x10% | 358 458 278

Even though oxygen increases up to 1500 ppm occurred, room temperature tensile properties were
essentially unchanged by the exposures to air at 400°C. Total elongation averaged 29.3% with a
standard deviation of only 1.7%. An oxide scale was observed on the surface to a thickness of < 2
pm (0.1 mil). The specimens also showed a hardness increase immediately below the scale, an
indication of internal oxidation. However, the depth of the increase was limited to ~ 10um,
further confirmation that bulk properties should not have been affected.
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The non-cyclic oxidation of V-4Cr-4Ti was measured in air at 500°C for times to 240 h as shown
in Table 2. Based on a parabolic rate law, the parabolic rate constant was found to be 4.8 x 10"
(mgzlcm4 h). At this temperature, oxygen increases were higher than at 400°C reaching 6080
ppm after 240 h. Room temperature elangation decreased with increasing oxygen pick-up and was
8.9% after 240 h. ot
Table 2. Results of Oxidation of V-4Cr-4Ti at 500°C in Air

“ Time Temp. AW Y.S. UTS. | Elong. | Rate
(h) €O (ppm) (MPa) (MPa) (%) | mgem?mh

Air 12 500 2118 374 469 248 3.1x 102
Air 48 500 2871 402 504 181 |11x102
Air 72 500 3796 392 483 13.1 9.4x1073 .

Air 95 500 4373 381 477 153 82x 103
Air 240 500 6080 382 456 8.9 45x 103

Reduced Oxygen Pressure The oxidation of V-4Cr-4Ti was also measured at 400 and 500°C at
reduced oxygen pressures of 104 and 10 Torr. Results are summarized in Table 3. If we
compare oxidation rates under these conditions with those previously measured in air or at Po, =
1x 106 Torr, discussed below (Table 4), it is interesting to note that after long times there is
little difference. In air an oxide film forms on the specimen at both 400 and 500°C, although it is
significantly thicker at 500°C. Overall the oxidation rate in air at 500°C was about a factor of 10
higher than at 400°C. However, the rate during the first 120 h of exposure at 400°C was about
the same as during the last 135 h at 500°C. In low pressure oxygen, oxide films are not visually
or microscopically apparent and the rates of oxygen uptake do not change dramatically with time.
Although the limited data at reduced pressures do not yet allow reporting a rate law dependence,
the data at 500°C at 10'4 and 10™ Torr are not inconsistent with parabolic behavior, which
indicates a thermal diffusion process. Since the rate in air is initially much higher, than after
longer times, it appears that formation and growth of the oxide film is a factor. However, it is not
readily apparent why long-term rates in air are essentially the same as those at reduced pressures
where measurable oxide films do not form.

In other experiments, V-4Cr-4Ti was exposed to oxygen at 1 x 106 Torr at either 400 or 500° C,
without and without a pre-oxidation in air at the same temperature, respectively. Results are
summarized in Table 5.

Based on weight changes at 106 Torr and 500° C, pre-oxidation in air at 500°C appeared to
prevent further oxidation during the subsequent low-pressure exposure for times to 100 h.
Furthermore, total elongation was slightly higher with pre-oxidation than without.

At 400°C, pre-oxidation in air at 400°C was not as effective, probably because the oxide film
formed during the air exposure was very thin or was not continuous after 24 h. Even so, as had
been the case at 500°C, no serious loss in ductility was observed.
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Table 3. Oxidation of V-4Cr-4Ti at Low Oxygen Partial Pressures

Sample No. | Conditions | Wt. Change Rate Y.S. U.TS. | Elong.
(mg) | mgem?h | (MPa) | (MPa) %
1x 104 Torr H
0,/400°C
WES69 10h 06 31x103 |3s8 441 355
70 25h 04 84x10% |350 444|340
7T 50h 07 74x10% {359 458 34.0
1x 10° Torr ﬂ
0, /400°C
WET2 25 03 63x10% |353 436 34.0
73 50 03 32x10% [355 445|357
74 100 07 37x10% | 359 452|333
1 x 10" Torr
0,/500°C “
WET5 10 15 79x103 |348 451 338 "
76 26 31 63x103 |364 470 |287
77 50 45 47x103 | 366 480 30.0
1x 10? Torr
fl 0,/500°C
WE34 25 38 8x103  |343 454 | 300 "
35 50 59 62x103 |337 455 |253 "
36 100 79 42x103 |34 458 24.7 "
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Table 4. Oxidation Rates of V-4Cr-4Ti

PO, Torr Rate (mg/cm%/h)
400°C ( 500°C
Air 5-35x 1074 5.30 x 10”3
1x 104 7-32x 1074 58x 103
1x 107 3.6x 104 48x 1073
1x 10 7x 10 38x 103

Table 5. Effects of Pre-Oxidation in Air

Pre-Oxidation Oxidation Room Temperature
Tensile Properties?
Pre- Weight | Oxygen | Time | Temp. Weight Change YS. | U.TS. | Total
Oxidation | Change | Pressure | (h) °C) | (ppm) (mg/cmzlh) (MPa) | (MPa) | Elong.
Treatment | (ppm) | (Torr) (%)
None 1x 100 |48 500 1375 0051353 449 215
24h/500°C | 2106 1x100 |48 500 29 -0001 | 366 460 23.8
120/500°C | 2118 | — —_— |— = | 3740 [469® 2480
12h/500°C | 2210 1x10° |48 500 -86 -.0003 | 358 451 233
24h/400°C | 467 — e B - -—1359 476 25
24h/400°C | 311 1x10° |48 400 198 .0007 | 363 482 21.1

8. Samples heat treated 100h/500°C in vacuum following oxidation except where noted.
- Sample not heat treated following pre-oxidation.

Work in Pioggess

Experiments to determine the oxidation of the reference V-4Cr-4Ti alloy at low oxygen partial
pressures are continuing to develop rate equations for the uptake of oxygen as a function of
temperature and oxygen pressure. Samples from these experiments are also being used to evaluate
the effect of oxygen uptake on the mechanical properties of the alloy. Large-grained material may
be more susceptible to embrittlement by oxygen and, therefore, the effect of grain size is also
being studied.
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SOLUBILITY OF HYDROGEN IN V-4Cr-4Ti AND LITHIUM" J.-H. Park, G. Dragel, R. A. Erck,
and D. L. Smith (Argonne National Laboratory) and R. E. Buxbaum (Michigan State University)

SUMMARY

The solubility of hydrogen in V-4Cr-4Ti and liquid lithium was determined at 400-675°C and a hydrogen
pressure of 9.09 x 10-% torr (1.21 x 10~! Pa). Hydrogen concentration in both materials decreased as
temperature increased, and the ratio of the hydrogen concentration in liquid lithium and V-4Cr-4Ti
(hydrogen distribution ratio R) increased with temperature, e.g., R was =17 at 400°C and =80 at 700°C.
Desorption of hydrogen from V-4Cr-4Ti is a thermally activated process and the activation energy of the
desorption rate is 0.405 eV.

INTRODUCTION

The ion density in fusion reactor designs is 1.2 x 1020-m=3, which corresponds to a hydrogen pressure of
=105 torr at room temperature. Interaction between hydrogen and first—-wall components in a fusion
reactor is not likely to produce hydrogen embrittlement of structural materials because the partial pressure
of hydrogen in the system is low. However, it is important to determine the solubility of hydrogen in
vanadium and liquid lithium and its rate of transport in these materials to optimize the design of a liquid—
metal-cooled blanket in a fusion reactor. DeVan et al.! measured the solubility of hydrogen in V-5Cr-5Ti
at hydrogen pressures of 6 x 104 — 3 x10-2 torr by equilibration, followed by fast and slow cooling of
specimens that were then analyzed for hydrogen. Cooling rate was found to be an important parameter; the
concentration of hydrogen in slow—cooled specimens was higher by factors of 4-7 than that in specimens
that were subjected to a fast cooling rate.

EXPERIMENTAL PROCEDURES

Several small tabular specimens of V-4Cr-4Ti (1.0 x 12.7 x 75 mm and =10 g, and 1.0 x 4.0 x 75 mm and
=3.4 g) were used in the hydrogen solubility/desorption rate studies. Similar studies were performed on
liquid lithium (=1.3 g) in a V-7.5Cr-15Ti tube (7.5 mm diameter, 0.4 mm wall thickness, with a mass of
6.829 g) that was sealed with V-20Ti end plugs (7 mm long, with a combined mass of 2.313 g) by
tungsten—inert—gas welding in a helium environment. The sealed cells were heated in a vacuum at 700°C
for 24 h to check for leakage of lithium; no leaks occurred. The outside surface of each capsule was
sputter—coated with palladium.

Several experimental parameters, such as the volume of the vacuum chamber and steady—state flow rate of
hydrogen as a function of pressure, were determined for the appdratus. Hydrogen pressure measured with
an ionization gauge (IG) was lower by a factor of 0.44 than the actual pressure. The relationship between
hydrogen flow rate and pressure in Fig. 1 is linear to =1076 torr, and the data could be extrapolated with
confidence to the 1077 torr range.

The specimens were heated in a tantalum tube furnace (178 mm long, 12.7 mm diameter, 0.5 mm thick),
which was installed horizontally in the vacuum chamber. The furnace could be heated to 850°C within
7 min by an AC current of =125 A. Pure hydrogen was admitted to the system by diffusion through a
palladium membrane, and a steady-state pressure of 9.09 x 10~ torr (IG = 4.0 x 104 torr) was maintained
by a partially open turbo gate. After attaining the steady state, the pressure was monitored as a function of
time with the turbo gate fully open to obtain hydrogen flow rate as a function of pressure in Fig. 1. The
solubility of hydrogen in the samples was obtained from these data and by integration of the hydrogen
evolution rate as a function of time. However, before measurements could be performed, sources of
hydrogen in the system, such as the furnace, chamber, current supplying system, etc., had to be quantified
relative to hydrogen contained in the specimens for which experimental data on hydrogen solubility (Xy)
and desorption rate (Jy) were obtained. For the transport experiments, net flux of hydrogen from the
samples can be written as

*Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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J= -TH. total ~ JH,system M
where J is the net hydrogen desorption rate of the specimens and Jy yyqem is the hydrogen desorption rate

of the system, e.g., from the tantalum furnace, chamber wall, etc. The concentration of hydrogen in the
specimens was obtained by integrating J between time limits 0 and o, i.e.,

Xg = [3(® dt. )
040 pr T T T T T
0.35 Flow Rate (SCCM) = 58770 x Pressure (torr) E
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; Figure. 1.
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3 gate open.
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In each experiment, the specimens attain an equilibrium hydrogen concentration at a given temperature.
Then, the hydrogen partial pressure in the chamber is lowered by opening the turbo gate for 120 s, during
which time most of the hydrogen desorbes at a system pressure of =106 torr. The remaining hydrogen in
the specimens (and the tantalum furnace) desorbs as the furnace is heated to 860°C by an AC current of
=]25 A. Figures 2 and 3 are typical plots of temperature and pressure versus time, respectively. Figure 4
shows the amount of hydrogen released from 10 and 32.5 g of the alloy as a function of time during the
desorption phase of the experiment. This amount was obtained by integrating hydrogen flux as a function
of time. By comparing the results from two tests on specimens of different mass, we can be obtain the net
amount of hydrogen released by V-4Cr-4Ti. The difference in the amount of hydrogen released from the
two sets of specimens is constant after 8.5 min (Fig. 4); however, the initial values are =1 cm3 for a
hydrogen pressure of 9.09 x 104 torr in the chamber. These results indicate that the relative experimental

error may increase if this method is used with higher initial hydrogen pressures. Hydrogen solubility in
liquid lithium was obtained in a similar manner.
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Figure 2.

Furnace temperature vs. time during
isothermal and high-heating-rate conditions
produced by AC current of 125 A.
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Figure 5 shows the effect of temperature on the hydrogen concentration in lithium and V—(4,5)Cr—(4,5)Ti
from this investigation and from Ref. 1, along with the predicted dependence on hydrogen in pure
vanadium and lithium based on the data in Ref. 2, at a hydrogen pressure of 9.09 x 10~4 torr. Hydrogen
concentrations in V-4Cr—4Ti are lower by two orders of magnitude than in pure vanadium. These results
were used to calculate the ratio of the hydrogen concentration in lithium and vanadium and V-4Cr-4Ti, i.e.,
the distribution ratio as a function of temperature, as shown in Fig. 6. The ratios based on our experimental
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Figure 5.
Lithium Vanadium . Atom fraction of hydrogen in lithium,
(present study)  (calc. from Ref. 2) vanadium, and V-4Cr-4Ti vs. temperature at
- —0O— hydrogen pressure of 9.09 x 10—4 torr.
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data increase as temperature increases from =17 at 400°C to =80 at 700°C. Distribution ratios based on
hydrogen solubility data in lithium from Ref. 2 are also shown in the figure; they are higher by a factor of
>10 than the present results and the values decrease as temperature increases.

LRI
1 sl

10

The hydrogen desorption rate for V4Cr—4Ti spec}mens, obtained from pressure—vs.—time plots (e.g.,
Fig. 3), is shown as function of reciprocal temperature in Fig. 7. Desorption of hydrogen from V-4Cr-4Ti
is a thermally activated process with an activation energy of 0.405 eV,
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CONCLUSIONS

Hydrogen solubility and desorption rate information for V-4Cr-4Ti and liquid lithium were obtained as a

function of temperature at a hydrogen pressure of 9.09 x 104 torr. Hydrogen distribution ratios between
the vanadium alloy and liquid lithium have been determined at 400-700°C at this hydrogen pressure.
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HYDROGEN UPTAKE IN VANADIUM FIRST WALL STRUCTURES‘ - E. P. Simonen
and R. H. Jones, (Pacific Northwest National Laboratory3)
Richland, WA 99352

OBJECTIVE
To evaluate hydrogen isotope concentrations in layered vanabium structures.
SUMMARY

Evaluation of hydrogen sources and transport are needed to assess the mechanical
integrity of V structures. Two sources include implantation and transmutation. The
proposed coatings for the DEMO and ITER first wall strongly influence retention of
hydrogen isotopes. Upper limit calculations of hydregen inventory were based on
recycling to the plasma and an impermeable coolant-side coating. Hydrogen isotope
concentrations in V approaching 1,000 appm may be achieved.

TECHNICAL PROGRESS

Background

Vanadium is being considered as a first wall structural material due to its many
advantages including low activation and potential for resistance to high temperature
and high dose irradiation. A critical issue for the use of V is its compatibility with
hydrogen. Hydrogen is known to affect the mechanical behavior of refractory metals
such as V. Two key sources of hydrogen are from plasma implantation fluxes and
from transmutations. Because of incompatibility of V with the plasma and MHD
compatibility with the Li coolant, coatings have been proposed for use on both the
plasma surface and the coolant surface. Be is proposed on the plasma side to
minimize problems associated with sputtered surface atoms. An insulating coating is
proposed on the coolant side to minimize MHD pumping losses in the liquid Li
coolant. These coatings affect the inventory of hydrogen during first wall exposure.

In this study, the permeation model DIFFUSE! has been used to evaluate the potential
build up of hydrogen in V as a function of temperature and irradiation fluence.2
DEMO and ITER relevant conditions are examined and effects of boundary condition
assumptions are described.

Hydrogen Uptake Considerations

A schematic of the multilayer first wall structure assumed in the present analysis is
shown in Figure 1. A 1 mm Be layer is assumed on the plasma side and an
impermeable barrier is assumed on the coolant side. The Be and V diffusivities and
solubilities are assumed as given in the DIFFUSE code.1;3 The down-stream
insulating barrier is accounted for by assuming a zero flux boundary condition across
the barrier. A temperature gradient of 200°C was used in the calculations such that
the plasma interface was 200°C higher than the coolant interface. ’

aPacific Northwest National Laboratory is operated for the U.S. Department of Energy
by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.
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SCHEMATIC OF MULTILAYER STRUCTURE
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Figure 1. A schematic of hydrogen isotope uptake by implantation. Most of the

implanted hydrogen is recycled to the plasma because of the shallow depth of
implantation. Transmutation produced hydrogen isotopes (not shown) are generated
throughout the structure based on local elemental compositions, neutron spectra, and
cross-section for nuclear reactions.

The implanted tritium concentration profile was calculated from the TRIM code4 and
an energy of 100 eV for implantation into Be. An implantation flux of 1016 ions/cm?
was assumed to be representative of the ITER first wall. The concentration of
tritium at the surface was assumed to be zero, that is the recycle flux was diffusion
controlled in contrast to surface recombination controlled.

The down stream insulating barrier was assumed to have a high permeation resistance.
Insulators are known to possess high permeation resistance,5 however, there is
evidence that radiation can significantly enhance migration of hydrogen in insulators.6
The possibility of a significant loss' in permeation resistance during irradiation was
evaluated by considering a variable permeation reduction factor compared to V.
Because Li is considered as a coolant and because Li has a high affinity for hydrogen,
the coolant boundary condition did not require consideration of hydrogem uptake from
the coolant to the V structure.

Transmutation rates were calculated from the STARFIRE, first wall spectrum’.8 and for
an alloy composition of V- 4 Ti - 4 Cr and for pure Be. The total production of
hydrogen isotopes was calculated to be 18.7 appm/dpa for the 