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CHEMISTRY RELATED TO THE PROCUREMENT OF VANADIUM ALLOYS —
D. L. Smith, H. M. Chung, and H. C. Tsai (Argonne National Laboratory)

Evaluation of trace element concentrations in vanadium alloys is important to
characterize the low-activation characteristics and possible effects of trace elements
on the properties. Detailed chemical analyses of several vanadium and vanadium
alloy heats procured for the Argonne vanadium alloy development program were
analyzed by Johnson-Matthey (UK) as part of a joint activity to evaluate trace
element effects on the performance characteristics. These heats were produced by
normal production practices for high grade vanadium. The analyses include
approximately 60 elements analyzed in most cases by glow-discharge mass
spectrometry. Values for molybdenum and niobium, which are critical for low-
activation alloys, ranged from 0.4 to 60 wppm for the nine heats.

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

V-4Cr-4Ti alloy has been selected for use in the manufacture of a portion of the DIlI-
D Radiative Divertor upgrade. The production of a 1200-kg ingot of V-4Cr-4Ti alloy,
and processing into final sheet and rod product forms suitable for components of
the DIII-D Radiative Divertor Program (RDP), has been completed by Wah Chang
(formerly Teledyne Wah Chang) of Albany, Oregon (WCA). CVN impact tests on
sheet material indicate that the material has properties comparable to other
previously-processed V-4Cr-4Ti and V-5Cr-5Ti alloys. Joining of V-4Cr-4Ti alloy has
been identified as the most critical fabrication issue for its use in the RDP, and
research into several joining methods for fabrication of the RDP components,
including resistance seam, friction, and electron beam welding, and explosive
bonding is being pursued. Preliminary trials have been successful in the joining of
V-alloy to itself by resistance, friction, and electron beam welding processes, and to
Inconel 625 by friction welding. In addition, an effort to investigate the explosive
bonding of V-4Cr-4Ti alloy to Inconel 625, in both tube-to-bar and sheet-to-sheet
configurations, has been initiated, and results have been encouraging.

REVISED ANL-REPORTED TENSILE DATA FOR V-Ti AND V-Cr-Ti ALLOYS —
M. C. Billone (Argonne National Laboratory)

The tensile data for all irradiated vanadium alloy samples and several unirradiated
vanadium alloys tested at Argonne National Laboratory (ANL) have been critically
reviewed and revised, as necessary. The review and revision are based on re-
analyzing the original load-displacement strip-chart recordings using a methodology
consistent with current ASTM standards. No significant difference has been found
between the newly-revised and previously-reported values of yield strength (YS)
and ultimate tensile strength (UTS). However, by correctly subtracting the non-
gauge-length displacement and linear gauge-length displacement from the total
cross-head displacement, the uniform elongation (UE) of the gauge length
decreases by 4-9% strain and the total elongation (TE) of the gauge length
decreases by 1-7% strain. These differences are more significant for lower-ductility
irradiated alloys than for higher-ductility alloys.
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1.4 TENSILE PROPERTIES OF VANADIUM ALLOYS IRRADIATED AT 390°C IN
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EBR-Il — H. M. Chung, H.-C. Tsai, L. J. Nowicki, and D. L. Smith (Argonne
National Laboratory)

Vanadium alloys were irradiated in Li-bonded stainless steel capsules to =4 dpa at
=390°C in the EBR-Il X-530 experiment. This report presents results of
postirradiation tests of tensile properties of two large-scale (100 and 500 kg) heats
of V-4Cr-Ti and laboratory (15-30 kg) heats of boron-doped V-4Cr-4Ti, V-8Cr-6Ti, V-
5Ti, and V-3Ti-1Si alloys. Tensile specimens, divided into two groups, were
irradiated in two different capsules under nominally similar conditions. The 500-kg
heat (#832665) and the 100-kg heat (VX-8) of V-4Cr-4Ti irradiated in one of the
subcapsules exhibited complete loss of work-hardening capability, which was
manifested by very low uniform plastic strain. In contrast, the 100-kg heat of V-4Cr-
4Ti irradiated in another subcapsule exhibited good tensile properties (uniform
plastic strain 2.8-4.0%). A laboratory heat of V-3Ti-18i irradiated in the latter
subcapsule also exhibited good tensile properties. These results indicate that
work-hardening capability at low irradiation temperatures varies significantly from
heat to heat and is influenced by nominally small differences in irradiation
conditions.

EFFECT OF HELIUM ON TENSILE PROPERTIES OF VANADIUM ALLOYS —
H. M. Chung, M. C. Billone, and D. L. Smith (Argonne National Laboratory)

Tensile properties of V-4Cr-4Ti (Heat BL-47), 3Ti-1Si (BL-45), and V-5Ti (BL-46)
alloys after irradiation in a conventional irradiation experiment and in the Dynamic
Helium Charging Experiment (DHCE) were reported previously. This paper
presents revised tensile properties of these alloys, with a focus on the effects of
dynamically generated helium on ductility and work-hardening capability at <500°C.
After conventional irradiation (negligible helium generation) at =427°C, a 30-kg heat
of V-4Cr-4Ti (BL-47) exhibited very low uniform elongation, manifesting a strong
susceptibility to loss of work-hardening capability. In contrast, a 15-kg heat of V-3Ti-
18i (BL-45) exhibited relatively high uniform elongation (=4%) during conventional
irradiation at =427°C, showing that the heat is resistant to loss of work-hardening
capability.

Helium atoms produced at =430°C in dynamic helium charging irradiation seem to be
conducive to higher ductility (compared to that under conventional irradiation) and
relatively lower yield strength. This seemingly beneficial effect of helium is believed
to be important in evaluating the performance of V-4Cr-4Ti and V-3Ti Si alloys,
because susceptibility to loss of work-hardening capability at low temperatures
under fusion-relevant helium-generating conditions is considered to be a major
factor in governing the minimum operating temperature for fusion applications. In
this respect, V-3Ti-18i appears to be more advantageous than V-4Cr-4Ti, aithough
other factors such as creep strength could be inferior. Tensile data from
conventional irradiation experiments (i.e., negligible helium generation), especially
the data for <500°C, appear to differ significantly from the results obtained with
simultaneous helium generated by the DHCE. Therefore, a dynamic helium
charging irradiation experiment is strongly recommended with a focus on
determining tensile and fracture propetties of V-4Cr-4Ti and V-3Ti-18Si alloys at 300-
470°C at doses of 10-20 dpa with high helium/dpa rations of =4-5 appm He/dpa.

TENSILE PROPERTIES OF VANADIUM ALLOYS IRRADIATED AT 200°C IN THE
HFIR — H. M. Chung, L. Nowicki, and D. L. Smith (Argonne National Laboratory)

Vanadium alloys were irradiated in a helium environment to =10 dpa at =200°C in the
High Flux Isotope Reactor (HFIR). This report presents results of postirradiation
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tests of tensile properties of laboratory heats of (V-(1-18)Ti, V-4Cr-4Ti, V-8Cr-6Ti, V-
9Cr-5Ti, V-3Ti-1Si, and V-3Ti-0.1C alloys. Because of significant loss of work-
hardening capability, all alloys except V-18Ti exhibited a very low uniform plastic
strain of <1%. For V-Ti alloys, work-hardening capability increased with Ti content
210%, e.g., uniform strain of =2.4% for V-18Ti. The mechanism of the loss of work-
hardening capability in the other alloys is not understood.

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

Recent attention to vanadium alloys has focused on significant susceptibility to loss
of work-hardening capability in irradiation experiments at <430°C. An evaluation of
this phenomenon was conducted on V-Ti, V-Cr-Ti, and V-Ti-Si alloys irradiated in
several conventional and helium-charging irradiation experiments in the FFTF-
MOTA, HFIR, and EBR-Il. Work-hardening capability and uniform tensile elongation
appear to vary strongly from alloy to alloy and heat {o heat. A strong heat-to-heat
variation has been observed in V-4Cr-4Ti alloys tested, i.e., a 500-kg heat
(#832665), a 100-kg heat (VX-8), and a 30-kg heat (BL-47). The significant
differences in susceptibility to loss of work-hardening capability from one heat to
another are estimated to correspond to a difference of =100°C or more in minimum
allowable operating temperature (e.g., 450 versus 350°C).

MICROSTRUCTURAL EXAMINATION OF V-(4-5%)Cr-4-5%)Ti IRRADIATED IN
X530 — D. 8. Gelles (Pacific Northwest National Laboratory) and H. M. Chung
(Argonne Nationa! Laboratory)

Microstructural examination results are reported for two heats of V-(4-5%)Cr-(4-5%)
Ti irradiated in the X530 experiment to ~4 dpa at ~400°C to provide an
understanding of the microstructural evolution that may be associated with
degradation of mechanical properties. Fine precipitates were observed in high
density intermixed with small defect clusters for all conditions examined following
the irradiation. The irradiation-induced precipitation does not appear to be affected
by preirradiation heat treatment at 950-1125°C. There was no evidence for a
significant density of large (diameter > 10 nm) dislocation loops or network
dislocations.

OXIDATION KINETICS AND MICROSTRUCTURE OF V-Cr-Ti ALLOYS EXPOSED
TO OXYGEN-CONTAINING ENVIRONMENTS — K. Natesan (Argonne National
Laboratory, M. Uz (Lafayette College, Easton, PA), and T. Ulie (Purdue University)

A systematic study is being conducted to determine the effects of time,
temperature, and exposure environment on the oxidation behavior and
microstructure of V-Cr-Ti alloys. All samples were from 1-mm-thick cold-rolled
sheets, and each was annealed in vacuum at 1050°C for 1 h prior to high-
temperature exposure. Different samples from each alloy were heated in air and
low-oxygen environments at temperatures between 400 and 650°C for times up to a
few hundred hours. Some exposures were conducted in a thermogravimetric
analysis (TGA) apparatus, in which continuous measurements of weight change
were recorded.

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

A pack diffusion process was used to enrich surface regions of V-5 wt.% Cr-5 wt.%
Ti alloy specimens with aluminum, which is a more stable oxide former than
vanadium; also, the oxide has a much slower growth rate than that of vanadium
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oxide. Oxidation studies were conducted on surface-modified V-5Cr-5Ti alioy
specimens is an air environment to evaluate the oxygen uptake behavior of the alloy
as a function of temperature and exposure time. Uniaxial tensile tests were
conducted at 500°C on several preoxidized specimens of the surface-modified alloy
to examine the effects of oxidation and oxygen migration on tensile strength and
ductility.

HEAT TREATMENT EFFECTS ON TENSILE PROPERTIES OF V-(4-5) wt.%
Cr-(4-5) wt.% Ti ALLOYS — K. Natesan and W. K. Sopper (Argonne National
Laboratory) .

Effects of thermomechanical treatmenis on microstructures and mechanic al
properties are of interest for long term application of V-Cr-Ti alloys in fusion reactor
systems. Influence of thermal annealing at 1050°C on stress/strain behavior,
maximum engineering strength, and uniform and total elongation were evaluated.
The results show that multiple annealing has minimal effect on the tensile properties
of V-(4-5)Cr-(4-5)Ti alloys tested at room temperature at 500°C.

STUDY OF IRRADIATION CREEP OF VANADIUM ALLOYS — H. Tsai, R. V. Strain,
and D. L. Smith (Argonne National Laboratory), and M. L. Grossbeck (Oak Ridge
National Laboratory)

Thin-wall tubing was produced from the 832665 (500 kg) heat of V-4 wt.% Cr-4 wt.%
Ti study its irradiation creep behavior. The specimens, in the form of pressurized
capsules, were irradiated in Advanced Test Reactor and High Flux Isotope Reactor
experiments (ATR-A1 and HFIR RB-12J, respectively). The ATR-A1 irradiation has
been completed and specimens from it will soon be available for postirradiation
examination. The RB-12J irradiation is not yet complete.

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

Emphasis has been placed on welding 6.4 mm plate, primarily by gas tungsten arc
(GTA) welding. The weld properties were tested using blunt notch Charpy testing
to determine the ductile to brittle transition temperature (DBTT). Erratic results were
attributed to hydrogen and oxygen contamination of the welds. An improved gas
clean-up system was installed on the welding glove box and the resulting high purity
welds had Charpy impact properties similar to those of electron beam welds with
similar grain size. A post-weld heat treatment (PWHT) of 950°C for two hours did not
improve the properties of the weld in cases where low concentrations of impurities
were attained. Further improvements in the gas clean-up system are needed to
control hydrogen contamination.

SILICON CARBIDE COMPOSITE MATERIALS

INVESTIGATION OF REACTIVITY BETWEEN SiC and Nb-1Zr IN PLANNED
IRRADIATION CREEP EXPERIMENTS — C. A. Lewinsohn (Associated Western
Universities), M. L. Hamilton and R. H. Jones (Pacific Northwest National Laboratory)

Thermodynamic calculations and diffusion couple experiments showed that SiC and
Nb-1Zr were reactive at the upper range of temperatures anticipated in the planned
irradiation creep experiment. Sputter-deposited aluminum oxide (AloO3) was
selected as a diffusion barrier coating. Experiments showed that although the
coating coarsened at high temperature it was an effective barrier for diffusion of
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silicon from SiC into Nb-1Zr. Therefore, to avoid detrimental reactions between the
SiC composite and the Nb-1Zr pressurized bladder during the planned irradiation
creep experiment, a coating of AloO3 will be required on e Nb-1Zr bladder.

ANALYSIS OF NEUTRON IRRADIATION EFFECTS ON THERMAL CONDUCTIVITY
OF SiC- BASED COMPOSITES AND MONOLITHIC CERAMICS — G. E. Youngblood
and D. J. Senor (Pacific Northwest National Laboratory)

After irradiation of a variety of SiC-based materials to 33 or 43 dpa-SiC at 1000°C,
their thermal conductivity values were degraded and became relatively temperature
independent, which indicates that the thermal resistivity was dominated by point
defect scattering. The magnitude of irradiation-induced conductivity degradation
was greater at lower temperatures and typically was larger for materials with higher
unirradiated conductivity. From these data, a Kj/Kynirr ratio map which predicts the
expected equilibrium thermal conductivity for most SiC-based materials as a function
of irradiation temperature was derived. Due to a short-term EOC irradiation at 575° +
60°C, a duplex irradiation defect structure was established. Based on an analysis of
the conductivity and swelling recovery after post-irradiation anneals for these
materials with the duplex defect structure, several consequences for irradiating SiC
at temperatures of 1000°C or above are given. In particular, the thermal conductivity
degradation in the fusion relevant 800-1000°C temperature range may be more
severe than inferred from SiC swelling behavior.

CREEP BEHAVIOR FOR ADVANCED POLYCRYSTALLINE SiC FIBERS —

G. E. Youngblood and R. H. Jones (Pacific Northwest National Laboratory),

G. N. Morscher (Case Western Reserve University), and Akira Kohyama (Institute
of Advance Energy, Kyoto University, Japan)

A bend stress relaxation (BSR) test is planned to examine irradiation enhanced
creep in polycrystalline SiC fibers which are under development for use as fiber
reinforcement in SiC/SiC composite. Baseline 1 hr and 100 hr BSR thermal creep
*m" curves have been obtained for five selected advanced SiC fiber types and for
standard Nicalon CG fiber. The transition temperature, that temperature where the
S-shaped m-curve has a value 0.5, is a measure of fiber creep resistance. In order of
decreasing thermal creep resistance, with the 100 hr BSR transition temperature
given in parentheses), the fibers ranked: Sylramic (1261°C), Nicalon S (1256°C),
annealed Hi Nicalon (1215°C), Hi Nicalon (1078°C), Nicalon CG (1003°C), and

~ Tyranno E (932°C). The thermal creep for Sylramic, Nicalon 8, Hi Nicalon, and

Nicalon CG fibers in a 5000 hr irradiation creep BSR test is projected from the
temperature dependence of the m-curves determined during 1 and 100 hr BSR
control tests.

DESIGN OF A CREEP EXPERIMENT FOR SiC/SiC COMPOSITES IN HFIR —
S. L. Hecht (Duke Engineering Hanford), M. L. Hamilton, R. H. Jones,

G. E. Youngblood, and R. A. Schwariz (Pacific Northwest National Laboratory),
and C. A. Lewinsohn (Associated Western Universities)

A new specimen was designed for performing in-reactor creep tests on composite
materials, specifically on SiC/SiC composites. The design was tailored for irradiation
at 800°C in a HFIR RB* position. The specimen comprises a composite cylinder
loaded by a pressurized internal bladder that is made of Nb1Zr. The experiment was
designed for approximately a one year irradiation.
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