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FOREWORD

This is the tweny-second in a series of semiannual technical progress reports on fusion
materials. This report combines the full spectrum of research and development activities on
both metallic and non-metallic materials with primary emphasis on the effects of the neutronic
and chemical environment on the properties and performance of materials for in-vessel
components. This effort forms one element of the materials program being conducted in
support of the Fusion Energy Sciences Program of the U.S. Department of Energy. The other
major element of the program is concerned with the interactions between reactor matenals 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 reporis is to provide a working technical record for the use
of the program participants, and to provide a means of communicating the efforts of materials
scientists to the rest of the fusion community, both nationally and worldwide.

This report has been compiled and edited under the guidance of A. F. Rowcliffe by
Gabrielle Burn, Oak Ridge National Laboratory. Their efforts, and the efforts of the many
persons who made technical contributions, are gratefully acknowledged.

F. W. Wiffen
International and Technology Division
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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

1.5

1.6

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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THERMOMECHANICAL INSTABILITY EFFECTS IN SiC-BASED FIBERS AND
SiCy/SiC COMPOSITES — G. E. Youngblood, C. H. Henager, and R. H. Jones
(Pacific Northwest National Laboratory)

Thermomechanical instability in irradiated SiC-based fibers with an amorphous
silicon oxycarbide phase leads to shrinkage and mass loss. SiC#/SiC composites
made with these fibers also exhibit mass loss as well as severe mechanical property
degradation when irradiated at 800°C, a temperature much below the generally
accepted 1100°C threshold for thermochemical degradation alone. The mass loss
is due to an internal oxidation mechanism within these fibers which likely degrades
the carbon interphase as well as the fibers in SiC¢/SiC composites even in so-called
“inert" gas environments. Furthermore, the mechanism must be accelerated by the
irradiation environment.

FERRITIC/MARTENSITIC STEELS

HEAT TREATMENT EFFECTS ON IMPACT TOUGHNESS OF 9Cr-1MoVNb and
12Cr-1MoVW Steels lrradiated to 100 dpa — R. L. Klueh and D. J. Alexander
{Oak Ridge National Laboratory)

Plates of 9Cr-1MoVNb and 12Cr-1MoVW steels were given four different heat
treatments: two normalizing treatments were used and for each normalizing
treatment two tempers were used. Miniature Charpy specimens from each heat
treatment were irradiated to =19.5 dpa at 365°C and to =100 dpa at 420°C in the
Fast Flux Test Facility (FFTF). In previous work, the same materials were irradiated to
4-5 dpa at 365°C and 35-36 dpa at 420°C in FFTF. The tests indicated that prior
austenite grain size, which was varied by the diiferent normalizing treatments, had a
significant effect on impact behavior of the 9Cr-1MoVNb but not on the 12Cr-
1MoVW. Tempering treatment had relatively little effect on the shift in DBTT for
both steels. Conclusions are presented on how heat treatment can be used to
optimize impact propetties.

NEUTRON IRRADIATION EFFECTS ON THE DUCTILE-BRITTLE TRANSITION OF
FERRITIC/ MARTENSITIC STEELS — R. L. Klueh and D. J. Alexander (Oak Ridge
National Laboratory)

Extended abstract.

MICROSTRUCTURAL CHARACTERIZATION OF 5-9% CHROMIUM REDUCED-
ACTIVATION STEELS — R. Jayaram (University of Pittsburgh) and R. L. Klueh
(Oak Ridge National Laboratory)

The microstructures of a 9Cr-2W-0.25V-0.1C (9Cr-2WV), a 9Cr-2W-0.25V-0.07Ta-
0.1C (9Cr-2WVTa), a 7Cr-2W-0.25V-0.07Ta-0.1C (7Cr-2WVTa), and a 5Cr-2W-
0.25V-0.07Ta-0.1C (5Cr-2WVTa) steel (all compositions are in weight percent) have
been characterized by Analytical Electron Microscopy (AEM) and Atom Probe Field
lon Microscopy (APFIM). The matrix in all four reduced-activation steels was 100%
martensite. In the two 9Cr steels, the stable precipitates were blocky M,3Cg and
small spherical MC. The two lower-chromium steels contained blocky M;C5 and
small needle-shaped carbonitrides in addition to Ma3Cs. AEM and APFIM analysis
revealed that in the steels containing tantalum, the majority of the tantalum was in
solid solution. The experimental observations were in good agreement with phases
and compositions predicted by phase equilibria calculations.
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COPPER ALLOYS AND HIGH HEAT FLUX MATERIALS

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

The unirradiated tensile properties of CuCrZr produced by two different vendors
have been measured following different heat treatiments. Room temperature
electrical resistivity measurements were also performed in order to estimate the
thermal conductivity of these specimens. The thermomechanical conditions
studied included solution quenched, solution quenched and aged (ITER reference
heat treatment), simulated slow HIP thermal cycle (~1°C/min cooling from
solutionizing temperature) and simulated fast HIP thermal cycle (~100°C/min cooling
from solutionizing temperature). Specimens from the last two heat treatments were
tested in both the solution-cooled condition and after subsequent precipitate aging
at 475°C for 2 h. Both of the simulated HIP thermal cycles caused a pronounced
decrease in the strength and electrical conductivity of CuCrZr. The tensile and
electrical properties were unchanged by subsequent aging in the slow HIP thermal
cycle specimens, whereas the strength and conductivity following aging in the fast
HIP thermal cycle improved to ~65% of the solution quenched and aged CuCrZr
values. Limited tensile and electrical resistivity measurements were also made on
two new heats of Hycon 3HP CuNiBe. High strength but poor uniform and total
elongations were observed at 500°C on one of these new heats of CuNiBe, similar
to that observed in other heats.

INVESTIGATION OF THE INFLUENCE OF GRAIN BOUNDARY CHEMISTRY, TEST
TEMPERATURE, AND STRAIN RATE ON THE FRACTURE BEHAVIOR OF ITER
COPPER ALLOYS — K. Leedy and J. F. Stubbins (University of lllinois),

D. J. Edwards (Pacific Northwest National Laboratory), R. R. Solomon

(OMG Americas), and D. Kurs (Brush Weliman)

In an effort to understand the mechanical behavior at elevated temperatures
(>200°C) of the various copper alloys being considered for use in the ITER first wall,
divertor, and limiter, a collaborative study has been initiated by the University of
lllinois and PNNL with two industrial producers of copper alloys, Brush Weliman and
OMG Americas. Details of the experimental matrix and test plans have been
finalized and the appropriate specimens have already been fabricated and delivered
to the University of lllinois and PNNL for testing and analysis. The experimental
matrix and testing details are described in this report.

AUSTENITIC STAINLESS STEELS

MICROSTRUCTURAL EVOLUTION OF AUSTENITIC STAINLESS STEELS
IRRADIATED TO 17 dpa IN SPECTRALLY TAILORED EXPERIMENT OF THE
ORR AND HFIR AT 400°C — E. Wakai (Japan Atomic Energy Research Institute),
N. Hashimoto (Oak Ridge National Laboratory), T. Sawai (JAERI), J. P. Robertson
and L. T. Gibson (ORNL), I. loka and A. Hishinuma (JAERI)

The microstructural evolution of austenitic JPCA aged and solution annealed JPCA,
316R, C, K, and HP steels irradiated at 400 °C in spectrally tailored experiments of
the ORR and HFIR has been investigated. The helium generation rates were about
12-16 appm He/dpa on the average up to 17.3 dpa. The number densities and
average diameters of dislocation loops in the steels have ranges of 3.3 x 10*'- 9.5 x
10%' m® and 15.2- 26.3 nm, respectively, except for HP steel for which they are
1.1 x10® m™® and 8.0 nm. Precipitates are formed in all steels except for HP steel,
and the values have ranges of 5.2 x 10?°- 7.7 x 10* m® and 3.4- 19.3 nm,
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respectively. In the 316R, C, and K steels, the precipitates are also formed at grain
boundaries, and the mean sizes are about 110, 50, and 50 nm, respectively. The
number densities of cavities are about 1x10% m* in all the steels. The swelling is low
in the steels which form the precipitates.

THE DEVELOPMENT OF A TENSILE-SHEAR PUNCH CORRELATION FOR YIELD
PROPERTIES OF MODEL AUSTENITIC ALLOYS — G. L. Hankin (IPTME,
Loughborough University), M. L. Hamilton and F. A. Garner (Pacific Northwest
National Laboratory), and R. G. Faulkner (IPTME, Loughborough University)

The effective shear yield and maximum strengths of a set of neutron-irradiated,
isotopically tailored austenitic alloys were evaluated using the shear punch test.
The dependence on composition and neutron dose showed the same trends as
were observed in the corresponding miniature tensile specimen study conducted
earlier. A single tensile shear punch correlation was developed for the three alloys
in which the maximum shear stress or Tresca criterion was successfully applied to
predict the slope. The correlation will predict the tensile yield strength of the three
different austenitic alloys tested to within £53 MPa. The accuracy of the correlation
improves with increasing material strength, to within £+43 MPa for predicting tensile
yield strengths in the range of 400 to 800 MPa.

INSULATING CERAMICS AND OPTICAL MATERIALS

SUMMARY OF THE 8TH IEA WORKSHOP ON RADIATION EFFECTS IN
CERAMIC INSULATORS — 8. J. Zinkle (Oak Ridge National Laboratory),
E. R. Hodgson (CIEMAT), and T. Shikama (Tohoku University)

Twenty one scientists attended an IEA workshop in Cincinnati, Ohio on May 8-9,
1997, which was mainly devoted to reviewing the current knowledge base on the
phenomenon of radiation induced electrical degradation in ceramic insulators.
Whereas convincing evidence for bulk RIED behavior has been observed by two
research groups in sapphire after electron irradiation, definitive levels of bulk RIED
have not been observed in high purity Al,O, by several research groups during
energetic ion or fission neutron irradiation. Possible reasons for the conflicting
RIED results obtained by different research groups were discussed. It was
concluded that RIED does not appear to be of immediate concern for near-term
fusion devices such as ITER. However, continued research on the RIED
phenomenon with particular emphasis on electron irradiations of single crystal
alumina was recommended in order to determine the underlying physical
mechanisms. This will allow a better determination of whether RIED might occur
under any of the widely varying experimental conditions in a fusion energy device.
Several critical issues which are recommended for future study were outlined by the
workshop atiendees.

ANALYSIS OF IN-SITU ELECTRICAL CONDUCTIVITY DATA FROM THE HFIR
TRIST-ER1 EXPERIMENT — 8. J. Zinkle, L. L. Snead and W. S. Eatherly (Oak
Ridge National Laboratory), E. H. Farnum (Los Alamos National Laboratory),
T. Shikama (Tohoku University), and K. Shiiyama (Kyushu University)

The current vs. applied voltage data generated from the HFIR TRIST-ER1
experiment have been analyzed to determine the electrical conductivity of the 15
aluminum oxide specimens and the MgO-insulated electrical cables as a function of
irradiation dose. With the exception of the 0.05%Cr-doped sapphire (ruby)
specimen, the electrical conductivity of the alumina specimens remained at the
expected radiation induced conductivity (RIC) level of <10 S/m during full-power
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reactor irradiation (10-16 kGy/s) at 450-500°C up to a maximum dose of ~3 dpa. The
ruby specimen showed a rapid initial increase in conductivity to ~2 x 1x 1 0* S/m
after ~0.1 dpa, followed by a gradual decrease to <1 x 10° S/m after 2 dpa.
Nonohmic electrical behavior was observed in all of the specimens, and was
attributed to preferential attraction of ionized electrons in the capsule gas to the
unshielded low-side bare electrical leads emanating from the subcapsules. The
electrical conductivity was determined from the slope of the specimen current vs.
voltage curve at negative voltages, where the gas ionization effect was minimized.
Dielectric breakdown tests performed on unirradiated mineral-insulated coaxial
cables identical to those used in the HFIR TRIST-ER1 experiment indicate that the
electrical shorting which occurred in many of the high voltage coaxial cables during
the 3-month irradiation is attributable to thermal dielectric breakdown in the glass
seals at the end of the cables, as opposed to a radiation-induced electrical
degradation (RIED) effect.

IRRADIATION SPECTRUM AND IONIZATION-INDUCED DIFFUSION EFFECTS IN
CERAMICS — S. J. Zinkle (Oak Ridge National Laboratory)

There are two main components to the irradiation spectrum which need to be
considered in radiation effects studies on nonmetals, namely the primary knock-on
atom energy spectrum and ionizing radiation. The published low-temperature
studies on Al,O; and MgO suggest that the defect production is nearly independent
of the average primary knock-on atom energy, in sharp contrast to the situation for
metals. On the other hand, ionizing radiation has been shown to exert a
pronounced influence on the microstructural evolution of both semiconductors and
insulators under certain conditions. Recent work on the microstructure of ion-
irradiated ceramics is summarized, which provides evidence for significant
jonization-induced diffusion. Polycrystalline samples of MgO, Al,O;, and MgAlL,O,
were irradiated with various ions ranging from 1 MeV H* to 4 MeV Zr* ions at
temperatures between 25 and 650°C. Cross-section transmission electron
microscopy was used to investigate the depth-dependent microstructure of the
irradiated specimens. Dislocation loop nucleation was effectively suppressed in
specimens irradiated with light ions, whereas the growth rate of dislocation loops
was enhanced. The sensitivity to irradiation spectrum is attributed to ionization-
induced diffusion. The interstitial migration energies in MgAl,O, and Al,O; are
estimated to be <0.4 eV and <0.8 eV, respectively for irradiation conditions where
ionization-induced diffusion effects are expected to be negligible.

DEFECT PRODUCTION IN CERAMICS — S. J. Zinkle (Oak Ridge National ‘
Laboratory) and C. Kinoshita (Kyushu University)

Extended abstract.
SOLID BREEDING MATERIALS
No contributions.

RADIATION EFFECTS, MECHANISTIC STUDIES, AND
EXPERIMENTAL METHODS

EFFECTS OF IN-CASCADE CLUSTERING ON NEAR-TERM DEFECT
EVOLUTION — H. L. Heinisch (Pacific Northwest National Laboratory)

The effects of in-cascade defect clustering on the nature of the subsequent defect
population are being studied using stochastic annealing simulations applied to
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cascades generated in molecular dynamic (MD) simulations. The results of the
simulations illustrate the strong influence of the defect configuration existing in the
primary damage state on subsequent defect evolution. The large differences in
mobility and stability of vacancy and interstitial defects and the rapid one-
dimensional diffusion of small, glissile interstitial loops produced directly in cascades
have been shown to be significant factors affecting the evolution of the defect
distribution. In recent work, the effects of initial cluster sizes appear to be extremely
important.

INFLUENCE OF SUBCASCADE FORMATION ON DISPLACEMENT DAMAGE AT
HIGH PKA ENERGIES — R. E. Stoller (Oak Ridge National Laboratory) and
L. R. Greenwood (Pacific Northwest National Laboratory)

Extended abstract.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION
CALCULATIONS

ANALYSIS OF THE DHCE EXPERIMEN’IZ IN THE POSITION A10 OF THE ATR
REACTOR — I. C. Gomes. D. L. Smith, and H. Tsai (Argonne National Laboratory)

Calculations were performed to assess the possibility of performing DHCE
experiments in mixed spectrum fission reactors. Calculated values of key
parameters were compared with limit values for each quantity. The values calculated
were: He-4 production from the 6Li(n,t)4He reaction, tritium leakage, required
tritium concentration in lithium, initial tritium charge per capsule, and helium to dpa
ratio after 10 dpa of irradiation.

NEUTRONICS ANALYSIS OF THE DHCE EXPERIMENT IN ATR-ITV — . C. Gomes,
D. L. Smith, and H. Tsai (Argonne National Laboratory)

The preliminary analysis of the DHCE experiment in the ITV of ATR was performed
and it was concluded that such a vehicle is suitable for this kind of experiment. It is
recommended to place an extra filter material in the thermocouple sleeve (such as
B-10), to improve the helium to dpa ratio profile during irradiation. Also, it was
concluded that a preliminary estimation of period of time for replacement of the
external filter would be around 5 dpa's.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS
No contributions.

IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL
METHODS

PROGRESS REPORT ON THE VARYING TEMPERATURE EXPERIMENT —
A. L. Qualls, M. T. Hurst, D. G. Raby, D. W. Sparks (Oak Ridge National Laboratory),
and T. Muroga (National Institute for Fusion Science)

No summary provided.
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THE MONBUSHO/U.S. SHIELDED HFIR IRRADIATION EXPERIMENT: HFIR-MFE-
RB-11J AND 12J (P3-2 AND P3-3) — M. L. Grossbeck and K. E. Lenox (Oak Ridge
National Laboratory, and T. Muroga (National Institute for Fusion Science)

This experiment is a joint project between Japanese Monbusho and the U.S.
Fusion Energy Sciences Program. It is the first of a series of experiments using
europium oxide as a thermal neutron shield to minimize transmutations in vanadium
alloys and ferritic-martensitic steels. The europium oxide shields were developed
using ceramic processing techniuges culminating in cold pressing and sintering.
This experiment, which is a prototype for future fast neutron experiments in the
HFIR, contains approximately 3200 specimens fabricated from 17 alloy types. The
experiment began operating at 300 and 500°C in February 1997 and is projected to
attain its goal fluence of ~5 dpa inFebruary 1998.

NEUTRON IRRADIATION OF V-Cr-Ti ALLOYS IN THE BOR-60 FAST REACTOR:
DESCRIPTION OF THE FUSION-1 EXPERIMENT — A. F. Rowcliffe (Oak Ridge
National Laboratory), H. C. Tsai and D. L. Smith (Argonne National Laboratory), and
V. Kazakov, and V. Chakin (RIAR, Dimitrovgrad)

The FUSION-1 irradiation capsule was inserted in Row 5 of the BOR-60 fast reactor
in June 1995. The capsule contains a collaborative RF/U.S. experiment to
investigate the irradiation performance of V-Cr-Ti alloys in the temperature range
310 to 350°C. This report describes the capsule layout, specimen fabrication
history, and the detailed test matrix for the U.S. specimens. A description of the
operating history and neutronics will be presented in the next semiannual report.

DESIGN CONSIDERATIONS OF THE IRRADIATION TEST VEHICLE FOR THE
ADVANCED TEST REACTOR — H. Tsai, C. Gomes, and D. L. Smith (Argonne
National Laboratory), A. J. Paimer, S. J. Hafer, and F. W. Ingram (Lockheed
Martin Idaho Technologies Companyy), M. L. Hamilton (Pacific Northwest National
Laboratory), K. R. Thoms (Oak Ridge National Laboratory), and F. W. Wiffen
(U.S. Department of Energy)

An irradiation test vehicle (ITV) for the Advanced Test Reactor (ATR) is being jointly
developed by the Lockheed Martin |daho Technologies Company (LMIT) and the
U.S. Fusion Program. The vehicle is intended for neutron irradiation testing of
candidate structural materials, including vanadium-based alloys, silicon carbide
composites, and low-activation steels. It could possibly be used for U.S./Japanese
collaboration in the Jupiter Program. The first test is scheduled to be completed by
September 1998. In this report, we present the functional requirements for the
vehicle and a preliminary design that satisfies these requirements.

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

The ATR-A1 irradiation experiment in the Advanced Test Reactor (ATR) was a
collaborative U.S./Japan effort to study the effects of neutron damage on vanadium
alloys at low temperature. The experiment also contained a limited quantity of low-
activation ferritic steel specimens from Japan as part of the collaboration agreement.
Irradiation was completed in 1996 after attaining the target exposure of =4.7 dpa in
vanadium. The irradiated capsule was disassembled in this reporting period, and all
specimens and monitors were successfully retrieved.
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11.6 SCHEDULE AND STATUS OF IRRADIATION EXPERIMENTS — A. F. Rowcliffe,
M. L. Grossbeck, and J. P. Robertson (Oak Ridge National Laboratory) 327

The current status of reactor irradiation experiments is presented in tables
summarizing the experimental objectives, conditions, and schedule.
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CHEMISTRY RELATED TO THE PROCUREMENT OF VANADIUM ALLOYS®* D.L.
Smith, H.M. Chung, H.C. Tsai (Argonne National Laboratory)

OBJECTIVE

The objective of this work is to evaluate the chemistry of vanadium alloys as it relates 1o
production capability and low-activation characteristics.

SUMMARY

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.

INTRODUCTION

Vanadium alloys offer a potential for both high performance and low activation characteristics for
fusion power applications. Chromium and titanium, which are the primary alloying elements for
the candidate alloys for fusion applications, also exhibit favorable long-term activation
characteristics. Therefore, trace elements, such as niobium and molybdenum, are the primary
contributors to the long-term activation characteristics of vanadium alloys. Certain trace
elements may also affect the mechanical properties of vanadium alloys, particularly after
irradiation. A joint effort was conducted by Argonne National Laboratory and Johnson-Matthey
of the United Kingdom to evaluate the low activation potential of vanadium alloys. Samples of
three heats of vanadium and six heats of vanadium alloys were prepared from materials used in
the test program at Argonne for analysis by Johnson-Matthey. These materials were produced
by standard procedures used at the time for production of vanadium and vanadium-alloys. An
important aspect of this effort was to identify which elements in these materials are the major
contributors to the long-term activation and to evaluate whether these elements could be
further reduced if necessary. Related information has been reported by Murphy and
Butterworth [1] and Attaya [2].

MATERIALS AND PROCEDURES

Materials used in this investigation were obtained from the ANL stock of material used in the
vanadium alloy development program. Three heats of unalloyed vanadium and six heats of
candidate vanadium alloys were included in this study. These materials, which were produced
by standard procedures used at the time of production, are summarized in Table I. One of the
vanadium heats (BL-20) was produced in the 1960’s for the breeder reactor program. Low
activation material was not an issue at the time. Alloys of V-Cr-Ti produced at ANL for the
breeder program were made from this material. The other two heats of vanadium were
produced from Teledyne Wah Chang (TWC). The heat designated BL-51 was obtained from

*Work supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-108-Eng-38.



one of the ~300 Kg ingots of vanadium being produced by TWC in the late 1980’s when they
were producing several hundred ton of vanadium. Four of the vanadium alloys were produced
by TWC for the ANL fusion program, one alloy (BL-43) was produced by ANL from TWC
vanadium (BL-51) before TWC started producing these alloys, and the other alloy (BL-24) was
produced by ANL in the 1960’s for the breeder program.

The analyses were performed predominately by glow discharge mass spectrometry (GDMS).
Exceptions to this method are noted.

RESULTS AND DISCUSSION

The analytical results obtained for the three heats of vanadium and six heats of V-Cr-Ti alloys are
presented in Table 2 in units of parts-per-million by weight. Resuits for the light elements Z<12
were not reported. A few other elements could not be analyzed because of interference with
the spectra. A large fraction of the elements were below the limit of detection. In these cases
the results are reported as “less than” the detection limit, which is typically a few parts-per-billion.

The dominant trace impurities are Al (5.7-380 wppm), Si (3.3-560 wppm), and Fe (15-200
wppm). Values for Nb and Mo, which are critical for long-term activation varied from 0.056 to 40
wppm for Nb and 0.53 to 60 wppm for Mo. Although the values are low, possible contamination
by Ta from instrument parts was noted for all specimens. For the case of BL-46 (V-5 Ti),
analyses for Sr, Zr, Nb, Mo and Te were obtained by SSMS techniques. The values obtained by
the SSMS technique on the V-5 Ti alloy tend to be considerably higher than the concentrations
obtained from the other specimens by the GDMS technique. Significant amounts of copper
detected in some alloys may result from the use of copper heat sinks used in the alloy melting
processes. A very high tungsten concentration was obtained for one vanadium specimen. The
source of Win this case has not been determined. It appears that higher concentrations of
some elements (eg, Sn) in the alloys may have originated from Cr or Ti since the concentrations
in unalloyed vanadium are quite low.

These results indicate that high purity vanadium alloys can be obtained by current production
processes. Further investigations can be conducted to evaluate which trace elements, if any,
need to be further reduced to provide desirable low-activation properties. The values given in
Table 2 represent typical trace element concentrations obtained in the alloys tested. It has
been noted that at TWC, for example, the vanadium is processed in the same facilities that are
used for processing niobium and that in some cases significant contamination of niobium will
occur in first batches of vanadium. This has been observed by R. Johnson [3] in the production
of a 1200 Kg heat of V-4Cr-4Ti alloy. It has also been concluded by R. Peterson [4] that niobium
and molybdenum can be controlled to a great extent by selection of the source of raw
vanadium.

Based on the information presented here and other analyses of vanadium alloys, we have
concluded that vanadium alloys can be produced with trace element concentrations presented
in Table 3 without a significant cost penalty. Further analyses and evaluation can be conducted
to determine the desirability and cost of selectively reducing any of the trace elements to lower
levels. Calculations of residual radioactivity, nuclear afterheat, and dose in a vanadium alloy first
wall with the trace element concentrations in Table 3 have been presented by Attaya [2]. These
types of analysis also indicate that the activation levels decrease substantially from the first wall
to the back of the blanket.
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Table 1. Vanadium and vanadium alloys inciuded in this evaluation of trace element

concentrations
Specimen Specimen Source of Material
Designation iD
\) BL-20 ANL. inventory from Breeder Reactor Program in 1960’s
\) BL-51 From ~300 Kg ingot purchased by ANL Fusion Program from
TWC in late 1980’s
A BL-52 Purchased by ANL Fusion Program from TWC
V-5Ti BL-46 Produced by TWC for ANL Fusion Power Program
V-4Cr-4Ti BL-47 Produced by TWC for ANL Fusion Program
V-9Cr-5Ti BL-43 Produced by ANL from Vanadium procured from TWC (BL-51)
V-11Cr-5Ti BL-40 Produced by TWC for ANL Fusion Program
V-10Cr-10Ti | BL-44 Produced by TWC for ANL Fusion Program
V-14Cr-5Ti BL-24 Produced by ANL breeder reactor program in 1960’s




Table 2. Trace element analysis of vanadium and vanadium alloy heats.

ANLIDNO. | BL 20 |BL 51 BL 52 BL 46*| BL 47 Bl 43 BL 40 BL 44 BL 24
Nom.

Composition

(wt. %) \ v v V-5Ti | V-4Cr-4Ti| V-9Cr-5Ti| V-11Cr-5Ti| V-10Cr-10Ti| V-14Cr-5Ti
Al 5.7 270 380 350 400 100 100 100 100
Si 3.3 560 300 300 90 80 80 80 80
P <0.005 26 9 15 4 4 4 1 1
S 0.34 69 17 27 3 10 10 3 3
a 0.086 0.041 0.13 0.16 2 0.6 0.2 0.6 0.6
K <0.01 <0.04| <0.032| <0.022 0.6 2 0.2 2 2
CGa <0.96 <1.5 <1.3| <0.92 0.6 0.6 0.2 2 2
Sc 0.01] 0.0078! 0.0046| 0.027 0.2 0.2 0.2 0.6 0.2
Ti 1.8 3.2 5.7| Matrix Matrix Matrix Matrix Matrix Matrix
\'4 Matrix Matrix] Matrix| Matrix Matrix Matrix Matrix Matrix Matrix
Cr Matrix Matrix Matrix. Matrix Matrix
Mn
Fe 15 23 28 86 100 30 80 200 200
Ni 2.1 0.66 0.83 6.4 3 3 3 3. 3
Co 0.01 0.28 0.036 0.1 0.3 0.8 0.2 0.8 0.2
Cu 7.7] <0.018 0.33 40 0.4 10 1 40 100
Zn 0.16| <0.033| <0.032| 0.58 0.6 0.5 0.5 2 0.5
Ga
Ge
As
Se
Br <0.012| <0.017] <0.012| <0.012] <0.007| <0.006 <0.006 <0.006 <0.006
R <0.001] <0.0022| <0.002| 0.077( <0.005| <0.005 <0.005 <0.005 <0.005
Sr 0.018| 0.012| 0.038 0.05( <0.005] <0.004 <0.004 <0.004 <0.004
Y 3.8 2.2 4.2 0.2| <0.004 0.4 <0.04 <0.008 <0.003
Zr 0.65 2.1 12 20 3 2 7 7 0.7
Nb 0.056 5.4 18 40 4 0.4 1 4 4
Mo 0.53 3 34 60 6 2 20 20 50
R <0.0098] <0.012!<0.0076] 0.44 <0.03 <0.02 <0.02 <0.02 <0.02
311 0.032| <0.0016]1<0.0014 0.18 <0.004 <0.04 <0.04 <0.04 <0.04
Pd <0.0055| <0.0057!<0.0054]  0.29 <0.02 <0.02 <0.02 <0.02 <0.02
Ag <0.0078] <0.008 0.035 0.2 <0.009 0.08 <0.008 <0.008 <0.008
cd <0.032 <0.15 <0.14| <0.13 <0.02 <0.02 <0.02 <0.02 <0.02
In <0.035| <0.036| <0.033| <0.031 <0.005 <0.005 <0.005 <0.005 <0.005
Sn <0.041] <0.088| <0.081 0.93 <0.02 5 5 1 2
Sb
Te 1.1 2.8 3.11 <0.006 <0.02 <0.02 <0.01 <0.01
|
Cs <0.001{ <0.0026 0.12 0.33 <0.006 <0.005 <0.005 <0.005 <0.008
Ba <0.001| <0.014| <0.014 0.29 <0.008 <0.05 <0.008 <0.007 <0.007
La <0.001| <0.014{<0.0014! 0.013 <0.006 0.6 <0.006 <0.005 <0.005
Ce <0.001} <0.0014|<0.0013 0.03 <0.007 0.6 <0.006 <0.006 <0.006
Pr <0.001] <0.0016(<0.0014 0.01 <0.006 <0.006 <0.006 <0.006 <0.005
Nd <0.001] <0.0062/<0.0057 0.49 <0.02 0.7 <0.02 <0.02 <0.02
Sm <0.0026| <0.0058]<0.0053k0.0051 <0.02 8 <0.02 7 2
B <0.0015| <0.0016] <0.003| 0.025 <0.01 <0.01 <0.01 <0.01 <0.01
Gd <0.0029| <0.0055| <0.00570.0053 <0.03 <0.03 <0.03 <0.02 <0.02
Tb <0.001] <0.0016|<0.0014k0.0013 <0.007 <0.005 <0.006 <0.006 <0.006
Dy <0.0025/| <0.0055| <0.005k0.0047 <0.03 <0.02 <0.02 <0.02 <0.02
Ho 0.0031] <0.0016|<0.0014k0.0013 <0.007 <0.007 <0.007 <0.006 <0.006
Er <0.0022| <0.0046|<0.0042k0.0039 <0.02 <0.02 <0.02 <0.02 <0.02
Tm <0.001] <0.0016]<0.0014k0.0013 <0.008 <0.007 <0.007 <0.006 <0.006
Yb <0.0023] <0.0049!/<0.00450.0042 <0.02 <0.02 <0.02 <0.02 <0.02
Lu <0.001 <0016{<0.0014k0.0014 <0.008 <0.007 <0.007 <0.007 <0.007
Hf <0.0063 0.074 0.09¢ 0.5 <0.02 <0.02 2 0.2 <0.02

*8r, Zr, Nb, Mo and Te analyzed by SSMS for BL-46.




Table 2. Trace element analysis of vanadium and vanadium alloy heats. (Cont'd)

ANLIDNO. | BL20 [BL51 [BLS2 | BL46° | BL47 BL 43 BL 40 BL 44 BL 24
Nom.
Composition
(wt. %) v v v v-5Ti | V-4cr-4Ti | v-9Cr-5Ti | v-11Cr-5Ti | v-10Cr-10Ti | V-14Cr-5Ti

Ta 0.65 0.54]  0.61 1.1 0.3 0.2 0.2 0.2 0.2
w 2800 0.21 1.8 8.2 <0.03 20 3 0.8 20
Re <0.0016] <0.0025| <0.0023{ <0.0021 <0.01 <0.01 <0.001 <0.01 <0.01
Os <0.0018| <0.0038| <0.0035| <0.0032 <0.02 <0.02 <0.02 <0.02 <0.02
Ir <0.0012| <0.0025| <0.0023| <0.0021 <0.01 <0.01 <0.01 <0.01 <0.01
Pt 1.1] <0.0046[ <0.0042] <0.0039 <0.02 <0.02 <0.02 <0.02 <0.02
Au 23|  0.072] 0.032] 0.067| <0.009]  <0.008 <0.008 <0.008 <0.008
Hg <0.011! <0.012| <0.011| <0.018 <0.03 <0.03 <0.03 <0.03 <0.03
Tl
P <0.0071] <0.015] <0.014] <0.013 <0.02 <0.02 <0.02 <0.02 <0.02
Bi <0.0066! <0.014] <0.013] <0.012|  <0.009| _ <0.008 <0.008 <0.008 <0.008
Th <0.0018| <0.0023! <0.0014] <0.0013 <0.01] _ <0.009 >0.009 <0.009 <0.009
U 0.039]  0.013| 0.015] 0.012 <0.01 <0.01 <0.01 <0.009 <0.009

*Sr, Zr, Nb, Mo and Te analyzed by SSMS for BL-46

Table 3. Trace element concentrations in vanadium alloys considered attainable by

standard production practices.
V4CRA4TI

ElemenfC | N o |Al Si |[P|s |d |K FelNi |Cu |As [Nb {Mo|Ta |W
wppm |50 | 100} 200] 100| 500{ 30| 10 1 404 0.1 |1 4 |2 2
appm | 200 400] 600|200 | 900| 49| 16].29|.18 |36 | 3.5} 0.8 | 0.07| 0.55| 2.1 } 0.56( 0.55




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

SUMMARY

V-4Cr-4Ti alloy has been selected for use in the manufacture of a portion of the DIII-D Radiative Divertor
upgrade. The production of a 1200-kg ingot of V-4Cr-4Ti alloy, and processing into final sheet and rod
product forms suitable for components of the DIII-D Radiative Divertor 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.

PROGRESS AND STATUS

1. Introduction

General Atomics (GA) has developed a plan for the utilization of vanadium alloys in the DITI-D tokamak.
The plan is being implemented with the assistance of the Argonne, Oak Ridge, and Pacific Northwest
National Laboratories (ANL, ORNL and PNNL), and will culminate in the operation of a water-cooled
vanadium alloy structure in the DIII-D Radiative Divertor (RD) upgrade.l-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 (V-4Cr-4Ti) 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 currently consists of three phases: first, small vanadium alloy specimens and coupons have
been and are continuing to be exposed inside the DIII-D vacuum vessel to evaluate the effects of the DIII~-
D vacuum environment; second, a small vanadium alloy component will be designed, manufactured, and
operated in conjunction with the existing DITI-D divertor; and third, the upper private flux baffle of the new
double-null, slotted divertor will be designed, fabricated from vanadium alloy product forms, installed in
DITI-D, and operated. In addition, as part of a collaboration between GA and the Japan Atomic Energy
Research Institute, small vanadium alloy specimens and coupons are being exposed inside the vacuum
vessel of the JFT-2M tokamak in Japan to evaluate the effects of the vacuum environment for comparison
with data obtained from DIII-D. A major portion of the program is research and development to support
fabrication and resolve key issues related to environmental effects. The plan is being carried out by GA as
part of the DIII-D Program, and with the support of ANL, ORNL, and PNNL, participants in the Materials -
Program of the Department of Energy's Office of Fusion Energy (DOE/OFE).

2. PHASE 1: Specimen and Coupon Exposures and Analysis

Minature Charpy V-notch (CVN) impact and tensile specimens of V-4Cr-4Ti alloy (ANL 500 kg heat)3
were exposed/monitored in DIII-D in a position on the vessel wall behind the divertor baffle for ~9 months,
experiencing a maximum temperature of ~350°C.4 CVN tests conducted at ANL at temperatures over the
range of —196 to +150°C indicated ductile behavior for all test temperatures, and tensile tests conducted at



ambient and elevated temperatures indicated values similar to that for unexposed material.> A new set of
V-4Cr-4Ti alloy samples, installed during the January 1996 vent, is currently undergoing exposure to
provide more data for confirmation and statistical verification.

In parallel to these exposures, additional V-4Cr-4Ti alloy samples underwent short-term exposures utilizing
the DIII-D Divertor Material Exposure System (DiMES). A V-4Cr-4Ti alloy disc, and subsequently,
miniature CVN specimens, were exposed/monitored during bakeout of the DIII-D vacuum vessel
(maximum temperature of ~350°C).# CVN tests conducted at ANL at temperatures over the range of —196
to +150°C indicated ductile behavior for all temperatures.5 A surface analysis (for hydrogen) of the V-4Cr-
4Ti alloy disc specimen was completed at Sandia National Laboratory in Albuquerque, NM, and evaluation
of that data was performed at ANL and reported previously.S Other DiMES exposures of V-4Cr-4Ti alloy
are being considered to evaluate the effects of other DIII-D environmental conditions (e.g., discharge
cleaning, boronization, etc.) '

In addition, miniature and standard CVN specimens, miniature tensile specimens, standard bend specimens,
and small coupons (for O and H analysis) of V-4Cr-4Ti alloy (GA 1200-kg heat) are being
exposed/monitored in the Japanese tokamak JFT-2M in a position under the JFT-2M divertor baffle, where
they will experience 2 maximum temperature of ~300°C. These specimens and coupons will be evaluated
jointly by JAERI and GA after their removal.

3. PHASE 2: Small Component Exposure

A second step in the DITI-D Vanadium Plan is to install a small V-4Cr-4Ti alloy component in DIII-D.
This component will be manufactured utilizing many of the methods proposed for the Phase 3 water-cooled
private flux baffle. The component will be installed, exposed for some period of tokamak operations, and
then removed. Samples from the component will be excised, and metallurgical analyses and property
measurements will be made on the excised materials. Fabrication of this component is planned for the end
of 1997, but a specific design for the component has not yet been defined.

4. PHASE 3: Radiative Divertor Program

The design, manufacture, and installation of a V-4Cr-4Ti alloy private flux baffle structure for the upper
divertor of the RDP will be performed as the third phase of the vanadium alloy program. Details of the
structural design of the toroidally-continuous, water-cooled and radiatively-cooled structural panels which
make up the V-4Cr-4Ti alloy private flux baffle were presented in a previous report.*

The water-cooled panels for the V-4Cr-4Ti alloy baffle will be fabricated of sandwich construction from two
4.8 mm sheets, each containing a wide 1.5 mm deep slot milled into its face to provide an internal coolant
channel. Resistance seam welding is the primary candidate process being considered for structurally joining
the panel edges, with electron beam welding proposed for making a leak-tight perimeter seal. Other methods
of joining are proposed for different areas of the design such as the graphite armor tile attachment studs and
cooling water inlet and outlet manifolds. To facilitate installation, V-4Cr-4Ti alloy/Inconel 625 joints are
planned to provide a bi-metallic tube nipple. This component will be used to transition V-alloy water-
cooled panels to Inconel 625 tubes which provide a cooling water supply.

A. Fabrication of Product Forms for the Radiative Divertor

Processing of the V-4Cr-4Ti alloy by WCA was initiated in September 1995, and the finished sheet and rod
product forms were completed and received by GA from WCA in October 1996. Complete details of the
processing, including melting of the 1200-kg ingot, extrusion into billets, warm rolling of the billets into
sheet bar material, warm processing (rolling and swageing) of sheet bar material into 4.8 mm thick sheet
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and 11 mm diameter rod product forms, and chemical analysis of various processed forms, were presented in
previous reports.#6:7 CVN tests were conducted at ANL on miniature specimens excised from sheet material
to characterize the fracture behavior of the heat. Tests conducted at temperatures over the range of —196 to
+25°C indicated ductile behavior for all temperatures. The GA heat exhibited a ductile/brittle transition
(DBTT) temperature below -196C and an upper shelf energy of ~10J. The DBTT of the GA heat was
similar to that obtained for previously-processed V-4Cr-4Ti and V-5Cr-5Ti alloy heats whereas the upper
shelf energy was slightly lower than observed for the other alloys (~12-16 J).8 Support will be continued
by ANL and ORNL in the development of basic engineering design properties for these product forms.

B. Manufacturing Technology Development

As manufacturing development is a major focus of this project a significant amount of research and
development 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. GA is using private IR&D funds to complement
welding efforts at ANL and ORNL, investigating several different joining processes which are attractive for
fabrication of RD components including resistance seam, friction, electron beam welding, and most
recently, explosive bonding. Until just recently, i.e., prior to the receipt of the sheet and product forms
from the GA heat, the scope of the GA joining development efforts had been limited by the availability of
material, some of which has been purchased from WCA (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 #8326653). In
addition, where required thicknesses of material were unavailable for weld trials, ORNL performed warm
and/or cold rolling of available materials to required thicknesses. -

Resistance Welding Studies

Resistance seam welding studies in air have been completed to develop the method for structurally joining
sheets of vanadium alloy together to make the water-cooled panels for the RDP.

As reported previously,*5.7 spot weld trials were initially performed on 4.8 mm thick V-5Cr-5Ti alloy and
V-4Cr-4Ti alloy sheet materials utilizing variations in power input (welding current and dwell time) and
electrode pressure, producing diffusion bonds at low power levels and weld nuggets with minimal porosity
at higher power levels. Both diffusion-bonded and fully-welded materials had similar strengths (~380 Mpa)
in simple spot weld lap shear tests, well above that specified by American Welding Society standards for
material of this strength level.

Resistance seam (overlapping spots) welds were then performed on similar 4.8 mm V-4Cr-4Ti alloy sheet
using copper alloy wheel electrodes and a variety of power settings, and electrode (wheel) pressures, wheel
diameters, and wheel radii. Although full melting (i.e., nugget formation) could not be achieved at the
faying surfaces of the coupon samples without some melting of the copper electrodes and surface cracking,
leak-tight seam diffusion bonds (~5 to 10 mm in width) were obtained which exhibited room-temperature
lap shear test strengths comparable to that achieved for similar spot-welded (and spot-bonded) material.

In addition to the resistance welding studies, preliminary tests were completed at PNNL to study the
potential for stress corrosion cracking of vanadium alloy resistance welds in DIII-D cooling water. PNNL
performed several crack growth tests on specimens of V-4Cr-4Ti alloy (ANL 500 kg heat3) in DIII-D
cooling water at a stress intensity of 30 Mpa-+/m , a factor of ten times the calculated value based on stress
analysis. No measurable crack growth, confirmed by SEM analysis of fracture surfaces obtained after the
specimens were rapidly broken in tension, was observed during either test (32 and 60 days).
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Friction Welding Studies

Two types of friction welding trials are in progress. Inertia (shop) and portable friction welding have been
selected as candidate processes for joining vanadium alloy to itself, and inertia welding has been selected as
one method for creating a bi-metallic joint between vanadium alloy and Inconel 625. Initial rod-to-rod
inertia weld trials of vanadium alloy (V-5Cr-5Ti alloy) bonded to itself, and to Inconel 625, were successful
in air, without any protective environment. Metallography showed complete bonding with no indications of
porosity or cracking, and mechanical tests at room temperature resulted in failures in material well away
from the joint and HAZs, at stress levels greater than the strength of the V-alloy.

As reported previously,%%7 inertia weld trials were performed to fabricate bi-metallic V-5Cr-5Ti
alloy/Inconel 625 joints in a butt joint configuration which could be machined into a bi-metallic tube
nipple, a component which could be joined to a V-alloy water-cooled panel (via a controlled shop weld,
e.g., electron beam welding) and subsequently to an Inconel 625 cooling water tube (via a field tungsten-
inert gas weld). After initial unsuccessful attempts, followed by a joint configuration change, joints were
produced which were vacuum leak tight to DIII-D standards and exhibited strengths >~720 MPa in room-
temperature tensile pull tests, with failures occurring in a ductile (tearing) mode in the V-alloy away from
the joint. ’

As previously reported,57 portable friction welding trials of vanadium alloy rod to plate were also performed
to develop methods of in-situ replacement of studs on water-cooled panels. After several partially-successful
trials, in which substantial bonding was achieved, but with attendant large hardness increases at the weld
interface and thick heat-affected zones (HAZs), additional trials were performed using shorter welding times
to reduce heat input, and ram pressures and rotational speeds were selected to be similar to that used for the
successful inertia weld trials. These trials yielded several samples which were bonded over ~100% of the
contacting areas, possessed no observable porosity, and exhibited a joint strength comparable to that of the
V-4Cr-4Ti alloy. An additional set of ~40 trials, utilizing threaded studs similar to that to be used for
fabricating the RD structure, is currently in progress.

Electron Beamn Welding Studies

Preliminary electron beam welding trials on 6.35 mm V-5Cr-5Ti alloy sheet have been completed, and were
reported previously.5

Explosive Bonding Studies

Explosive bonding is being investigated as an alternate method for producing a dissimilar metal joint
between V-4Cr-4Ti alloy and Inconel 625 for application as a tube nipple/connector to transition a V-4Cr-
4Ti alloy water-cooled RD panel to an Inconel 625 water supply tube. A lap joint for this tube-to-tube
configuration may be more preferable for this application compared to the butt joint configuration developed
by inertia welding because of its enhanced mechanical strength and potential for a longer (up to ~10 times)
leak path between the cooling water inside the tube and the external vacuum environment of DIII-D.

As reported previously, 7 a preliminary explosive bonding trial of a V-4Cr-4Ti alloy tube (~150 mm long
x 22.1 mm o.d. X 2 mm wall) to an Inconel 625 round bar was performed. This trial was partially
successful, producing a vacuum leak tight joint with no porosity over about 1/2 of the length of the
sample. Another bonding trial is being planned in which additional explosive material will be placed on the
outer surface of the V-4Cr-4Ti alloy tube in order to bond the entire length of the sample. For this trial,
22 mm O.D. X 2 mm wall V-4Cr-4Ti alloy tubing is currently being fabricated (by cold drawing) from a
section of 47 mm thick V-4Cr-4Ti alloy sheet bar longitudinally rolled from extruded billet material.
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Another method being pursued for developing a V-4Cr-4Ti alloy/Inconel 625 tube nipple/connector
involves the forming of explosively-bonded V-4Cr-4Ti alloy/Inconel 625 sheet material into a tubular shape
by a deep drawing process. As part of this investigation, a preliminary explosive bonding trial of a V-4Cr-
4Ti alloy sheet (380 mm X 125 mm X 2 mm thickness) to an Inconel 625 sheet (1.25 mm thickness) was
performed. Ultrasonic testing of the explosively-bonded composite sheet showed no indications of
debonding between the two materials, and metallography of samples excised from a number of locations in
the sheet revealed no evidence of porosity at the bond line between the V-4Cr-4Ti alloy and the Inconel 625.
Plans are currently underway to perform shear tests on strips excised and machined from the explosively-
bonded sheet. In addition, another explosive bonding trial has recently been performed using larger pieces of
sheet material (~360 mm X ~230 mm) in order to provide a sufficient amount of material for deep drawing
studies. Evaluation of this bonding trial is currently in progress.

CONCLUSIONS

A program for utilizing vanadium alloys in DIII-D has been developed to assist the deployment of low
activation alloys for fusion applications, and production of material for this program has been completed. A
1200-kg V-4Cr-4Ti alloy ingot of acceptable chemical composition has been melted, extruded into
rectangular billets, and processed into sheet and rod product forms. CVN impact properties of the finished
alloy are comparable to those of previously-processed V-4Cr-4Ti and V-5Cr-5Ti alloys. Preliminary
successes have been achieved in developing similar and dissimilar metal welds in vanadium alloy by
resistance, inertia, portable friction, and electron beam welding, and explosive bonding methods.
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REVISED ANL-REPORTED TENSILE DATA FOR V-Ti AND V-Cr-Ti ALLOYS"
M. C. Billone (Argonne National Laboratory)

SUMMARY

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.

PROGRESS AND STATUS
Introduction

The results of tensile tests performed at Argonne National Laboratory (ANL) on unirradiated and
irradiated V-Ti and V-Cr-Ti alloys have been reported in tabular and/or graphical form in the Fusion
Reactor Materials Semiannual Progress Reports from the periods ending March 31, 1987
(DOE/ER-0313/2) to June 30, 1996 (DOE/ER-0313/20). Restults can also be found in the open
literature, but the Progress Reports contain the most detailed set of results for the tensile
properties of interest: yield strength (YS), ultimate tensile strength (UTS), uniform elongation
(UE), total elongation (TE) and reduction in area (RA). Recently, the methodology used to
determine the UE and TE values has come into question. In the process of resolving the issue of
whether tensile-machine displacement was properly subtracted from cross-head displacement in
determining elongations, all tensile properties have been re-examined in the current work. Both
published and unpublished load-displacement curves have been re-analyzed and re-evaluated to
derive the revised set of tensile properties.

The one-third-size tensile specimens (SS3) used in all ANL tensile tests (except for the oxidation
studies) have a gauge length of 7.62 mm and a cross-sectional area of about 1 mm2 (0.9-1.4

mm2). The Instron testing machine has a 500 kgf (4900 N) load cell. A uniform cross-head speed
of 0.5 mm/minute was used for all tests, giving an effective gauge-length strain rate of
0.11%/second. ‘Based on data in laboratory notebooks and on the original load-displacement
curves, the load cell was varied during the tests from a full vertical scale (250 mm in height) of
anywhere from 10 kgf to 250 kgf. Useful data for most tests were recorded with a full scale of 50
kgf for unirradiated material and 100 kgf for irradiated material. In terms of converted stress, this
amounts to about 4 MPa per vertical grid mark. The strip chart recording speed was generally 50
mm/minute, although 100 mm/minute was used in several cases. At 50 mm/minute, each
horizontal grid mark corresponds to a cross-head displacement of 0.02 mm and a gauge length
strain of 0.262%. In general, the extensometer readings for cross-head displacement at the end
of the test were consistent with the values determined from cross-head displacement rate and
strip-chart recorder speed rate. For the oxidation studies, the gauge section of the samples is 19
mm in length, about 4.5 mm in width and about 1 mm in thickness. The reference gauge-length
strain rate for the oxidized and unoxidized samples is 0.018%/second.

“Work supported by the U.S. Department of Energy, Office of Fusion Energy Research, under contract W-31-109-Eng-38.
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The terminology and the methodology for analyzing tensile data from strip-chart recordings is

established in ASTM Designation E 6 and E 8, respectively.1 It is worthwhile to review these
terms and methods. For monotonically increasing load vs. displacement curves up to the
maximum load, YS is the load (divided by the initial gauge cross-sectional area) corresponding to
an offset strain of 0.2% (displacement at zero load divided by the initial gauge length). The offset
value of 0.2% has no intrinsic significance. It is based on practicality and experience in analyzing
tensile curves. The offset strain is determined by “analytically” or “graphically” unloading the
specimen at a linear load-displacement slope corresponding to the effective linear portion of the
load-displacement curve. The intersection of this line with the horizontal axis determines the
offset displacement and strain. While various methods (e.g., initial tangent modulus, tangent
modulus, secant modulus and chord modulus) are given in the ASTM standards, the
methodology used in the current work corresponds more closely to the tangent modulus
approach. With most of the load-displacement curves for vanadium alloys tested in the ANL
Instron machines exhibiting an elongated “S” shape during the low-strain rise in load, the modulus
is determined by the tangent line coinciding with the most number of points in the elongated part
of the S-shape. Some of the load-displacement curves analyzed exhibit discontinuous yielding
which consists of a rise to a high load (upper yield point, UYP) followed by a drop in load to a
minimum value (lower yield point, LYP) followed by a rise in load with displacement up to the
maximum load. For these cases, the 0.2% offset stress has little meaning. For consistency, the
stress corresponding to the minimum yield point is designated as YS in the current work for
samples which exhibit discontinuous yielding.

The UTS is relatively straightforward to determine. For monotonically increasing load with
displacement up to the maximum load, the UTS is simply the maximum load divided by the initial
gauge cross-sectional area. In the case of discontinuous yielding, the UYP may represent a
higher load than for the continuous part of the curve after the discontinuous yielding. In such
cases, the UYP is not to be used in determining UTS. The offset displacement (or strain)
corresponding to the peak load (or UTS) is called the uniform elongation (UE). While UTS can be
uniquely determined, more uncertainty is involved in determining UE, particularly for cases for
which the maximum load is nearly constant over a displacement (or strain) range. While the ASTM
standards imply that the midpoint of this flat region should be used to determine UE, the maximum
offset strain corresponding to the maximum load is used in the current work. This decision is
based on detailed analyses of stainless steel stress-strain curves and the criteria for necking. The
maximum strain at peak load is more characteristic of the uniform elongation of the gauge section
prior to necking.

The total elongation (TE) corresponds to the offset strain just prior to failure. The same slope as is
used in the determinations of YS and UE is used to determine the oifset displacement and strain
at failure.

Results

About 100 tensile-test strip chart recordings have been re-analyzed for V-Ti and V-Cr-Ti alloys
irradiated in FFTF. An additional four recordings have been re-analyzed for V-Cr-Ti alloys
irradiated in HFIR. The difference between revised and previously-reported values of YS is on the
order of +10%. Much of this difference lies within the uncertainty of interpreting YS from load-
displacement curves which exhibit discontinuous yielding. Some of the difference arises from the
use of a different slope to determine the offset strain. The remaining differences have to do with
uncertainty in interpreting results with changes in the strip-chart load scale. In any case, the £10%
is well within the uncertainties involved in determining YS and within the heat-to-heat variation for
most structural alloys. The agreement between revised and previously reported values for UTS is
even better (1% deviation). This is not surprising given the relative simplicity and lack of
ambiguity in determining the peak load and dividing it by the initial cross-sectional area. With
regard to the uniform and total elongations, the average slope of the linearized-portion of the
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load-displacement curve is about 1.6 kN/mm, giving an average effective modulus of about 115
MPa/%. When the effective modulus for each load/displacement or stress/strain trace is used to
determine the permanent offset UE and TE values, the revised values for UE and TE are lower by
4 - 9% strain for UE and 1 - 7% strain for TE than the previously reported values. The significance
of these corrections increases as the irradiation/test temperature decreases and the ductility (UE
and TE) of the vanadium alloys decreases.

The vanadium alloys in the unirradiated condition have higher ductilities (UE and TE) than those in
the irradiated condition. Data from about 200 tensile-tested, unirradiated vanadium alloys have
been reported previously in the literature. During the current reporting period, about 30 of the
original tensile strip-chart recordings were located and re-analyzed. Based on the 30 cases
analyzed, similar differences between revised and previously-reported YS, UTS, UE and TE
values have been observed for the unirradiated cases as were observed for the irradiated cases.
However, for the 30 cases analyzed. the vanadium alloys retain significant ductility even after the
corrections have been made to UE and TE.

Discussion

Tensile properties of structural materials are significantly different than inherent material properties
such as Young’'s modulus and Poisson’s ratio. The test results for YS, UTS, UE and TE are
dependent on sample size and shape, sample preparation, strain rate, test environment, as well
as the methodology used to interpret the test data. The tensile properties generated within this
R&D program do not constitute a “design data base” because of the small gauge length (7.62
mm) and the lack of repetition of tests under the same nominal conditions. For example, ASME
specifications for pressure vessel material establish minimum values of YS, UTS and TE based on
a two-inch (51 mm) gauge length for the shape of samples used in this R&D program. For most
ductile materials which fail by local necking, TE decreases as the gauge length increases. Rather,
the tensile data base is intended to be used in conjunction with other mechanical properties tests
(e.g., Charpy, fracture-toughness, creep, fatigue, etc.) to compare the performance of different
vanadium alloys, as well as the differences among the same nominal chemical composition with
different impurity levels and microstructures. In order for the comparison to be meaningful,
however, it is important that each party generating tensile data use the same terminology and
methodology with regard to determining and reporting values for YS, UTS, UE, and TE. This is
essential to the selection and optimization efforts within the vanadium alloy R&D program.
Consistent with this rationale, the tensile properties reported by ANL for all irradiated samples and
some unirradiated samples have been critically reviewed, and revised as needed, based on a
combination of ASTM standards and knowledge of material performance. While standards such
as those established in ASTM do not give a unique method for determining tensile properties
and are somewhat naive with regard to material science considerations, the important aspect of a
comparative program is to select and use a consistent and physically-realistic methodology. This
implies using some common sense in applying standards, rather than blindly appling such
standards. The following example illustrates this point.

The following discussion is contained in ASTM Ref. 1 (page 20) under modulus of elasticity:

“The stress-strain relations of many materials do not conform to Hooke's law throughout the
elastic range, but deviate therefrom even at stresses well below the elastic limit. For such
materials the slope of either the tangent to the stress-strain curve at the origin or at a low stress,
the secant drawn from the origin to any specified point on the stress-strain curve, or the chord
connecting any two specified points on the stress-strain curve is usually taken to be the ‘modulus
of elasticity.” In these cases, the modulus should be designated as the ‘tangent modulus,’ the
‘secant modulus,’ or the ‘chord modulus,’ and the point or points on the stress-strain curve
described....”
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This ASTM discussion may have some practical value in interpreting tensile data from strip-chart
recordings, but it has little meaning with regard to material science and performance. Many
structural materials (e.qg., ferritic steels, stainless steels, vanadium alloys) have well-defined elastic
moduli and elastic regimes which can be determined by dynamic methods. However, because of
a variety of factors associated with the tensile test (e.g., machine stiffness and slip, the manner of
gripping, the shape and size of the sample, etc.), the low-strain rise in load is more “S” shaped
than linear and the effective modulus used to determine YS, UE and TE has little o do with the
elastic modulus of the material. It is often at least an order of magnitude less than Young's
modulus.

FUTURE WORK

Complete the re-analysis of the original load-displacement strip-chart recordings for unirradiated
samples of vanadium alloys.

Issue a detailed report containing YS, UTS, UE and TE (and RA where available) tensile resuits for
unirradiated and irradiated vanadium alloys tested at ANL, including sample identification number,
neutron damage level, helium content, irradiation temperature and test temperature.

Re-evaluate trends in tensile data for vanadium alloys, particularly decrease in ductility with
increase in strength due to increased Cr, Ti and Si levels, impurity levels, microstructure, and
neutron-damage/helium-content.
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TENSILE PROPERTIES OF VANADIUM ALLOYS IRRADIATED AT 390°C in EBR-II"
H. M. Chung, H.-C. Tsali, L. J. Nowicki, and D. L. Smith (Argonne National Laboratory)

SUMMARY

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-18Si irradiated
in the latter subcapsule also exhibited good tensile properties. These resuits 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.

INTRODUCTION

Recent attention to vanadium alloys has focused on low-temperature irradiation performance of
V-4Cr-4Ti, especially the phenomenon of loss of work-hardening capability. This phenomenon,
usually manifested by low uniform elongation (<1%), was not observed for irradiation temperature
2 500°C. Under conditions of conventional neutron irradiation (i.e., negligible helium generation),
complete loss of work-hardening capability has been reported for a 500-kg heat of V-4Cr-4Ti
(heat #832665) irradiated to =0.4 dpa at 100-275°C in the High Flux Beam Reactor (HFBR)! and
for a 30-kg heat of V-4Cr-4Ti (BL-47) irradiated to =10 dpa at =200°C in the High Flux Isotope
Reactor (HFIR).2

In contrast, the 30-kg laboratory heat (BL-47) has been reported to retain a significant level of
work-hardening capability (uniform elongation =3%) after irradiation to =10 dpa at =400°C in the
HFIR.3 Despite the low uniform elongation, total elongation appears to be significant, and
fracture surface morphology is typically ductile dimple fracture. This report presents results of
postirradiation testing of tensile properties of large-scale and laboratory heats of several
vanadium alloys irradiated in Li-bonded stainless steel subcapsules to =4 dpa at =390°C in the
EBR-Il X530 experiment.

MATERIALS AND TESTING PROCEDURES

The elemental composition of the alloys, determined prior to irradiation, is given in Table 1.
Tensile specimens with a gauge length of 7.62 mm and a gauge width of 1.52 mm (SS-3
geometry) were machined from =1.0-mm-thick sheets that had been produced by rolling a =3.8-
mm-thick plate at 25 or 400°C. Specimens from the V-Cr-Ti alloys were annealed at 950-1125°C
for 1 h in an ion-pumped vacuum system, whereas specimens from V-Ti and V-Ti-Si alloys were
annealed at 1050°C for 1 h. Following irradiation and specimen retrieval, the specimens were
cleaned ultrasonically in alcohol and tested without the customary degassing treatment at 400°C
(used to expel hydrogen). Tensile properties were measured at 390°C (same irradiation
temperature) in flowing argon at a strain rate of 0.001 s™1.

IRRADIATION CONDITIONS

Details of the X-530 experiments, the last irradiation experiment in EBR-1I before its shutdown,
are described elsewhere.* The tensile specimens were irradiated at ~390-394°C to ~4 dpa in

" Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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Table 1. Chemical composition of vanadium alloys irradiated to =4 dpa at =390°C
in lithium in the EBR-1I X530 experiment

Irradiatedin = Nominal Compo. Impurity Concentration (wt. ppm)
HeatID Subcapsule (wt.%) 0] N C Si
BL-45 S8 2.5Ti-1Si 345 125 90 9900
BL-62 S8 3.1Ti 320 86 109 660
BLA46 S8 4.6Ti 305 53 85 160
QN742 S9 4.0Cr4.1Ti-B 480 79 54 350
BL-63 S8 4.6Cr-5.1Ti 440 28 73 310
vX-8b S8 and S9 3.73Cr-3.93Ti 350 70 300 500
832665°¢ S9 3.8Cr-3.9Ti 310 85 80 783

aContains =250 appm boron—10.

b100-kg heat, obtained from Russian Federation, contains (in wppm) 1120 Al, 280 Fe, 500 Co,
270 Mo, 1280 Nb, 19 Zr. :

C500-kg heat produced by Teledyne Wah Chang Albany, OR.

dall others are 15— to 30—kg laboratory heats.

Li-bonded Type 304 stainless steel subcapsules. They were divided into two groups and
irradiated in two different subcapsules under nominally similar conditions (see Table 1).

RESULTS AND DISCUSSION

Uniform and total plastic strains of the specimens irradiated in the Subcapsule S8 (loaded in
Capsule AH-2) are shown in Figs. 1A and 1B, respectively. Similar results measured on
specimens irradiated in the Subcapsule S9 (loaded in Capsule AH-1) are shown in Fig. 2.
According to the original plan, all heats of V-4Cr-4Ti were irradiated in the same subcapsule, i.e.,
S9. Specimens from other alloys were irradiated in the S8 subcapsule under nominally the same
conditions. Only the specimens from the 100-kg heat of V-4Cr-4Ti (VX-8) were irradiated in both
subcapsules.

A surprising observation is the contrasting work-hardening behavior of Heat VX-8 (V-4Cr-4Ti)
after irradiation and retrieval from Subcapsules S8 and S9. That is, uniform plastic strain of the
heat irradiated in Subcapsule S8 was as high as 2.8-4.0 %, whereas specimens irradiated in the
counterpart subcapsule S9 exhibited uniform strains of only =0.6-0.8 %. All four specimens were
double-checked and it was confirmed that specimen identity was correct.

At this time, it is difficult to understand the contrasting behavior of the VX-8 specimens under
nominally similar irradiation conditions. One factor being investigated, however, is possible
contamination of Li in Subcapsule 89, either during fabrication or disassembly. In contrast to the
TZM subcapsules used in the past irradiation experiments at 420-600°C in the FFTF-MOTA, Type
304 stainless steel subcapsules were used in this experiment. It cannot be unequivocally ruled
out at this time that impurity (such as N) transfer from stainless steel wall was more pronounced
in Subcapsule S9 than in S8.

The specimens from the 500-kg heat of V-4Cr-4Ti (#832665) that were irradiated in Subcapsule
S9 exhibited minimal work-hardening capability, and uniform plastic strain was <0.6% regardless
of annealing conditions. Compared to the VX-8 specimens irradiated in Subcapsule S8 (uniform
elongation 2.8-4.0 %), the specimens from Heat #832665 irradiated in Subcapsule S9 (uniform
elongation 0.4-0.6 %) exhibited a higher degree of localized wall thinning at the fracture tip,
indicating that the latter heat suffered more from loss of work-hardening capability and strain
localization than did the former heat.
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=4 dpa in lithium in S9 subcapsule.

However, specimens from Heat 832665 were not loaded in Subcapsule S8, nor were any tensile
specimens from the 30-kg heat of V-4Cr-4Ti (BL-47), which exhibited good tensile behavior at
400°C in HFIR,3 included in this experiment. Nevertheless, it seems that the tensile properties of
V-4Cr-4Ti during conventional neutron irradiation near 400°C vary strongly from heat to heat, and
possibly, due to subtle differences in irradiation conditions. This behavior was, however, not

observed at irradiation temperatures > 500°C.

Figure 3 shows yield and ultimate tensile strengths of BL-45 (V-3Ti-1Si) and VX-8 (V-4Cr-4Ti)
irradiated in Subcapsule S8, the two heats that exhibited good tensile properties in this
experiment.

CONCLUSIONS

1.

Vanadium alloys were irradiated in two Li-bonded Type 304 stainless steel subcapsules to
=4 dpa at =390°C in the X530 experiment in EBR-Il. A 500-kg heat (Heat ID 832665) and a
100-kg heat (Heat ID VX-8) of V-4Cr-4Ti irradiated in one of the subcapsules suffered from
complete loss of work-hardening capability, which was manifested by very low uniform plastic

strains.

In contrast, the 100-kg heat (Heat VX-8) irradiated in another subcapsule exhibited good
tensile properties (uniform plastic strain 2.8-4.0 %), aithough the irradiation conditions were
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nominally the same. The contrasting work-hardening behavior of this heat in the two
subcapsules is not understood.

Susceptibility of V-4Cr-4Ti to low-temperature (<430°C) loss of work-hardening capability
varies strongly from heat to heat. This phenomenon, not observed at irradiation temperatures
> 500°C, is probably associated with synergistic interaction between minor nonmetallic
impurities and displacement damages produced at low irradiation temperatures.

A 15-kg heat of V-3Ti-1Si (Heat ID BL-45) irradiated in one subcapsule exhibited relatively
good tensile properties (uniform plastic strain 1.6-1.7 %). Heat-to-heat sensitivity of the alloy
to susceptibility to low-temperature loss of work-hardening capability, similar to that observed
for V-4Cr-4Ti, is not known yet.

Elimination of the culprit nonmetallic impurity or impurities, or doping of an alloy (e.g., V-4Cr-
4Ti and V-3Ti-18i) with certain metallic elements, is believed to be effective in suppressing
susceptibility to low-temperature loss of work-hardening capability.

FUTURE WORK

Chemical analysis and microstructural characterization will be conducted, with a focus on
specimens from V-3Ti-1Si (Heat BL-45) and V-4Cr-4Ti (Heats VX-8 and #832665) to provide an
understanding of the contrasting work-hardening behavior of these heats.
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EFFECT OF HELIUM ON TENSILE PROPERTIES OF VANADIUM ALLOYS"
H. M. Chung, M. C. Billone, and D. L. Smith (Argonne National Laboratory)

SUMMARY

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-1Si
(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-18Si 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-1Si appears to be more advantageous than V-4Cr-4Ti, although 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 properties of V-4Cr-4Ti and V-3Ti-1Si alloys at 300-470°C at
doses of 10-20 dpa with high helium/dpa ratios of =4-5 appm He/dpa.

INTRODUCTION

An investigation of the effects of conventional neutron irradiation (at 420-600°C, 30-84 dpa in fast
fission spectrum) on tensile properties of V-Ti, V-Ti-Si, and V-Cr-Ti alloys was reported
previously. Following that investigation, effects of simultaneous neutron irradiation and helium
generation in these alloys were investigated in the DHCE, and results of postirradiation
examination of swelling, tensile properties, and fracture behavior were reported for damage levels
of up to =30 dpa and helium generation rates of 0.4-4.2 appm He/dpa.2 To determine the effects
of helium, tensile properties measured and analyzed for the same heats by the same procedure
were compared for the conventional irradiation (negligible helium generated, referred to as "non-
DHCE") and DHCE for similar irradiation temperature and damage level.

Subsequently, it was learned that values for uniform and total strains and yield strength reported
in Refs. 1 and 2 were determined incorrectly. Also, revised data on neutron fluence and
displacement damage accumulated in the DHCE have been since reported in Ref. 3. This paper
presents revised tensile properties and irradiation parameters, with a focus on the effects of
dynamically generated helium in V-4Cr-4Ti, V-3Ti-1Si, and V-5Ti alloys.

MATERIALS AND PROCEDURES
The elemental composition of the alloys, determined prior to irradiation, is given in Table 1.

Tensile specimens, machined from =1-mm-thick cold-worked sheets, were annealed in high
vacuum for 1 h at 1125°C (V-4Cr-4Ti) or 1050°C (V-3Ti-1Si and V-5Ti).

" Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-109-Eng-38.
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‘Table 1. Chemical composition of alloys investigated

Alloy Ingot Nominal Composition Impurity Composition (wppm)
ANLID __ Size (kg) (wt.%) O N C Si
BL—45 15 V-2.5Ti-18i 345 125 80 9900
BL—-46 15 V—4.6Ti 305 53 85 160
BL-47 30 V—4.1Cr—4.3Ti 350 220 200 870

The specimens were irradiated in the DHCE in Li-bonded TZM capsules in the Fast Flux Test
Facility (FFTF, in MOTA-2B), a sodium—cooled fast reactor, at 430, 500, and 600°C to neutron
fluences (E > 0.1 MeV) ranging from 2.5 x 1022 to 4.8 x 1023 n/cm? which correspond to 14-27
dpa in vanadium. Helium in the alloy specimens was produced by utilizing transmutation of
controlled amounts of 6Li and predetermined amounts of tritium—doped vanadium mother
vanadium immersed in SLi + 7Li. Table 2 summarizes actual postirradiation parameters
determined from tensile and disk specimens of the V—4Cr—4Ti alloy (Heat ID BL-47), i.e., fast
neutron fluence, dose, and helium and tritium contents measured shortly after the postirradiation
tests. Helium and tritium contents were determined by mass spectrometry at Rockwell
International Inc., Canoga Park, CA.

Actual irradiation conditions of the seven DHCE subcapsules are described in Ref. 3, in which
detailed information on original loading plan, history of canister exchange, tritium charge, and
actual loading of subcapsules has been documented. Note that the actual irradiation conditions
of Subcapsules 5E1 and 5E2 are different from those given in Ref. 4.

Table 2. Summary of irradiation parameters of DHCE, and helium
and tritium contents measured in V-4Cr-4Ti

Measured Actual Helium Measured

Capsule Irradiation Total Helium to dpa Ratio Tritium

ID No. Temp. Damage  Content Content

(°C) (dpa) (appm) (appm/dpa) (appm)
4D1 430 25 11.2-18.3 0.48 27
4D2 430 27 22.4-22.7 0.84 39

S5E2 430 14 3.3-3.7 0.25 2

5D1 500 14 14.8-15.0 1.07 4.5
S5E1 500 16 6.4-6.5 0.40 1.7
5C1 600 14 8.4-11.0 0.69 20
5C2 600 18 74.9-75.3 417 63

Tensile properties were measured at 23, 100, 200°C, and at the irradiation temperatures in
flowing argon at a strain rate of 0.0011 s~—1. The same facility and the same procedures were
used in testing the tensile specimens irradiated in the DHCE and non-DHCE.

RESULTS AND DISCUSSION

The 0.2%-offset yield strength, ultimate tensile strength, uniform plastic strain, and total plastic
strain measured on tensile specimens of V—4Cr—4Ti irradiated in the DHCE at 430—600°C (1427
dpa, 4-75 appm He) are summarized in Figs. 1A-1D, respectively. Similar properties measured
on specimens irradiated at ~427°C to 14-33 dpa in non-DHCE (revised from Ref. 1) are also
plotted in the figure as function of tensile test temperature. Results measured on specimens of
V—3Ti—18i (14-27 dpa, 6-36 appm He) and V-5Ti (13-27 dpa, 9-20 appm He) are shown in
Figs. 2 and 3, respectively.

Helium Effect in DHCE at 500-600°C

After irradiation to =~13-27 dpa at 500-600°C in either a DHCE or a non-DHCE, the three alloys
retained significantly high ductilities, i.e., 3.5-8% uniform elongation and 9-20% total elongation.
For this range of irradiation temperature, effects of helium on tensile properties do not seem to be
significant.
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Fig. 1. Yield strength (A), ultimate tensile strength (B), uniform plastic strain (C), and total plastic
strain (D) of V—4Cr—4Ti (BL-47) after irradiation at 427—-600°C in the DHCE (14-27 dpa,
4-75 appm He) and in non—-DHCE (14-33 dpa).

Effects of Test Temperature

Yield strength, ultimate tensile strength, uniform plastic strain, and fotal plastic strain of the
specimens of the three alloys irradiated at 500-600°C appear to increase monotonically for
decreasing test temperature (from 500-600°C to 23°C). However, for V-4Cr-4Ti and V-3Ti-1Si
specimens irradiated at =427°C in a non—DHCE, uniform and total plastic strains appear to be more
or less independent of test temperature at 23-420°C. In contrast, similar specimens of V-4Cr-4Ti
and V-3Ti-1Si irradiated at =430°C in a DHCE exhibit a temperature dependency similar to that of
the specimens irradiated at 500-600°C. That is, ductility increases significantly with decreasing
test temperature.

Loss of Work-Hardening Capability in V-4Cr-4Ti in non-DHCE at =420°C

After irradiation in a non-DHCE at =420°C, the 30-kg heat of V-4Cr-4Ti (Heat ID BL-47) exhibited
minimal uniform elongation (0.3-0.5%), which is a manifestation of a strong susceptibility to loss of
work-hardening capability. The same heat did retain, however, good work-hardening capability
with a uniform elongation of =3% in a non-DHCE in helium environment in a conventional
irradiation experiment in the HFIR to =10 dpa at =400°C.3

A virtual loss of work-hardening capability was observed in a 500-kg heat of V-4Cr-4Ti (Heat 1D
#832665) in a conventional irradiation experiment (X-530 experiment) in Li-bonded stainless steel
capsules in EBR-Il to =4 dpa at ~390°C.# However, in the same experiment, a 100-kg heat of
V-4Cr-4Ti (Heat ID VX-8) exhibited a good work-hardening capability. These results indicate that
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Fig. 2. Yield strength (A), ultimate tensile strength (B), uniform plastic strain (C), and total plastic
strain (D) of V-3Ti-1Si (BL-45) after irradiation at 427-600°C in the DHCE (14-27 dpa ,
6-36 appm He) and in non-DHCE (14-33 dpa).

loss of work-hardening capability, and hence uniform elongation, in V-4Cr-4Ti class during
conventional irradiation experiments at <430°C varies strongly from heat to heat and is influenced
by irradiation conditions.

Work-Hardening Capability in V-3Ti-1Si in non-DHCE at =430°C

In contrast to V-4Cr-4Ti, the 15-kg V-3Ti-1Si (Heat ID BL-45) exhibited relatively high uniform
elongation (=4 %) under a similar non-DHCE condition, showing that this heat retains good work-
hardening capability under neutron irradiation at =<430°C. Total elongation of the alloy was >7 %
for under conditions tested in this study.

Helium Effect at =430°C

Interestingly, ductilities of DHCE specimens of V-4Cr-4Ti and V-3Ti-1Si alloys, irradiated at =430°C
and measured at <430°C, were always higher than those of the similar non-DHCE specimens,
whereas strengths were lower. Helium generated during irradiation at =430°C appears to promote
work-hardening capability in the two alloys. As a result, helium generation seems to be conducive
to higher uniform elongation (compared to that in a non-DHCE). This is summarized in Fig. 4. The
trend is consistent for all capsules and specimens that were irradiated at =430°C, i.e., a total of 13
V-4Cr-4Ti and V-3Ti-1Si specimens irradiated in 3 DHCE and 2 non-DHCE capsules. The trend
cannot be explained on the basis of the slightly higher dose level in non-DHCE than in DHCE, i.e.,
14-33 versus 14-27 dpa.
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Fig. 3. Yield strength (A), ultimate tensile strength (B), uniform plastic strain (C), and total plastic
strain (D) of V-5Ti (BL-46) after irradiation at 427-600°C n the DHCE (14-27 dpa,
9-20 appm He) and non-DHCE.
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The seemingly beneficial effect of helium indicates that different type of hardening centers are
produced during DHCE. This effect, also reported by Satou et al. for V-5Ti-5Cr-1Si-Y,Al alloy
(irradiated at =430°C in DHCE to =24 dpa, 177 appm He),5 is believed to be important in
evaluating the performance of V-4Cr-4Ti and V-3Ti-1Si alloys, because susceptibility to loss of
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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 of a
fusion reactor. In this respect, V-3Ti-1Si appears to be more advantageous than V-4Cr-4Ti,
although other factors such as creep strength could be disadvantageous.

This finding indicates also that tensile data obtained with negligible helium produced in
conventional irradiation experiments are not likely to be applicable, or may even be misleading, for
designing and evaluating the performance of first wall structure. Therefore, a dynamic helium
charging irradiation experiment is recommended which will focus on determining tensile and
fracture propetties of V-4Cr-4Ti and V-3Ti-1Si alloys at 300-470°C at higher dose (>30 dpa) and
higher helium/dpa ratio (=4-5 appm He/dpa).

Absence of Intergranular Fracture

No intergranular fracture surface morphology was observed in the present tensile specimens
irradiated in the DHCE and non-DHCE and tested at 23-600°C. Even the fracture surface
morphology of the specimens of V-4Cr-4Ti irradiated at =420°C in non-DHCE and exhibiting
uniform elongation of only 0.3-0.5 % was ductile dimple fracture. That is, the low uniform
elongation was a result of strong localization of plastic deformation rather than a brittleness. This is
in sharp contrast to results reported from tritium-trick experiments, in which dense helium bubbles
aggregated on grain boundaries produced intergranular fracture, leading to low uniform and total
elongation in the specimen.

CONCLUSIONS

1. After irradiation to =14-30 dpa at 500-600°C with (helium generation rate =1 appm He/dpa) or
without helium generation, V-4Cr-4Ti (Heat BL-47), 3Ti-1Si (BL-45), and V-5Ti (BL-46)
retained significantly high ductilities, i.e., 3.5-8% uniform elongation and 9-20% total
elongation. Results to date for this range of irradiation temperatures indicate that the effects
of helium on tensile properties are insignificant in these alloys. Yield strength, ultimate tensile
strength, uniform and total plastic strains of the alloys irradiated at 500-600°C in the DHCE
increased monotonically for decreasing test temperature.

2. Uniform and total plastic strains of V-4Cr-4Ti and V-3Ti-18Si irradiated at =427°C in a non—
DHCE were not influenced significantly by test temperatures at or below the irradiation
temperature. In contrast, ductility increased significantly with decreasing test temperature
when the specimens are irradiated at similar temperature in a DHCE. This indicates that
different types of defect microstructure are produced at =430°C during irradiation with and
without helium generation, most likely through interaction of impurities and helium atoms with
defects or defect clusters.

3. After conventional irradiation in FFTF (negligible helium generation) at =427°C, a 30-kg heat
of V-4Cr-4Ti (BL-47) exhibited minimal uniform elongation (0.3-0.5%), manifesting a strong
susceptibility to loss of work-hardening capability. The same heat, however, did retain
relatively good work-hardening capability with a uniform elongation of 1.3-1.9% after
irradiation in the DHCE at =430°C at helium generation rates of 0.48-0.84 appm He/dpa.

4. No intergranular fracture surface morphology was observed in the tensile specimens after
irradiation at 427-600°C either with or without helium generation. The fracture surface
morphology of the specimens of V-4Cr-4Ti that exhibited low uniform elongation (0.3-0.5 %)
after irradiation at =427°C, was ductile dimple fracture, indicating that the low uniform
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elongation was a result of strong localization of plastic deformation rather than material
brittleness. This is in sharp conirast to results reported from tritium-trick experiments, in which
dense helium bubbles aggregated on grain boundaries produced intergranular fracture,
leading to low uniform and total elongation in the specimen.

5. In contrast to V-4Cr-4Ti (BL-47), a 15-kg heat of V-3Ti-1Si (BL-45) exhibited relatively higher
uniform elongations, i.e., =3.7% after conventional irradiation in FFTF at =427°C and =6.3 %
after the dynamic helium charging irradiation in FFTF at =430°C. This indicates that this heat is
resistant to loss of work-hardening capability.

6. Helium atoms produced at =430°C in the dynamic helium charging irradiation seem to be
conducive to higher ductility (compared to that under conventional irradiation) and relatively
lower tensile strength. This seemingly beneficial effect of helium is believed to be important
in evaluating the performance of V-4Cr-4Ti and V-3Ti-1Si alloys, because susceptibility {o loss
of work-hardening capability at low irradiation temperatures under fusion-relevant helium-
generating conditions is considered a major factor in governing the minimum operating
temperature of a fusion reactor. In this respect, V-3Ti-1Si appears to be more advantageous
than V-4Cr-4Ti, although other factors such as creep strength of the alloy could be inferior.

7. Tensile data obtained from conventional irradiation experiments (i.e., negligible helium
generation), especially data for <5600°C, appear to be not applicable, or may even be
misleading, for designing and evaluating the performance of first wall structure. Therefore, a
dynamic helium charging irradiation experiment is strongly recommended with a focus on
determining tensile and fracture properties of V-4Cr-4Ti and V-3Ti-18Si alloys at 300-470°C to
doses of 10-20 dpa with helium/dpa ratios of =4-5 appm He/dpa.
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TENSILE PROPERTIES OF VANADIUM ALLOYS IRRADIATED AT 200°C IN THE HFIR
H. M. Chung, L. Nowicki, and D. L. Smith (Argonne National Laboratory)

SUMMARY

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 tests of tensile properties
of laboratory heats of V-(1-18)Ti, V-4Cr-4Ti, V-8Cr-6Ti, V-9Cr-5Ti, V-3Ti-18i, 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 = 10%, 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.

INTRODUCTION

Recently, attention to vanadium alloys has focused on low-temperature irradiation performance,
especially tensile properties at <425°C. Under negligible helium generation, a 30-kg laboratory
heat of V-4Cr-4Ti (Heat BL-47) was reported to retain a significant level of work-hardening
capability (uniform plastic strain =3%) after irradiation to =10 dpa at =400°C in the High Flux
Isotope Reactor (HFIR).1 In contrast, complete loss of work-hardening capability (negligible
uniform plastic strain) was reported for a 500-kg heat of V-4Cr-4Ti (Heat #83665) following
irradiation to =0.4 dpa at 100-275°C in the High Flux Beam Reactor (HFBR).2 This report
presents results of postirradiation tests of tensile properties of V-1Ti, V-5Ti, V-10Ti, V-18Ti,
V-4Cr-4Ti, V-8Cr—6Ti, V-9Cr-5Ti, V-8Ti-18i, and V-3Ti-0.1C irradiated to =10 dpa at =200°C in a
helium environment in the HFIR.

MATERIALS AND PROCEDURES

The elemental composition of the alloys, determined prior to irradiation, is given in Table 1.
Tensile specimens with a gauge length of 7.62 mm and a gauge width of 1.52 mm were
machined from =1.0-mm-thick sheets. Tensile specimens from the V-Cr-Ti alloys were annealed
at a nominal temperature of =1125°C for 1 h, whereas specimens from the other alloys were
annealed at 1050°C for 1 h. Following irradiation and specimen retrieval, the tensile specimens
were cleaned ultrasonically in alcohol and tested without the customary degassing treatment at
400°C (used to expel hydrogen). Tensile properties were measured at 200°C in flowing argon at
a strain rate of 0.001 s~1.

Table 1. Chemical composition of vanadium alloys irradiated to =10 dpa at
200°C in helium in the HFIR

Nominal Comp. Impurity Concentration (wt. ppm)
Heat ID (wt. %) Q N C Si
BL-50 1.0Ti 230 130 235 1050
BL-46 4.6Ti 305 53 85 160
BL-12 9.8Ti 1670 390 450 245
BL-15 17.7Ti 830 160 380 480
BL-47 41Cr-4.3Ti 350 220 200 870
BL-49 7.9Cr-5.7Ti 400 150 127 360
BL-43 9.2Cr-4.9Ti 230 31 100 340
BL-45 2.5Ti-18i 345 125 90 9900
BL-60 3T7i-0.1C - - - -

" Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-108-Eng-38.
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The tensile specimens were irradiated in the MFE-RB* 200J-1 capsule in the removable
beryllium (RB*) position in the HFIR. The specimens were irradiated at =200°C to =10 dpa in
circulating helium. Details of the capsule design and irradiation conditions are reported in Ref. 3.
Helium in the line was purified continuously by a Ti-sponge getter located outside the core
region. The specimens were shielded from thermal neutrons by an Hf sleeve located outside the
capsule and designed to tailor the neutron spectrum to closely simulate the fusion—relevant
helium—to—dpa ratio in stainless steels (i.e., =14 appm/dpa). In this experiment, the calculated
transmutation rate of V to Cr is =0.2 %/dpa, or an increase of =2 %, in all alloys at the end of
irradiation.

RESULTS AND DISCUSSION

Uniform plastic strain, total plastic strain, 0.2% yield strength, and ultimate tensile strength of the
nine alloys are shown in Figs. 1-4, respectively. Except for V-18Ti, tensile properties of V-Cr-Ti
alloys irradiated at 200°C in a helium environment in the HFIR were similar to the tensile
properties reported for the 500-kg heat of V-4Cr-4Ti after irradiation at 100-275°C in the HFBR.2
That is, significant or complete loss of work-hardening capability was observed in all alloys except
V-18Ti, and as a result, uniform elongation was very low. Uniform plastic strain of the 30-kg heat
of V-4Cr-4Ti, irradiated and measured at 200°C, was only 0.40-0.79%; significantly lower than the
uniform plastic strain of ~3% measured at 400°C on counterpart specimens irradiated at 400°C.1
In contrast to irradiation at 400°C, work-hardening capability of the V-Cr-5Ti alloys during
irradiation at 200°C does not appear to be influenced by a variation of Cr content from 4 to
10 wt.%. This is shown in Fig. 5.
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in Fig. 6, effects of Ti on tensile strength and uniform plastic strain are shown for V-Ti alloys
(estimated Cr content of =2 %). Uniform plastic strain increased significantly for Ti content
> 10 wt.%, e.g., to =2.4% for Ti = 18 wt.%. This may be interpreted as an indication that loss of
work-hardening capability is associated with one or more minor impurities that interact strongly
with Ti atoms in solution or on grain boundaries during irradiation at low temperatures. Loss of
work-hardening capability through dislocation channeling is also possible. To provide an under-
standing of the mechanism(s) of loss of work-hardening capability, microstructural character-

Cr Content (wt.%)

Fig. 3.

0.2%-offset yield strength of
vanadium alloys irradiated at
=200°C to =10 dpa in helium in the
HFIR (calculated increase in Cr
content of =2 % by transmutation).

Fig. 4.

Ultimate tensile strength of
vanadijum alloys irradiated at
~200°C to =10 dpa in helium in the
HFIR (calculated increase in Cr
content of =2 % by transmutation).

Fig. 5.

Uniform plastic strains of V-Cr-5Ti
alloys irradiated at 400 and 200°C
as function of starting Cr content
(calculated increase in Cr content
of =2 % by transmutation).

ization is being conducted by means of several metallographic techniques.
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CONCLUSIONS

1.

Uniform plastic strain of V-1Ti, V-5Ti, V-10Ti, V-4Cr-4Ti, V-8Cr-6Ti, V-9Cr-5Ti, V-3Ti-1Si,
and V-3Ti-0.1C irradiated to =10 dpa at 200°C in a helium environment in HFIR were very low
(<1%). This is because of significant or complete loss of work-hardening capability in the
alloys. Uniform plastic strain of a 30-kg heat of V-4Cr-4Ti, irradiated and measured at 200°C,
was only 0.40-0.79%; significantly lower than the uniform plastic strain of ~3% measured at
400°C on counterpart specimens irradiated at 400°C.

In contrast to the above alloys, V-18Ti retained a significant level of work-hardening capability
(uniform plastic strain of =2.4%). For V-Ti alloys, uniform plastic strain increased significantly
for Ti content >10 wt.%. This may be interpreted as an indication that the loss of work-
hardening capability is associated with one or more minor impurities that interact strongly with
Ti atoms in solution or on grain boundaries during irradiation at low temperatures. Loss of
work-hardening capability through dislocation channeling is also a possibility. _

Loss of work-hardening capability of vanadium alloys at low irradiation temperatures (<430°C)
seems to vary strongly from heat t{o heat, indicating that minor impurities and fabrication
procedures are important factors.
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TENSILE PROPERTIES OF VANADIUM ALLOYS IRRADIATED AT <430°C”
H. M. Chung and D. L. Smith (Argonne National Laboratory)

SUMMARY

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 to
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).

INTRODUCTION

Recent attention to vanadium alloys has focused on low-temperature irradiation performance of
V-4Cr-4Ti, especially tensile and fracture behavior after irradiation at <450°C. From several
irradiation experiments at 80-430°C, it has been reported that some heats of V-4Cr-4Ti exhibited
low uniform elongation as a result of complete loss of work-hardening capability.1-4 Significant
susceptibility to loss of work-hardening capability (LWHC) has been not observed at irradiation
temperatures 2500°C, however. [nitial assessment indicates that the LWHC phenomenon in
V-4Cr-4Ti is strongly dependent not only on heat but also on irradiation variables at <430°C.2-4
This is important in understanding the phenomenon because susceptibility to LWHC at low
temperatures under fusion-relevant conditions is considered to be a major factor in governing the
minimum operating temperature of a fusion reactor. Therefore, a systematic evaluation of the
phenomenon was conducted on a wider variety of alloys. This report presents results of an
analysis of work-hardening behavior and uniform elongation of V-Ti, V-Cr-Ti, and V-Ti-Si alloys
irradiated at <430°C in several conventional and helium-charging irradiation experiments in FFTF-
MOTA, HFIR, and EBR-II.

MATERIALS AND TESTING PROCEDURES

The elemental composition of the alloys analyzed in this study, determined prior to irradiation, is
given in Table 1. Tensile specimens with a gauge length of 7.62 mm and a gauge width of 1.52
mm (SS-3 geometry) were machined from =1.0-mm-thick sheets that had been produced by
rolling a =3.8-mm thick plate at 25 or 400°C. Specimens from the V-Cr-Ti alloys were annealed at
950-1125°C for 1 h in an ion-pumped vacuum system, whereas specimens from V-Ti and V-Ti-Si
alloys were annealed at 1000-1050°C for 1 h. Following irradiation, retrieved specimens were
cleaned ultrasonically in alcohol and tested without the customary degassing treatment at 400°C
(used to expel hydrogen). Tensile properties were measured at the irradiation temperature in
flowing argon at a strain rate of 0.0011 sl

IRRADIATION CONDITIONS

Details of the conventional and helium-charging irradiation experiments at <430°C in the FFTF-
MOTA, HFIR, and EBR-Il are summarized in Table 2. In the latter type of experiment (i.e., the
Dynamic Helium Charging Experiment, or DHCE), helium atoms were produced during irradiation
in the range of 14-76 appm He,4 whereas in the former type of experiments (referred to as "non-
DHCE") helium generation was negligible except for the boron-doped heat QN74 (irradiated in the
X530 experiment in EBR-II).

" Work supported by U.S. Department of Energy, Office of Fusion Energy Research, under Contract W-31-108-Eng-38.



Table 1. Chemical composition of vanadium alloys
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Nominal Comp.

Impurity Concentration (wt. ppm)

Heat ID (wt.%) 0] N C Si
BL-50 1.0Ti 230 130 235 1050
BL-62 3.1Ti 320 86 109 660
BL-52 3.1T1 210 310 300 500
BLA46 4.6Ti 305 53 85 160
BL-12 9.8Ti 1670 390 450 245
BL-15 17.7Ti 830 160 380 480
BL-10 7.2Cr-14.5Ti 1110 250 400 400
BL-24 13.5Cr-5.2Ti 1190 360 500 390
BLH40 10.9Cr-5.0Ti 470 80 90 270
BL41 14.5Cr-5.0Ti 450 120 93 390
BL-43 9.2Cr-4.9Ti 230 31 100 340
BL-49 7.9Cr-5.7Ti 400 150 127 360
BL-632 4.6Cr-5.1Ti 440 28 73 310
BL-27 3.1Ti-0.258i 210 310 310 2500
BL-45 2.5Ti-18i 345 125 %0 9900
QN74b 4.0Cr—4.1Ti 430 79 54 350
BL47 4.1Cr-4.3Ti 350 220 200 870
VX-8¢ 3.73Cr-3.93Ti 350 70 300 500
8326654 3.8Cr-3.9Ti 310 85 80 783

ag0-kg heat fabricated with sponge Ti.
bContains =250 appm boron—10.
€100-kg heat, obtained from Russian Federation, contains (in wppm) 1120 Al,
280 Fe, 500 Co, 270 Mo, 1280 Nb, 19 Zr.
d500—kg heat produced in Teledyne Wah Chang Albany, OR.
€All others 15— to 30-kg laboratory heats.
Table 2. Summary of irradiation experiments
Experiment ID Subcapsule  Environment Temperature (°C) dpa He/dpa Ratio
HFIR 2001 He 200 10 -
4007 He 400 10 -
COBRA-1A2 V499 Li 395 36 -
V495 Li 379 31 -
EBR-II X530 S8 Li 394 4 -
S9 Li 390 4 -
FFTF-nonDHCE many Li 427-600 14-46 -
FFTF-DHCE many Li 430-600 14-27 04-4.2
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The 80-kg heat BL-47 showed uniform elongation of 1-3% in the temperature range of 380-
430°C. This heat appears to exhibit uniform elongation higher than that of #832665, but not as
good as that of VX-8, although data that will allow a direct comparison are not available.
Understanding the cause of the large heat-to-heat variation of work-hardening capability at
<430°C is therefore of major importance. Based on the observation that work-hardening behavior
is sensitive to not only heat but also subtle irradiation variations, it is likely that one or more minor
impurities are involved. One heat of V-3Ti-1Si (Heat BL-45) exhibited excellent resistance to loss
of work-hardening behavior when irradiated at 390-430°C. This heat, like BL-47 of V-4Cr-4Ti,
retained a very low ductile-brittle transition temperature (DBTT<-190°C) after conventional
irradiation at 420-600°C to 14-33 dpa.

RESULTS AND DISCUSSION

Uniform plastic strains of the alloy specimens irradiated at <430°C are summarized in Table 3.
Similar results measured on specimens irradiated at 500-600 were also obtained and compared
with those from the low-temperature irradiation. Uniform elongations of four heats of V-4Cr-4Ti
and one heat of V-3Ti-1Si determined from the irradiation experiments at 200-430°C are plotted in
Fig. 1. For a similar temperature range of 380-425°C, the effect of dpa level appears to be
secondary.

It seems from Fig. 1 that work-hardening capability, and hence uniform elongation, of V-4Cr-4Ti
class alloys varies strongly from heat to heat and is also influenced significantly by irradiation
variations. The 500-kg heat #832665 exhibited the lowest work-hardening capability after
irradiation in the X-530 experiment in EBR-ll, whereas Heat VX-8 (irradiated in one of the
subcapsules) showed excellent work-hardening capability.

8.0r
Irradiated at ]
70F  200-430°C e ]
i 255
-~ 60F ]
L ]
§ sof o ; Fig. 1. _
g wxs ] Uniform plastic strain of four
2 sof o Bl B heats of V-4Cr-4Ti and one
& b um g : heat of V-3Ti-1Si irradiated
T aoF % an ] at 200-430°C to 4-46 dpa in
5 ¢t A3 &3 ] several experiments.
E 20F ; onzs Pea 3
:&47 ] 11 vX-8 4dpa ]
rofeem RS "5":‘?,;?5 g H " 3
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C k Bepa 10epa 3
00 fl H ﬁ ﬂ ﬁ H R ﬁ ﬂ ﬁ x :

HFIR HFIRCOERA X530 X530 X53089 FFIF FFTF X530  HFIRCOBARA X$30 FFIF FFTE
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V-4Cr-4Ti (4 Heats) V-3Ti-1Si (BL-45)

Uniform elongation of all V-Ti, V-Cr-Ti, and V-Ti-Si alloys examined in this study has been plotted
in Fig. 2 as a function of irradiation/test temperature. Significant scattering is obvious in this type
of plot, probably reflecting the effects of many other factors such as dpa and helium levels and
heat-to-heat and alloy-to-alloy variations. However, the plot also serves as an estimate of the
approximate threshold temperature above which uniform elongation of these alloys is higher than
a threshold level, e.g., 2%. The threshold temperature is considered to be an important
consideration in governing the minimum operating temperature of a fusion reactor.

A similar plot for V-Cr-Ti alloys (see Table 3) is shown in Fig. 3. It appears that the threshold
temperature to meet a minimum uniform elongation of 2% (T2¢,) could be anywhere between
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Fig. 2.

Uniform plastic strain of
V-Ti, V-Cr-Ti, and V-Ti-Si
alloys as function of
irradiation temperature
(same as test temperature).

Fig. 3.

Uniform plastic strain of
V-Cr-Ti alloys as function of
irradiation temperature
(same as test temperature).

=320 and =470°C, depending on alloy type, heat, and basis of extrapolation. Interestingly, one
heat of V-15Cr-5Ti (BL-24) showed high uniform elongation after irradiation at =~420°C in the
FFTF-MOTA. Similar data limited to V-4Cr-4Ti are shown in Fig. 4. A possible advantage with a
resistant heat such as VX-8 is indicated in this figure.

Results in Fig. 5 show that one heat of V-3Ti-1Si (BL-45) exhibits good work-hardening capability
at <430°C, whereas one heat of V-3Ti-0.25Si (BL-27) does not. From these data alone, one
cannot predict if the heat-to-heat sensitivity of the V-3Ti-1Si class alloys to low-temperature work-
hardening capability is inherently less than or similar to that of the V-4Cr-4Ti class.

CONCLUSIONS

1. Work-hardening capability and uniform tensile elongation of V-Ti, V-Cr-Ti, V-Ti-Si alloys
during irradiation at 380-430°C appear to vary strongly from alloy to alloy and heat to heat. A
strong heat-to-heat variation has been observed in three heats of V-4Cr-4Ti tested, a 500-kg
heat (#832665), a 100-kg heat (VX-8), and a 30-kg heat (BL-47).

2. Work-hardening capability of V-4Cr-4Ti alloys appears also to be influenced significantly by
variations in irradiation conditions. Based on the observation that work-hardening behavior is
sensitive to not only heat but also subtle irradiation variations, it is likely that one or more
minor impurities are involved in the process.
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3. 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 vs. 350°C).
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MICROSTRUCTURAL EXAMINATION OF V-(4-5%)Cr-(4-5%)Ti Irradiated in X530 - D. S. Gelles
(Pacific Northwest National Laboratory)? and H. M. Chung (Argonne National Laboratory)

OBJECTIVE

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

SUMMARY

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.

PROGRESS AND STATUS
Introduction

Vanadium-based alloys are being developed for application as a first wall material for magnetic fusion
power system. It has been shown that alloys of composition V-(4-5%)Cr-(4-5%)Ti have very promising
physical and mechanical properties.1 Recent attention in this alloy class has focused on several issues,
such as the effect of low-temperature irradiation on fracture toughness, the effect of helium generation,
the effect of minor impurities, and heat-to-heat variation in work-hardening behavior at low irradiation
temperatures. While other classes of alloys are still considered, the V-(4-5%)Cr-(4-5%)Ti alloys are
being optimized to suppress their susceptibility to loss of work-hardening capability following
irradiation at low temperatures. Susceptibility of the alloy class to this process under fusion-relevant
helium-generating conditions is considered to be a major factor in governing the minimum operating
temperature of magnetic fusion devices.

Recent irradiation experiments at <430°C have shown that the loss of work-hardening capability and
uniform elongation of V-4Cr-4Ti vary strongly from heat to heat and are influenced significantly by
helium generated in the alloy.? The present effort was initiated to provide an understanding of the
microstructural evolution in some heats of the V-g4-5%)Cr-(4—5%)Ti class that correspond to
specimens with degradation of mechanical properties.” Specifically, two issues were addressed: the
microstructural characteristics of a 500-kg heat of V-4Cr-4Ti (Heat #832665, referred to in reference
3 as BL-71) not previously examined following irradiation, and the cause of degraded properties in
both an 80-kg heat of V-5Cr-5Ti (Heat BL-63) and the 500-kg heat following irradiation at ~385°C
to ~4 dpa in the X530 experiment in EBR-II. In contrast to a 100-kg heat of V-4Cr-4Ti (Heat VX-8),
the 500-kg heat did suffer from virtual loss of work-hardening capability during the irradiation.?

30perated for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-
AC06-76RLO 1830.
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Experimental Procedure

Specimens in the form of microscopy disks 3 mm in diameter were included in the X530 experiment.
Five samples were selected for examination comprising two heats of material but each with a different
preirradiation heat treatment condition. The compositions of the heats are given in Table 13* and the
specimen conditions are shown in Table 2. Specimens of BL-63 had been included in capsule S8 and
specimens of BL-71 had been included in capsule S9 of the X530 experiment® which achieved an
exposure of 35 effective full power days yielding a peak fluence of 7.3x10?! n/cm?® (E>0.1 MeV)
corresponding to damage of ~4 dpa® The capsules also contained matching miniature tensile
specimens of the same conditions. The bottom of capsule S8 was 9.80 inches from the bottom of the
core and the bottom of capsule 89 was 735 inches above the bottom of the core ugon which actual
irradiation temperatures and doses have been estimated and included in Table 2. One specimen
of each of the BL-71 conditions was electrolytically thinned at ANL following irradiation, and one
specimen of each of the BL-63 conditions was thinned at PNNL. Specimen BL-71-WR1050 was briefly
repolished at PNNL. Examinations were performed on JEOL 1200EX and 2010F analytical
transmission microscopes. Image processing from negatives was entirely by computer, with some
minor loss in resolution and contrast range. '

Table 1. Composition of Heats Examined

Minor Impurities [appm]

Heat # Nominal Composition, wt%

O N | C Si Other
BL-63 V-4.6Cr-5.1Ti 440 | 28 | 73 | 310 200 Al
832665, BL-71 V-3.8Cr-3.9Ti 310 | 85 | 80 | 783 | 220 Fe, 190 Al

Table 2. Specimen and Irradiation Conditions for the X530 Experiment.

Specimen Preirradiation heat treatment Fluence Dose | Temperature

Designation (n/ cmz) (dpa) (°C)
BL-63-CR950 cold rolled, annealed at 950°C/1h 6.7x10% 43 4005
BL-63-CR1050 cold rolled, annealed at 1050°C/1h 6.7x10%1 43 4005
BL-71-WR950 | warm rolled, annealed at 950°C/1h 7.3x10% 47 399.1
BL-71-WR1050 | warm rolled, annealed at 1050°C/1h | 73x10% 47 399.1
BL-71-WR1125 | warm rolled, annealed at 1125°C/1h | 7.3x10% 47 399.1

Results

Despite the limited number of samples available for examination, it was possible to provide useful
observations for all sample conditions. Preirradiation heat treatment was verified based on grain size
comparison. BL-63-CR950 had a grain size on the order of 10 um, BL-63-CR1050 much greater than
10 pm, BL-71-WR950 between 2 and 10 um, BL-71-WR1050 much greater than 5 um, and BL-71-
WR1125 between 20 and 80 um. The microstructures of all conditions were as expected, showing
large and intermediate sized (Ti,V) oxy-carbo-nitride particles randomly distributed, and small particles
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dqqorating grain boundaries in the BL-71-WR1050 and BL-71-WR1125.° Evidence for effects of
irfadiation could only be identified on a fine scale. Examples of each of these microstructures at low
magnification are given in Figure 1.

Careful examination of diffraction information indicated enhanced scattering in two regions of
reciprocal space: a radial streak in the 200 direction at approximately % <200> and a similar tangential
streak at approximately %<222>. Dark field imaging with each of these features showed similar but
not identical distributions of fine features, assumed to be precipitates. As streaking is in different
directions for each of these diffraction features, different populations of precipitates would be expected
to be in contrast. Similar attempts to image the dislocation structure using weak beam conditions on
matrix reflections gave very complex images with features of similar size to the precipitate features.
It is therefore likely that several matrix reflections superimpose on precipitate reflections. It was
possible to obtain precipitate dark field images for each sample condition using %<200> contrast in
stereo by tilting on (200). Stereo model observations demonstrated that the precipitate features tended
to form in layers distributed through the foil thickness, verifying that they were not surface artifacts.
All specimens gave similar diffraction behavior. Examples of one dark field image for each sample
condition using g = %<200>, and the accompanying bright field image are provided in Figure 2,
cropped to show behavior at a grain boundary. Figure 2 also includes an example of the diffraction
information, ioset.

From Figure 2, it can be demonstrated that precipitation is very fine. For example, particles in Figure
2g are 2 nm long by 1 nm wide, the narrow dimension corresponding to the streaking in <200>. It
is surprising that such small particles can be successfully imaged. The precipitate dark field images
appear to differ between the two heats, but the size distribution is invariant with respect the
preirradiation heat treatment. The exact nature of the differences between the precipitate
morphologies for the two heats is difficult to quantify. Although the images of precipitates in BL-63
appear to be larger, careful examination of the negatives suggests that the larger particles are a result
of rafts of closely spaced smaller particles, of similar size to those in BL-71. However, it can be
argued that the particles are larger in BL-63, and the fine structure appears for other reasons.

Precipitate measurements based on foil thicknesses, measured stereographically, gave particle debsities
as follows; BL-63-CR950: 6.3 nm mean diameter at 4x10"7 cm for a volume fraction of 3.5%, BL-63-
CR1050: 4.9 nm mean diameter at 2x10'7 em™ for a volume fraction of 0.8%, BL-71-WR950: 4.4 nm
mean diameter at 1.1x10%7 cm™ for a volume fraction of 0.3%, BL-71-WR1050: 4.8 nm mean diameter
at 4x10'7 cm™3 for a volume fraction of 1.3%, and BL-71-WR1125: 3.7 nm mean diameter at 3x107
cm-3 for a volume fraction of 0.4%. These measurements should be considered estimates given the
difficulty of the analysis, but they provide further indication that the precipitation found could be
responsible for the observed irradiation hardening in BL-71, but do not explain the difference in
behavior between the two heats.

Figure 2 also provides insights regarding irradiation response at grain boundaries. The grain boundary
images for BL-63-WR950, BL-71-WR950 and BL-71-WR1050 in Figures 2b, f and h appear to show
a coating on the boundary. Also, Figure 2g for BL-71-WR1050 shows larger precipitate particles at
the grain boundary showing brightly under the same conditions as the fine precipitate, and therefore
the two features may be related. Similar larger features can be seen in Figure 2j for BL-71-WR1125,
and are expected to be remnants of the preirradiation heat treatment.®

Several attempts were made to obtain compositional information from the fine precipitate features.
Difficulties were encountered identifying the exact location of a precipitate so that a 1 nm focussed
spot could be positioned to obtain characteristic precipitate composition information. Techniques
based on ¥%<200> dark field imaging and lattice imaging to identify precipitate locations failed to
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provide any composition dependencies that could be considered characteristic. An effort to identify
composition differences at a grain boundary in BL-71-WR1050 were also unsuccessful. Although these
efforts will continue within the constraints of available funding, it must be concluded that larger
precipitate particles are probably needed to definitively identify the composition of these precipitates.

Discussion

The purpose of this work was to provide an explanation for mechanical property degradation in some
heats of V-(4-5%)Cr-(4-5%)Ti. The above results indicate that precipitation during irradiation is
probably responsible. Unfortunately, the composition of the precipitate has not yet been established,
so that it is not yet possible to provide recommendations for composition modifications for improved
properties. This discussion is provided as speculation on the likely causes for the behavior observed.

Several important facts should be first summarized. Table 3 provides postirradiation mechanical
properties responscz for conditions identical to those examined in this study. From Table 3, it can be
shown that BL-63 gave lower levels of both yield strength (YS) and ultimate tensile strength (UTS),
but uniform elongation (UE) was similar in comparison with BL-71 following annealing at 950°C,
whereas higher annealing temperatures for BL-71 produced lower UE. Total elongation (TE) values
followed none of these trends. However, comparison of the compositional differences in Table 1
demonstrates that BL-71 contains less chromium and titanium but higher silicon.

Table 3. Postirradiation mechanical properties for selected specimens in the X530 experiment.

Specimen Preirradiation heat treatment 02% YS | UTS UE | TE
Designation (MPa) MPa) | (%) | (%)
BL-63-CR950 cold rolled, annealed at 950°C/1h 701 743 0.8 2.8
BL-63-CR1050 cold rolled, annealed at 1050°C/1h 723 765 1.0 7.0
BL-71-WR950 | warm rolled, annealed at 950°C/1h 819 847 -| 08 41
BL-71-WR1050 | warm rolled, annealed at 1050°C/1h 809 818 04 6.0
BL-71-WR1125 | warm rolled, annealed at 1125°C/1h 880 883 02 6.0

Therefore, the experimental observations can be summarized as follows. BL-71 develops more
hardening and less uniform elongation following irradiation, BL-71 contains significantly more silicon
and a little less chromium and titanium, but the irradiation temperatures are expected to be very
similar. Based on this, the likely cause for the observed enhanced hardening would be expected to be
precipitation of silicide phases. The observed precipitate particles are very finely distributed, and
precipitate number density has been measured for each condition. It can be argued that the particles
are larger or more non-uniformly distributed in BL-63, and therefore effectively at lower density
(although not supported by quantitative microscopy because distribution is not taken into account),
in agreement with the observed hardening behavior.

The diffraction information obtained for this fine precipitation does not straightforwardly correspond
to precipitation previously identified in this alloy class. Chung and Smith'® have provided diffraction
information for Ti5(Si,P); and Ti,O that have similar appearance but different diffraction response.
One published diffraction pattern in Figure 2 does show a streak at 35<222>, but no comment is
provided. Chung etal.!! found similar grain boundary contrast in V-4Cr-4Ti irradiated at 425°C to 31
dpa in the DHCE experiment but ruled out TisSi; precipitation. Chung, Loomis, and Smith!? showed



45

microstructures in irradiated V-4Cr-4Ti containing TisSi;, but provided no diffraction information.
Satou etal.!® showed diffraction and dark field images of TisSi; precipitates in V-5Ti-5Cr-1Si-Al
following irradiation at 520°C, but the diffraction information is not in agreement with the present
findings. Gelles and Chung! found precipitation in V-5Cr-5Ti following irradiation with a diffraction
streak at %<200>, but compositional information was not obtained and it was "anticipated that the
phase was TiP, but similar morphologies have been identified previously as TisSi3." Chung etal.®
again published a grain boundary image in V-4Cr-4Ti irradiated at 425°C to 31 dpa similar to those
in Figure 2. Finally, Fukumoto etal. 6 showed dark field images of similar features in V-4Cr-4Ti
following irradiation but identify them as titanium oxide, Ti,O or TiO, (x<0.5) without giving any
diffraction information. From these analyses it appears that the precipitate found in the present work
cannot be identified as a silicide based on diffraction information, whereas it may be, but has not
definitively been shown to be, an oxide or a phosphide. If an oxide is responsible for the hardening
found in the X530 experiment, then differences in heat-to-heat response could best be explained by
a consequence of variation in irradiation temperature and not composition. However, as noted in
Table 2, due to capsule radial positions, negligible differences are expected.” A phosphide cause for
embrittlement is unlikely because phosphorus levels are low in BL-71.% The most critical experiment
continues to be identification of the phase in BL-71 that causes the diffraction streaks at % <200> and
%3<222>.

CONCLUSIONS

Five specimen conditions from the X530 experiment, comprising two heats of V-(4-5%)Cr-(4-5%)Ti
given different preirradiation heat treatments and directly corresponding to tested mechanical
properties specimens, have been examined to identify the cause of irradiation bardening. It is found
that hardening is at least in part due to precipitation of a high density of small particles. However,
analytical electron microscopy was unable to provide precipitate composition and it is not yet possible
to provide and explanation for the differences in response between the heats.

FUTURE WORK

This work will be continued within the confines of funding and specimen availability.
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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)

OBJECTIVE

The objectives of this task are to (a) evaluate the oxygen uptake of several 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 trapped at the grain boundaries in
the substrate alloys, and (c) evaluate the influence of alloy composition on oxygen uptake and
develop correlation(s) between alloy composition, exposure environment, and temperature.

SUMMARY

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.

EXPERIMENTAL PROGRAM

The alloys selected for evaluation included vanadium, V-10 wt.%Cr, V-4 wt.%Cr-4 wt.%Ti, V-5
Wwt.%Cr-5 wt.%Ti, V-10 wt.%Cr-5 wt.%Ti, and V-15 wt.%Cr-5 wt.%Ti alloys. The alloys were
obtained in 1-mm-thick sheets. Samples measuring about 1 x 10 x 20 mm were cut from each
alloy. Before any further treatment or testing, all samples were annealed for 1 h at 1050°C under a

pressure of =1 0-6 torr. The samples were wrapped in tantalum foil to protect them from
contamination during this heat treatment process. Samples from each alloy were heated in a TGA
apparatus in air at different temperatures to determine oxidation kinetics as a function of
temperature. The TGA experiments were carried out at temperatures in a range of 320-650°C.
Weight gain was recorded continuously on a strip chart throughout each experiment [1 2] All
samples were also weighed separately before and after any high-temperature exposure to
determine the resulting total weight change. In addition, specimens of several of the alloys were
also exposed to low-pOz environments in a vacuum system with a feed and bleed arrangement.

Oxygen pressure in the sample exposure chamber was maintained at 0.1, 4 x 104, or 1 x 10°6 torr
oxygen. Samples were retrieved periodically, weighed, and re-exposed to obtain kinetic data.

The oxide scales on the samples were identified by X-ray diffraction (XRD) analysis on the surfaces
of several samples, as well as on the oxides scraped from their surfaces. Metallographic
examination of the longitudinal and transverse cross-sections of the cold-rolled and thermally
treated samples used both an optical microscope and a scanning electron microscope (SEM).
The metallographic specimens were chemically etched with a solution of lactic-nitric-hydrofiuoric
acids at a volume ratio of 30-15-5. The grain sizes of each sample exposed to high temperature
(annealed or oxidized) are being determined by both lineal and areal analysis methods according
to ASTM Standard E112, and the average of the two is reported as the grain size of each sample.
Oxygen diffusion depth (or the depth of the hardened layer) of each oxidized sample is being
estimated from the microhardness profile along its thickness, which is obtained with a Vickers
microhardness tester and a load of 25-50 g.

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



48

RESULTS

Extensive studies were conducted on the oxidation kinetics of V-4Cr-4Ti and V-5Cr-5Ti alloys
over a temperature range of 300-650°C; the results were reported earlier [1-3]. The current
oxidation study on several of the V-Cr-Ti alloys supplements the data developed earlier on those
two alloys. Figure 1 shows normalized weight changes (in mg/mm2), obtained by TGA, of several
V-Cr-Ti alloys in air at temperatures in a range 475-550°C. Additional experiments are in progress
at other temperatures and will be used to develop correlations between oxidation kinetics, alloy
composition, and exposure temperature.

During this period, experiments were also continued to evaluate the influence of pOs on the
oxidation kinetics of V-Cr-Ti alloys. Figure 2 shows the weight change data obtained for the two
alloys in a pure oxygen environment at pressures of 0.1, 5 x 104, and 5 x 106 torr and
temperatures of 500, 600, and 700°C. The preliminary indication is that for a given exposure time,
oxygen enrichment of the alloys at lower oxygen pressures may be greater due to absence of
and/or differences in oxide type and morphology that develop at different pressures. The
exposed specimens are being analyzed for oxide type by XRD and oxygen diffusion in the alloy
by hardness measurements.
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TENSILE PROPERTIES OF ALUMINIZED V-5Cr-5Ti ALLOY AFTER EXPOSURE IN AIR
ENVIRONMENT"
K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) develop procedures to modify surface regions of V-Cr-Ti
alloys in order to minimize oxygen uptake by the alloys when exposed to environments that
contain oxygen, (b) evaluate the oxygen uptake of the surface-modified V-Cr-Ti alloys as a
function of temperature and oxygen partial pressure in the exposure environment,
(c) characterize the microstructures of oxide scales and oxygen trapped at the grain boundaries of
the substrate alloys, and (d) evaluate the influence of oxygen uptake on the tensile properties of
the modified alloys at room and elevated temperatures.

SUMMARY

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 oxide. Oxidation studies were conducted on
surface-modified 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. 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.

EXPERIMENTAL PROGRAM

Detailed studies have been conducted earlier on oxidation and on effect of oxygen ingress on
tensile properties of V-Cr-Ti alloys; results have beed reported elsewhere [1-3]. For the
development of a surface modification approach to minimize oxidation of the alloy and to retain the
mechanical properties of the base alloy, a heat of vanadium alloy with a nominal composition of V-5
wt.% Cr -5 wt.% Ti was selected; this heat was designated BL-63. A sheet of the alloy was
annealed for 1 h at 1050°C prior to pack diffusion, oxidation, and tensile testing. Coupon
specimens that measured =15 x 7.5 x 1 mm were used for the oxidation studies. Tensile
specimens were fabricated according to ASTM Standard E8-69 specifications and had a gauge
length of =19 mm and a gauge width of =4.5 mm. .

Aluminum oxide is thermodynamically more stable than the oxides of the constituent elements (V,
Cr, and Ti) of the vanadium alloy (see Fig. 1). Further, the growth rates of aluminum oxide is much
slower than that of the refractory metal oxides such as vanadium or titanium oxide. Therefore,
surface enrichment of the alloy with Al to develop aluminum oxide scale in oxidizing environments
can protect the underlying alloy from further oxidation.

Surface aluminization of the V alloy was done by a pack-diffusion process in which the V-alloy
substrate material was brought into contact with a pack of powders and heated for 4-12 h at
=900°C. The composition of such powders (e.g., 65 wt.% Al20O3, 33 wt.% Al, 2 wt.% NH4Cl)
provided the packing with metallic Al, alumina as filler material, and NH4Ci as activator. The Al
deposited on the substrate surface diffuses into the subsurface regions of the material, where it
forms intermetallic phases consisting of Al and V. Because the substrate material is heated to
near the annealing range for times sufficient to cause solution processes in the matrix, the material
needs a final treatment to optimize the structure. The aluminide layers reach thicknesses of 0.02—-
0.04 mm, depending on the composition of the substrate material. The high temperature of the
formation process creates layers that develop compressive stresses at lower temperatures; thus,
the layers do not contain cracks after preparation is complete.

*This work has been supported by the U.S. Department of Energy, Office of Fusion Energy Research, under
Contract W-31-109-Eng-38.
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Coupon specimens of bare and aluminized V-5Cr-5T alloy were oxidized in air at 400, 500, and
575°C in a thermogravimetric apparatus to evaluate their oxidation behavior. Surface-modified
tensile specimens of V-5Cr-5Ti alloy were oxidized in air at 500°C for periods ranging from 164 to
2544 h. The preoxidized specimens were tensile-tested on an Instron machine at a constant
crosshead speed of 0.02 cm/min, which corresponds to an initial strain rate of 1.8 x 1074 s*1. 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 in the 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 the tested specimens were examined by scanning electron microscopy
(SEM). In addition, Vickers hardness was examined in several tested specimens.

RESULTS
Oxidation Behavior

Figure 2 shows weight change versus time for both bare and aluminized specimens. Oxidation of
the alloys followed parabolic kinetics with respect to time. Detailed SEM analysis (with both
energy-dispersive and wavelength-dispersive analysis) of the oxidized samples of bare alloy
showed that the outer layer was predominantly vanadium-rich oxide and the inner layer was (V,Ti)
oxide. Furthermore, X-ray diffraction of the oxides showed the outer oxide to be V20s5; no
nitrogen or nitride phases were detected. The aluminized specimens exhibited much lower rates
of oxidation at all temperatures in the present study. The oxidation rate at 575°C for the
aluminized specimen was lower than that observed for the bare alloy at 575°C. Detailed
microscopy and hardness measurements are in progress on the aluminized 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 aluminized alloy was examined as a function of oxygen ingress and oxide
scale formation. Specimens were exposed to air for 164-2544 h at 500°C and then tensile-tested
in air at 500°C at a strain rate of 1.8 x 104 s-1. Figure 3 shows the engineering stress/engineering
strain curves at 500°C for specimens after oxidation for several exposure times up to 2544 h.
Stress/strain behavior of the alloy is virtually unaffected by oxidation in air at 500°C.
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The load-displacement curves were analyzed by drawing lines parallel to the initial portion of the
loading curve at the points of maximum load and rupture load. The intersects of these lines with
the displacement axis are used to calculate the uniform and total elongation for the
specimenssubjected to various oxidation treatments. This approach accounts for the stiffness, or
fack of it, in the loading fixture of the tensile machine and, as a result, yields elongation values that
are more representative of the gauge section of the tensile specimen.

Figures 4 and 5 show the variations in maximum engineering stress and uniform and total
elongation as a function of preoxidation time in air at 500°C for tests conducted at 500°C on both
bare and aluminized specimens. Figure 4 shows that the maximum tensile stress for the
aluminized alloy was essentially the same over the oxidation period of 2544 h and is similar to the
values observed for the oxidized V-5Cr-5Ti alloy. Figure 5 shows that total elongation for the
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aluminized alloys remains fairly high over the oxidation period of 2544 h, while that of the
oxidizedbase ailoy exhibited decreased total elongation with increase in oxidation time. The
uniform elongation for the aluminized specimens was lower (=0.11) but remained constant over
theoxidation period. These results indicate that the drop in uniform elongation occurs during the
aluminizing process, which is conducted at 900°C. We believe that the initial drop in uniform
elongation can be minimized by optimizing the aluminizing process with regard to time and
temperature.
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HEAT TREATMENT EFFECTS ON TENSILE PROPERTIES OF V-(4-5) WT.% Cr-(4-5) WT.% Ti
ALLOYS®

K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) examine the influence of thermomechanical treatments on
microstructural development in V-Cr-Ti alloys and (b) assess the impact of changes in
microstructures on the mechanical properties of these alloys.

SUMMARY

Effects of thermomechanical treatments on microstructures and mechanical 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 and at 500°C.

EXPERIMENTAL PROGRAM

Thermomechanical treatments can have a significant effect on the development of
microstructures that can lead to changes in the bulk mechanical properties of the materials,
especially for refractory alloys such as V-base alloys. As a first step, we are evaluating the role of
annealing in the development of microstructures and tensile properties. The heats of the
vanadium alloy selected for the study had nominal compositions of V-5 wt.% Cr -5 wt.% Ti
(designated BL-63) and V-4 wt.% Cr -4 wt.% Ti (designated BL-71). Sheet tensile specimens
were fabricated according to ASTM Standard E8-69 specifications and had a gauge length of =19
mm and a gauge width of =4.5 mm. Specimens of the two alloys were wrapped in a tantalum foil
and given an annealing cycle of heating up to 1050°C in ~10"® torr vacuum, a hold for 1 h at
1050°C, and slow-cooling in the furnace. The specimens were given either one, two, or three
annealing cycles.

The annealed specimens were tensile-tested in air at room temperature and at 500°C. Crosshead

speed in the Instron machine was set to yield a strain rate of 1.8 x 10°4 s~ for all tests. The
specimens were loaded by means of pins that pass through holes in the grips and in 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 and grain size of several of tested specimens are being
measured.

RESULTS AND DISCUSSION

Engineering stress/engineering strain data for V-Cr-Ti alloys in as-rolled condition and after single
anneal treatments were reported eatlier [1,2]. Stress/strain behavior of the alloys showed that the
as-rolled material possess high tensile strength and low tensile ductility at both test temperatures.
Materials subjected to one anneal cycle at 1050°C exhibited substantial reduction in tensile
strength with an improvement in tensile ductility. Figure 1 shows the engineering
stress/engineering strain curves from tests at room temperature and 500°C, for V-4Cr-4Ti and V-
5Cr-5Ti specimens subjected to either two or three anneal treatments. The effect of multiple
annealing is negligible on the room temperature tensile properties of either of the alloys. At

*This work has been supported by the U.S. Department of Energy, Office of Fusion Energy Research, under
Contract W-31-109-Eng-38.
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500°C, the stress/strain curves for both alloys are similar up to the maximum stress value but the
rupture strains are somewhat smaller for V-4Cr-4Ti when compared with those for V-5Cr-5Ti alloy.
The test at 500°C normally takes about 2 hours of heat up/thermal equilibration in air during which
time some oxidation of the alloys occurs. Since V-4Cr-4Ti exhibits a slightly higher oxidation rate
than V-5Cr-5Ti alloy [3], this increased oxygen uptake may have contributed to lower values of
total elongation for the V-4Cr-4Ti alloy.

The load-displacement curves were analyzed by drawing lines parallel to the initial portion of the
loading curve at the points of maximum load and rupture load. The intersects of these lines with
the displacement axis are used to calculate the uniform and total elongation for the specimens
subjected to different annealing treatments. This approach accounts for the stiffness, or lack of it,
in the loading fixture of the tensile machine and, as a result, yields elongation values that are more
representative of the gauge section of the tensile specimen.

Figure 2 shows the variations in maximum engineering stress for specimens in as-rolled condition
and after single and multiple annealing treatments and tested in air at room temperature and at
500°C. The data indicate that for a given alloy and temperature, multiple anneal has little effect on
maximum stress values. The maximum stress values are consistently lower by =5-10% for both
alloys as the temperature increases from room temperature 10 500°C and number of anneals has
negligible effect. :

Figures 3 and 4 show the variations in uniform and total elongation for the two alloys in as-rolled
condition and annealing treatments. Uniform and total elongation values are higher at room
temperature than at 500°C, for both alloys used in this study. Multipie anneal has small effect on
either uniform or total elongation of both the alloys. Measurements of grain size of V-4Cr-4Ti alloy
with different annealing treatments showed virtually no grain growth, which is consistent with grain
size data for the alloy up to 2000 h at 1000°C reported earlier{3].
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Figure 1. Stress/strain behavior of multiple-annealed V-4Cr-4Ti and V-5Cr-5Ti alloys tested at
(left) room temperature and (right) 500°C, in air at a strain rate of 1.8 x 1041
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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)

Summary

Thin-wall tubing was produced from the 832665 (500 kg) heat of V-4 wt.% Cr-4 wt.% Ti to 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.

Objective

Vanadium alloys are candidates for first-wall/blanket structural materials in fusion reactors, because
of their attractive high-temperature properties and low activation. Although many of the properties
have been extensively studied, irradiation-induced creep has not received much attention. Data
on irradiation creep are important because creep is one of the principal contributors to
deformation and is potentially performance limiting. The objective of this task to determine the
creep rate under various loading and irradiation conditions.

Experimental Procedure

Creep Tube Fabrication

The starting material for fabrication of the tubing was a 28.6-mm-thick plate from the 832665 heat
of V-4 wt.% Cr-4 wt.% Ti. Two 28.6 X 28.6 x 200-mm bars, with the long dimension paralle! to the
rolling direction, were cut from the plate and used in our experiments. An industrial vendor
performed the tube fabrication according to specifications provided by Argonne National
laboratory.

The two square bars were pressed straight and a 19.1-mm-diam hole was gun drilled through the
center. The bars were then turned round to an OD of 27.9 mm concentric to the drilled hole.
Following cleaning and vacuum annealing at =1025°C for 1 hr, the two pieces were drawn at room
temperature in three steps, each producing an areal reduction of 12-15%. After the total areal
reduction of =40%, the bars were cleaned, annealed and drawn again. This cleaning/annealing/
drawing operation was repeated eight times to produce finished tubing with a nominal 4.57-mm
OD, 4.06 mm ID, and =45% cold work. To limit the impurity uptake during the process, all
annealing was conducted with the pieces wrapped in Ti getter foil. The intermediate tubes were
shortened, whenever necessary, to fit them in the vendor's small annealing furnace, which gave a
better vacuum (=7x10°® torr) than their big furnace. Approximately 12 m of tube sections of
various lengths was produced in this manner.

Sections of the finished tubing were analyzed for major alloying elements and interstitial impurities
according to ASTM testing methods E-663 and E-1019. The results, shown in Table 1, indicate
discernible uptake of interstitial impurities. The extent of the uptake, however, is limited and not
expected to have a deleterious effect on material performance.

* Work Supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-38.
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Table 1.  Results of Analysis of Finished Creep Tubing

Element Finished Tubing Starting Material
O (wppm) 560 310

N (wppm) 95 85

C (wppm) 300 80

Cr (Wt.%) 3.6 3.8

Ti (Wt. %) 3.5 3.9

V (wt.%) 92.4 Bal.

Attempts were made to inspect the finished tubes by either ultrasonic or eddy-current methods;
however, the trials were unsuccessful because of the small dimensions of the tubing and the
demanding specification for flaw detection (<0.025-mm flaw size). Radiography was the only
nondestructive method used to evaluate the internal condition of the tubing. The radiographs
were taken along with a machined defect standard (0.025-mm-deep longitudinal groove in a creep
tube) to establish the sensitivity of every exposure. Tube sections with any questionable mass
densities were excluded from use as specimens.

The 25.4-mm-long tube blanks intended for making test specimens were measured for OD, ID,
OD roundness, ID roundness, concentricity and wall thickness. These measurements were
performed at two axial (8.4 mm from each end) and 8 azimuthal (45° interval) locations with a
coordinate measurement machine. The results showed the dimensional attributes, in particular,
the standard deviations, of these sections to be excellent. For example, for the 16 tubing
sections that were selected for the ATR-A1 experiments, the measurements yielded an average
ID of 4.041 + 0.002, an average OD of 4.569 + 0.001, ID roundness of 0.007 +0.003, OD
roundness of 0.005 +0.002, concentricity of 0.007 + 0.003, and wall thickness of 0.264 + 0.001
(all in mm).

Creep Specimen Fabrication

The creep specimens are 25.4-mm-long tubes with welded end plugs, as shown in Fig. 1. The
end plugs were produced by electro-discharge machining of plate stock. The circumferential
plug-to-tube welds were made with an electron-beam welder in vacuum. The specimens were
then vacuum annealed at 1000°C for 1.0 h while wrapped in Ti foil. They were then pressurized,
through a 0.25-mm-diam hole in the top end plug, in a pressue chamber that contained high-
purity helium. The final closure weld of the 0.25-mm-diam hole was made with a laser through the
quartz window in the chamber. The calculated hoop stresses in the specimens for the two
experiments are shown in Table 2. The specified pressure loading was determined with a code
that takes into account the thermal expansion of the creep tubing and the compressibility of the
helium gas. Following a leak check, the dimensions of the assembled creep specimens were
measured with a precision laser profilometer at five axial and 19 azimuthal locations to an accuracy
of 10*mm.
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Fig. 1. Schematic of Creep Specimens
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Table2. Nomind Hoop Stressin the ATR-A1 and HFIR-RB-12J

Creep Specimens
Nominal Midwall
Target Temp. Specimen Hoop Stress

Experiment (°C) No. (MPa)
A5 0
A4 100
200 A2 150
A3 200

ATR-A1

A1l 0
A10 100
300 A7 150
A1 200
B1 0
B12 50
HFIR 12J 500 B11 100
B3 150
B9 150
BS 200

Status of Experiments

The irradiation of the ATR-A1 experiment is completed and the creep specimens have been
retrieved from the irradiation capsule and subcapsules. Preliminary data from subcapsule gas
sampling indicate that all specimens are intact after irradiation. The RB-12J experiment is still
ongoing in the HFIR reactor.

Future Activities
The diameters of the imadiated specimens will be measured again, with the same laser

profilometer. The stress and temperature dependence of the creep strains will be evaluated. The
stress-free swelling of the material from the 0 MPa specimens will also be evaluated. These
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results will be compared with the limited previously-published in-reactor creep data on vanadium
alioys. The microstructure of the creep tubes, particularly the dislocation morphology, will be
evaluated from the stand point of correlating it with the observed creep behavior.
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RECENT PROGRESS ON GAS TUNGSTEN ARC WELDING OF VANADIUM
ALLOYS — M. L. Grossbeck, J. F. King, D. J. Alexander, and G. M. Goodwin (Oak Ridge
National Laboratory)

OBJECTIVE

The goal of this research is to acquire a fundamental understanding of the metallurgical
processes in welding vanadium alloys and develop techniques for joining structural
components of these alloys.

SUMMARY

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.

INTRODUCTION

The susceptibility of vanadium alloys to interstitial embritilement raises concems with welding
large fusion system components, and the selection of welding methods will have a strong
economic impact on component fabrication. The gas tungsten arc (GTA) and electron beam
(EB) welding processes are being evaluated in V-4Cr-4Ti with particular emphasis on interstitial
contamination.

EXPERIMENTAL RESULTS AND DISCUSSION

It was shown earlier that electron beam welds can be made with satisfactory properties in

6.4 mm plate of V-4Cr-4Ti. A DBTT on the order of -100°C has been achieved. However the
technique does not lend itself for use in welding large components because of the
requirement for a large vacuum chamber. Other processes such as GTA will be needed, but
contamination by impurities in the inert gas atmosphere is a persistent problem. As a resuit,
most of the recent research has focused on the GTA welding process.

A plate of V-4Cr-4Ti, Wah Chang heat 832665, 6.4 mm in thickness was prepared for welding
by machining to form a beveled groove between two plates with a 75° inciuded angle. Multi-
pass welds with nine passes using filler metal wire fabricated from the same alloy and heat as
the base metal were made using GTA welding. This technique was chosen as the standard for
the present series of tests. Following welding, Charpy specimens 25.4 mm in length by 3.3
mm square with a notch depth of 0.66 mm and a root radius of 0.076 mm were cut in the L-T
direction with respect to the original plate. The notch was cut such that the crack propagated
entirely within weld metal, parallel to the weld direction.

Previously reported results indicated that the DBTT for GTA welds could exceed 200°C, and
that a PWHT of 950°C for 2 hours could replace the DBTT to around room temperature.
However the results were plagued by occasional lower shelf behavior in cases where
specimens tested at lower temperatures exhibited upper shelf behavior. Such erratic results
were sufficiently frequent to warrant further investigation. Fractography revealed that the
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lower shelf fracture was almost entirely by cleavage. Inert gas fusion analysis was used to
determine the concentrations of interstitials in the weld and base metal of a random selection
of welds.! Table 1 presents the results of these analyses. Oxygen concentrations were
elevated in several of the welds, as expected. However, hydrogen contamination was
indicated in GTA 11, GTA 2, and GTA 3. Hydrogen embrittlement is consistent with the
observation of cleavage fracture. However, unpredictable cleavage fractures also occurred in
specimens which had been given a PWHT of 950°C for 2 h in vacuum, which should be
adequate to remove hydrogen from the specimens. It was therefore concluded that the
hydrogen-induced cracks must be present prior to the PWHT, and this was confirmed in the
case of GTA 11, which cracked during specimen fabrication. X-ray CAT scans revealed a
number of cracks in the as-welded plate.

Table 1. Results of analyses for interstitials in V-4Cr-4Ti welds (Wt. ppm)

Base Metal Weld Metal H O N C
GTA 11 58.5 | 446 | 288
GTA 11 53.5 | 364 96
Virgin
V-4Cr-4Ti
Etched 1.2
Weld Wire 360 109 155
EBW 11 36.4 | 327 99
EBW 11 23.1 323 99

GTA 2 (vQ11) 11.2
GTA 2 (V909) 10.1

GTA3 20.5

GTAS8 410 98
GTA S8 332 96

EB 2 2.8

EB 12 7.9

The elevated hydrogen concentration in GTA 11 could have resulted from an air leak in the
glove box since oxygen and nitrogen were also high in this weld. However, this does not
explain the elevated concentrations in other welds. The system was leak checked and a small
leak repaired. In addition, a purification system was added which consisted of a molecular
sieve moisture trap followed by a hot titanium sponge oxygen getter system. Gas was
withdrawn from the glove box and recirculated using a sealed bellows pump.

Using the purification system, weld GTA 13 was made in an argon atmosphere of 4 wt. ppm
oxygen and 23 wt. ppm water. As shown in Table 2 and Fig. 1, an oxygen concentration of
374 wt. ppm and a nitrogen concentration of 104 wt. ppm were achieved, and the resulting
DBTT was at ~57°C, with evidence of erratic fracture behavior. In order to examine further the
effect of atmosphere impurities, weld GTA 14 was made with an intentionally contaminated
environment containing 14 wt. ppm oxygen and 84 wt. ppm water. These conditions resulted
in 352 wt. ppm oxygen, 110 wt. ppm nitrogen, and 21 wt. ppm hydrogen in the fusion zone of
the weld. The DBTT was raised slightly to 82°C. Weld GTA 15 was made with higher levels of
impurities, 27 wt. ppm oxygen and 260 wt. ppm water, and the weld contained 412 wt. ppm
oxygen, 146 wt. ppm nitrogen, and 15 wt. ppm hydrogen. Charpy specimens failed in a brittle
mode at ~100°C and the DBTT was raised to ~288°C (Fig. 1).

TAnalyses were performed by Leco, Inc. of St. Joseph, MI.
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Fig. 1. Charpy impact curves for V-4Cr-4Ti GTA welds in the as welded condition.

A PWHT of 950°C for two hours was applied {o all three welds. The results, shown in Fig. 2 and
Table 2, demonstrate that little change resulted in GTA 13 and GTA 14, but the high DBTT of
GTA 15 was reduced to a level similar to that of the other welds. It appears that the heat
treatment, which precipitates oxygen in the form of titanium oxides, improves a contaminated
weld, but does little or nothing to an already clean weld, a very significant result considering
the difficulty in performing such a high temperature PWHT in the field.

Table 2. Parameters for Impurity Test Series of Welds

Welding
Atmosphere Fusion Zone Concentration
Weld PWHT Oxygen | Moisture | Oxygen | Nitrogen | Hydrogen | DBTT

Wt.ppm | Wt.ppm | Wt.ppm | WL ppm | Wt ppm C
GTA 13 | as welded 4 23 374 104 57
GTA 13 | 950°C/2h 60
GTA 14 | as welded 14 84 352 110 21 82
GTA 14 | 950°C/2h 80
GTA 15 | as welded 27 260 412 146 15 228
GTA 15 | 950°C/2h 86
GTA 16 | as welded 0.8 25 370 107 85
GTA 16 | 950°C/2h 38

To further confirm the effect of contamination on weld properties, GTA 16 was made with
atmospheric impurity levels still lower than those for GTA 13. The impurity concentrations and
DBTT values are again shown in Table 2. The welding atmosphere had 0.8 wt. ppm oxygen
and 25 wt. ppm water in argon which resulted in an oxygen level of 370 wt. ppm and a nitrogen
level of 107 wt. ppm in the fusion zone of the weld. The oxygen level in the base metal was
336 wt. ppm, thus the oxygen level increased during welding by only 10%. In spite of the
lower levels of oxygen and moisture in the glove box atmosphere, the DBTT for this weld was
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Fig. 2. Charpy impact curves for V-4Cr-4Ti TTA welds following an oxygen precipitation post
weld heat treatment of 950°C for two hours.

no better than those for welds GTA 13 and GTA 14. However, the hydrogen concentration in
the weld was determined to be unexpectedly high (~63 wt. ppm). An out gassing heat
treatment of 400°C for 1 hour was performed and the Charpy tests repeated; the curve shown
in Fig. 3 shows an improvement in DBTT to 38°C, but a return of the erratic behavior illustrated
by the specimen tested at 100°C, which failed by cleavage. It was concluded that cracking was
present prior to the out-gassing treatment at 400°C, indicating that further improvements in the
gas purification system are needed.

The titanium sponge in the purification system is held at 600-800°C. At this temperature, water
is reduced and oxygen is readily reacted to form titanium oxide, but no hydride of titanium is
stable. Hydrogen is, therefore, passed along into the glove box. Clearly the molecular sieve
trap is not adequate to remove moisture from the system so that an additional hydrogen trap
will be necessary.

These results are significant in that they illustrate that high purity GTA welds can be made and

that they may not require a post-weld heat treatment. Further work remains to be done on
controlling hydrogen, and grain size refinement remains to be investigated.

CONCLUSIONS

1. Low interstitial content welds can be made by the gas tungsten arc method using a high-
purity glove box atmosphere with special purification.

2. A high-temperature post-weld heat treatment for oxygen precipitation may not be
necessary if the atmosphere can be made sufficiently pure.

3. Hydrogen is easily incorporated into vanadium alloy welds and can cause cracking.
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Fig. 3. Charpy impact curves for V-4Cr-4Ti weld GTA 16 in both the as welded condition and
following a hydrogen out gassing heat treatment of 400°C for 1 h.






67

2.0 SILICON CARBIDE COMPOSITE MATERIALS

- e v a g <y e a— . = —— —






69

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)”

OBJECTIVE

The objective of this study is to determine whether detrimental reactions will occur between
silicon carbide (SiC) composites and niobium-1wt% zirconium (Nb-1Zr) during experiments
intended to measure the irradiation creep properties of the composites. The experiment
designed to measure the creep of SIiC fiber-reinforced, chemically vapor infiltrated SiC
composites under irradiation involves using a Nb-1Zr pressurized bladder in contact with a
cylindrical SiC composite. Data regarding the compatibility between Nb-1Zr and SiC are not
available. Therefore, the reactivity between Nb-1Zr and SiC is investigated by using a
computer program (Chemsage) capable of calculating the Gibbs free energy of formation for
all compounds within the program database that can exist for a given thermodynamic state
(pressure, temperature, number of moles). The actual reaction that will occur, however, will
be limited by the kinetics of the transport mechanisms and the chemical reactions. A series
of diffusion couple experiments aimed at gathering information on the kinetic aspects of the
reactivity between Nb-1Zr and SiC is described.

SUMMARY

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 (Al,O,) 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 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 Al,O, will be required on the Nb-1Zr
bladder.

PROGRESS AND STATUS
Introduction

Silicon carbide fiber-reinforced silicon carbide matrix composites (SiC/SiC,) are attractive
materials for fusion energy systems for a variety of reasons'®. The radioactivation of these
composite materials is expected to be very low and would in fact be dominated by the
activation of impurity elements™3. These impurities most likely can be controlled to produce a
truly low-activation material, especially via the chemical vapor infiltration (CVI) forming
technique. Toughening mechanisms, such as matrix cracking, crack deflection, interface
debonding, crack-wake bridging, and fiber pullout, provide ceramic matrix composites
(CMCs) with a greater reliability against catastrophic failure processes than unreinforced
ceramics’. A fundamental understanding of the mechanisms that control the lifetime of these
materials is required.

* Pacific 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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Figure 1. Schematic drawing of the fixture used for diffusion couple experiments.

Very little data for the irradiation creep of SiC is available®™. The data indicates that the creep
of SiC is enhanced by radiation and possesses a temperature insensitive regime, similar to
many metals. No data exists for the irradiation creep behavior of SiC/SiC,,,. Irradiation creep is
one of the major processes by which the dimensional stability of structural components can
be altered by radiation exposure. The thermal creep behavior of SiC¢/SiC,, is not very well
understood, either. Therefore, experiments have been designed to measure the irradiation
creep response of SiCy/SiC,, composites.

The experiment designed to measure the creep of SiCy/SiC,, composites under irradiation
involves using a Nb-1Zr pressurized bladder in contact with, and surrounded by, a cylindrical
SiC composite'’. Data regarding the compatibility between Nb-1Zr (Nb-1Zr) and SiC (SiC), at
elevated temperatures, are not available. Therefore, efforts were made to investigate the
thermodynamic stability of Nb-1Zr and SiC and also to investigate the kinetics of possible
reactions. The results of this work are presented in this report.

Experimental Technique

An experimental approach was used to determine the kinetic stability of an Al,O, coating with
Nb-1Zr and B-SiC. B-SiC refers to the cubic polytype of SiC, also known as 3C, which
composes the matrix of the SiC/SiC,, composites of interest to this study. Fixtures,
procedures, and analytical methods were designed and verified for these experiments. The
fixtures consisted of a molybdenum holder and alumina inserts to hold a sandwich of Nb-1Zr
between two pieces of 3-SiC (Fig. 1). The Nb-1Zr was the same material as that which will be
used to form the pressurized bladders. The B-SiC was fabricated by chemical vapor
deposition, so that it would be similar to the matrix of the composite, and supplied by Morton
Advanced Materials, Woburn, MA. One side of the Nb-1Zr was coated with a 1 um thick layer
of ALO,. The coating was deposited, at room temperature, by
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Figure 2. SEM micrograph of the Al,O, coating (a) before and (b) after treatment at 400 h at
1000°C, in flowing argon. Dashed line indicates approximate edge of coating.

electron-beam sputter deposition at PNNL. The purpose of the alumina spacers (Fig. 1) was
to obtain a clamping stress on the sandwich, due to differential thermal expansion. The
clamping stress was designed to be of the order of 200 MPa, or slightly higher than the
maximum stress anticipated in the creep experiment. The samples and fixtures were heated
for various times in a resistively heated furnace, under flowing argon gas (< 50 Pa O,). The
diffusion couple specimens were examined via scanning electron microscopy (SEM),
energy-dispersive x-ray spectroscopy (EDS), and Auger electron spectroscopy (AES).

Results

Previously'", the thermodynamic stability of Nb-1Zr and B-SiC was calculated at the lower end
of the range of temperature of interest: 800°C, 10° Pa total pressure, in pure helium. At this
temperature, a niobium carbide (NbsC;) and a silicide (NbSi,) had a negative Gibbs free
energy of formation, as did zirconium carbide (ZrC,), according to the following reaction,

Nb (s) + Zr () + B-SIC (s) <> NbC; () +NbSi, (8) + B-SIC (8) + ZIC, (5)

The Gibbs Standard Free Energy of Reaction, AG®, is -27.2 kJ. These results indicated that a
diffusion barrier coating must be placed between the Nb-1Zr and the SiC to prevent a
detrimental reaction from occurring during the creep experiments. Based upon the resuits of
additional thermodynamic based calculations, AlLO; was selected as the most suitable
coating material.

An experimental approach was used to determine the kinetics of the reactions between Nb-
1Zr and SiC and to evaluate a 1um thick, sputter-deposited coating of Al,O, as a diffusion
barrier coating. After heat treatment for 400 h at 1000°C, the alumina coating appeared much
coarser, and the width of the coating was approximately 3 um (Fig 2). Mullite (3A1,0,-2Si0,,
or 2Al,0,-Si0,) may have formed as a reaction product between the SiC and Al,O; coating, or

gy ——— e —— R
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Figure 3. AES profile of a diffusion couple profile after 400 h at 1000°C.

the Al,O; coating may have coarsened by grain growth. Neither hypothesis has been
investigated further. The temperature, 1000°C, was chosen to evaluate the highest possible
temperature expected in the irradiation creep experiment. Therefore, the results of these
studies would actually overestimate the rates at which diffusional processes would occur
during the creep experiment.

A detailed investigation of the diffusion couple was performed with AES. Spot scans were
conducted along a line crossing the interfaces between the SiC and the Nb-1Zr coated with
Al,O, and the SiC and the uncoated Nb-1Zr. The distance between spot scan positions was
4 pm apart. From this analysis a compositional profile was constructed (Fig. 3). The
concentrations of each element are not absolute since the data has not been corrected for
the various sensitivity coefficients. Nevertheless, the results indicate that there is very little
interdiffusion on the side of the specimen with the coating. On the other hand, on the side
without the coating silicon appears to have diffused from the SiC into the Nb-1Zr and some
niobium may have diffused into the B-SiC. These results suggest that a reaction does take
place between the Nb-1Zr and the SiC.

Additional experiments were repeated for 400 h at 1000°C, in flowing argon to confirm the
previous results. AES with a distance between analysis points of 0.35-0.60 um was used to
investigate the details of the interface between the Nb-1Zr and the SiC. Although this
analysis was also only qualitative, since internal calibration of the signals was not performed,
the results indicate that silicon diffuses readily from the SiC to the Nb-1Zr specimen under
these conditions (Fig. 4). On the other hand, silicon (or any other element) was not detected
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Figure 4.  AES profile of a diffusion couple profile after 400 h at 1000°C, in flowing argon,
showing that silicon diffuses from the SiC to the uncoated Nb-1Zr.

in higher than average concentrations in the Nb-1Zr sample that had been coated with a 1 pm
thick layer of Al,O;. These results confirm that SiC and Nb-1Zr are reactive under the
conditions studied, and that the AlL,O, coating is effective in preventing diffusion between
the two materials.

CONCLUSIONS

The thermochemical stability of Nb-1Zr and SiC was analyzed via thermodynamic calculations
and diffusion couple experiments. Both techniques showed that the two materials were
reactive under the conditions studied. A technique to deposit an Al,O; diffusion barrier
coating on Nb-1Zr was developed. Although the coating coarsened, under the conditions
investigated, the coating did not allow interdiffusion to occur. On the other hand, it appeared
that, under the same conditions, the uncoated Nb-1Zr reacted with SiC. Therefore, a
sputter-deposited Al,O, diffusion barrier coating is highly recommended for any irradiation
creep experiments involving this design concept.
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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)*

OBJECTIVE

The objective of this work is to examine SiC composites fabricated by various processing
methods designed to improve composite thermal conductivity. It is desired to increase the
thermal conductivity of these composites to meet requirements for advanced fusion energy
systems. Specifically, this paper will analyze data reported by Senor, et al., in Fusion
Technology [1] and orally presented at the 1996 American Nuclear Society Annual Meeting,
16-20 June, Reno NV and at the Fifth Symposium on Fabrication and Properties of Ceramics
for Fusion Energy and Other High Radiation Environments, American Ceramic Society 99th
Annual Meeting, 5-7 May, 1997, Cincinnati OH.

SUMMARY

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
Kirr/Kunirr 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.

REVIEW

The performance of a variety of SiC-based composites and monolithic ceramics in the
unirradiated, thermal annealed and irradiated conditions was characterized by determining
their thermal conductivity values. The irradiation was conducted in the EBR-II reactor to
doses of 33 and 43 dpa-SiC (185 EFPD) in an uninstrumented capsule designed to operate
at 1000°C. Thermal annealed control specimens were held at 1010°C for 165 days to
approximately duplicate the thermal exposure of the irradiated specimens. Through-the-
thickness thermal diffusivity was measured generally over the temperature range 400° to
1150°C using the laser filash method, and converted to thermal conductivity using density
data and calculated specific heat values. Table 1 presents a summary of the materials tested
in this study.

The listed densities were determined by measuring the dimensions and weighing the

*Pacific 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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unirradiated material. The baseline composite consisted of a Nicalon CG fiber reinforced
matrix, nominally fully crystalline B-SiC. Two alternate matrix materials, polymer impregnation
with a 150 nm thick pyrolytic carbon (PyC) interface and a chemical vapor infiltrated (CVI) SiC
and pyrolysis (PIP) and Blackglas SiC, were tested in combination with Nicalon CG fiber
reinforcement. The resulting matrices were carbon- and oxygen-rich and at least partially
amorphous. Two alternate fiber reinforcements (Tyranno and HPZ) and two alternate
interfaces (15 nm PyC and 150 nm BN) also were tested in combination with the PIP SiC
matrix. Two SiC-based particulate reinforced composites, SiC whisker (SiCy,) and SiC

particulate (SiCp) in combination with forced CVI and Blackglas matrices respectively, were

tested. The monolithic ceramics included chemical vapor deposited (CVD) B-SiC and two
types of sintered o-SiC, Hexoloy SA and SX.

Table 1. SiC-based materials included in the test matrix.

Reinforce- Fiber Interface Matrix Measured Vendor
ment Architec- Density
ture (g/cm3)
Nicalon CG 0°/90° 150 nm CvisiC 2.48 t0 2.63 DuPont
PyC
Nicalon CG 0°/+86° 150 nm CViSiC 2.68 DuPont
PyC
Nicalon CG 0°/90° 150 nm PIP SiC 2.20 Dow Corning
PyC
Nicalon CG 0°/90° 150 nm Blackglas 2.04 Allied Signal
PyC
Nicalon CG 0°/90° 15 nm PyC PIP SiC 2.18 Dow Corning
Nicalon CG 0°/90° 150 nm BN PIP SiC 2.21 Dow Corning
Tyranno 0°/90° 150 nm PIP SiC 2.10 Dow Corning
PyC
HPZ 0°/90° 150 nm PIP SiC 2.12 Dow Corning
PyC
SiC,, - - CVISiC 2.72 ORNL
SiC,, - - Blackglas 2.73 Allied Signal
- - - CVD B-SiC 3.25 Morton
- - - Hexoloy SA 3.16 Carborundum
- - - Hexoloy SX 3.19 Carborundum J

In general, the thermal conductivity values decreased with increasing temperature as
expected for phonon conduction. Composites with higher bulk densities had higher thermal
conductivity values. Composites with the more crystalline CVI matrix had thermal conductivity
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values roughly a factor of five greater than composites with the less crystalline and less pure
PIP SiC matrix, and a factor of ten greater than composites with the amorphous Blackglas
matrix. Fiber architecture and coating variations had no discernible influence on the thermal
conductivity for these materials, and the long-term thermal annealing at 1010°C had little
influence. The thermal conductivity values of the dense and high purity CVD B-SiC exhibited
the steepest temperature dependence and, depending upon temperature, were 8-15 times
greater than the values for the CVI composites. The thermal conductivity values for the
Hexoloy SA and SX sintered SiC were intermediate to that for the CVD B-SiC and the CVI
composites, with the SA material exhibiting conductivity values a consistent 10-20% higher
than the SX material. The higher conductivity of the Hexoloy SA is attributed to the use of a
boron sintering aid, whereas Hexoloy SX uses Y203.

Due to the irradiation doses, which were well above saturation doses, thermal conductivity
values and their temperature dependences for all the monolithic materials and for the more
crystalline CVI matrix composites were reduced significantly as expected. In contrast, the
thermal conductivity values for the more amorphous PIP and Blackglas composites actually
increased about 35% due to the irradiation at 1000°C which presumably caused partial
crystallization and densification of the amorphous matrix. Details for each material listed in
Table 1 are given in Reference 1.

In Figure 1, the thermal conductivity degradation for crystalline SiC and CVi SiC matrix
composites, expressed as a ratio of the irradiated to the unirradiated thermal conductivity
values (Kir/Kunir), is presented as a function of the irradiation/test temperature. To construct
this map, data from Thorne, et al., Price, Rhode and Hollenberg, et al., were added to the
data at 575° and 1000°C from this work.
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Figure 1. Thermal conductivity degradation as a function of irradiation/test temperature for
crystalline SiC and CVI SiC matrix composites.
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The general trend is for the ki, /kynirr ratio to increase as the irradiation/test temperature

increases. For example, this ratio for B-SiC ranges from 0.05 to 0.32 at 100°C and 1000°C,
respectively. This trend reflects the relative dominance of the temperature independent
irradiation point defect phonon scattering in the lower temperature range, while the
temperature dependent intrinsic phonon-phonon scattering becomes relatively more
important as the irradiation temperature increases. Significantly, the ratios can be separated
into a family of roughly parallel best-fit curves which apparently depend upon purity, density
and probably microstructural features. In this separation, the curve for CVD B-SiC has the
lowest ratio and represents the intrinsic irradiation behavior of SiC. In order of increasing
ratios are curves for the sintered Hexoloy materials, the SiC,y particulate composite, and the

continuous fiber reinforced CVI SiC matrix composite. From these curves, the thermal
conductivity for irradiated crystalline SiC-based materials at any temperature can be predicted
from measured values for unirradiated material. Most importantly, these curves establish
fundamental limits to processing strategies, such as B-doping or thermal annealing
~ treatments, which are designed to enhance the thermal conductivity of irradiated SiC-based
materials. No thermal conductivity values greater than those predicted for irradiated CVD B-
SiC should be expected. As a general rule, the larger the thermal conductivity enhancement
achieved through a processing sirategy, the larger the relative degradation due to irradiation
effects. The thermal conductivity degradation for irradiated SiC will always be dominated by
the phonon scattering of radiation-induced point defects, primarily the vacancies.

The latter supposition is supported by the results from two different annealing studies given
to the irradiated CVD B-SiC material. In one study, a pair of passive CVD B-SiC temperature
monitor bars indicated that the capsule had been irradiated at a temperature much lower than
the design temperature of 1000°C. In fact, the temperature monitor bars indicated via an
isochronal annealing method that the irradiation temperature was 575° * 60°C. In this
method, bar lengths were measured after one-hour annealing times at successively higher
temperatures. No length changes were observed to occur for annealing temperatures below
575°C; while the bar lengths decreased uniformly for the successively higher annealing
temperatures once they exceeded the apparent 575°C irradiation temperature. After the
final anneal at 1450°C (3 hours), the length recovery was only 50%. In similar annealing tests,
others have observed at least 85% swelling recovery for irradiations at 800°C, so the limited
50% recovery was unexpected. This high level of residual swelling even after the 1450°C
anneal is indicative of a substantial quantity of remaining stable irradiation defects,
presumably due to the long-term 1000°C portion of the irradiation cycle. The approximately
50% swelling that actually recovered must have been primarily due to recovery of the short-
term EOC 575°C irradiation defect structure. Thus, due to the operation of the reactor at
reduced power for less than a day at the end of the normal 185 EFPD cycle, a duplex defect
structure was induced in these CVD B-SiC bars. One part of the duplex structure was
characteristic of a long-term 1000°C irradiation; the other part was characteristic of a short-
term 575°C irradiation, estimated to be representative of about a 0.1 dpa-SiC dose. This type
of duplex defect structure also should have been present in all of the similarly irradiated SiC-
based materials tested in this experiment.

In the second annealing study, the thermal conductivity degradation and recovery for one of
the irradiated CVD B-SiC diffusivity specimens was examined after a series of post-irradiation
one hour anneals at 1150°, 1250°, 1350° and 1450°C. The effects on the thermal
conductivity for this specimen are shown in Fig. 2.

The upper curve depicts the unirradiated thermal conductivity values as a function of
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temperature for high purity and dense 8-SiC; the lowest curve depicts the as-irradiated
values. Note that the kj/kynirr ratio at 575°C would be about 0.15 and would correspond to

the data point shown for this material at that temperature in Fig. 1. The intermediate curves
show the thermal conductivity temperature dependence for partially recovered B-SiC since
the thermal diffusivity was measured as a function of decreasing temperature after the one
hour anneals. However, even after the 1450°C anneal about 50% of the thermal conductivity
degradation remained. [f the only defect structures generated during the irradiation were
vacancies and small interstitial clusters, the 1450°C anneal should have been sufficient to
restore the conductivity to near unirradiated values.
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Figure 2. Effects of irradiation and multiple post-irradiation anneals on thermal conductivity
of CVD B-SiC.

The duplex irradiation defect structure proposed to explain 50% swelling recovery in the
temperature monitor bars explains these thermal conductivity recovery data as well. The
long-term 1000°C irradiation established a relatively stable network of interstitial dislocation
loops, while the short-term 575°C irradiation established a defect structure characterized by
smaller, less stable interstitial clusters. The vacancies for both types of interstitial
configurations remain relatively isolated and distributed throughout the SiC lattice. The
interstitial dislocation loops themselves are expected to be relatively coherent with the SiC
crystal structure and are not expected to significantly degrade the thermal conductivity. The
thermal conductivity and swelling recovery that occurred after anneals from 575°C up to
about 1000°C was the result of interstitials not bound in the stable dislocation loops
recombining with vacancies. With continued irradiation above about 1000°C, many
interstitials would accumulate and stabilize into the dislocation loops which means that a
corresponding number of the generated vacancies also would continue to accumulate.
Eventually the vacancies become mobile at temperatures above about 1250°C.
Nevertheless, the significant residual thermal conductivity degradation must be caused
primarily by vacancies, either isolated or as small clusters scattered throughout the lattice,
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which providé the most effective phonon scattering sites.

The fact that only a small amount of recovery apparently occurred for that portion of the
thermal conductivity degradation or of the swelling induced in SiC by the 1000°C irradiation
has important consequences. Normally, the swelling versus irradiation temperature curve,
which has decreasing values with increasing irradiation temperature and an extremely low
minimum linear swelling of about 0.1% at 1000°C, is thought to saturate-at a relatively low
dose. Hence, after an initial small amount of swelling, B-SiC has exhibited remarkable
dimensional stability, especially during continued irradiation in the fusion relevant 800° to
1000°C temperature range. Above 1000°C the swelling should increase with further
increase in irradiation temperature and should exhibit a dose dependent swelling maximum
at about 1250°C, where vacancy mobility becomes important. However, the dose
independence of the swelling minimum must be reconsidered in light of these recovery data.
Based on the hypothesis that a stable interstitial defect structure can be formed in B-SiC for a
1000°C irradiation, the dose dependent swelling maximum at 1250°C should shift to lower
temperatures because of the continual buildup of the more stable interstitial dislocation
loops. More importantly, the thermal conductivity degradation may not exhibit the same type
of irradiation temperature dependence as the swelling with a dose independent minimum at
1000°C. Since in irradiated SiC the thermal conductivity degradation depends more upon
the residual vacancy concentration than the interstitial defect configuration, the thermal
conductivity degradation in the fusion relevant 800°-1000°C temperature range may be more
severe than inferred from SiC swelling behavior.

FUTURE WORK

The irradiation and recovery effects for SiC-based materials irradiated in the COBRA 1A2
tests at 800°C will be analyzed.
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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 Advanced Energy, Kyoto
University, Japan)

OBJECTIVE

The objective of this work is to examine irradiation enhanced creep behavior in advanced
polycrystalline SiC fibers.

SUMMARY

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 parenthesis, 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 S, 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.

PROGRESS AND STATUS
Introduction

As part of the Joint DOE/Monbusho Program to support materials development for fusion
energy, PNNL has initiated a systematic study of the potential effects of irradiation creep in
SiC/SiC composites and SiC fibers. A previous report described a simple bend stress
relaxation test designed to examine the creep behavior of irradiated and unirradiated SiC
fibers [1]. A second report presented 1 hr BSR thermal creep results for selected advanced
fibers, namely Nicalon STM and Hi Nicalon™ manufactured by Nippon Carbon Co. and
Sylramic™ manufactured by Dow Corning Corp [2]. This report presents 100 hr BSR thermal
creep results for these same fibers plus results for annealed Hi Nicalon and Hi Nicalon S
fibers and the newly introduced Tyranno™ Lox E fiber, the latter fiber being manufactured
by Ubekosansha, Japan. The properties for the selected fibers are given in Table 1.
Measured lot specific properties are italicized; otherwise manufacturer's values are given.

All the fibers listed in Table 1 are polymer-derived, small diameter fibers suitable for weaving
into fabric for composite fabrication. They were received as fiber tows from which single fiber
strands were selected for the BSR and tensile strength tests. The measured tensile
strengths were made at ambient using a Micropul T™ device designed for this purpose. They
represent the average strength values from a Weibull analysis for 20-25 individual

*Pacific 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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Table 1. Properties of SiC Fibers Selected for the Irradiation Creep Tests.

Property NicCG [ HiNic | NicS | Sylramic | HiNic* | NicS* | Tyranno E
Diam, pm 14 12 11 10 12 11 11
Density, g/cm3 255 |2.74 |2.98 |3.0 2.8 3.1 2.40
Tens. Stren., GPa 2.6 3.4 2.6 2.8 2.4 1.0 3.3
Tens. Mod., GPa 190 270 420 400 320 440 220
Composition-Si 56 62 69 66 55
(Wt %) -C 32 37 31 28 37

-0 12 0.5 0.2 |09+2(B) 6 +2 (Ti)
(atomic) -C/si 11.31 1.38 [1.05 |1.0 1.6
Xstallite G. S., nm <2 5 10 75 8 10 18
Transition Temp.,°C | 17170 | 1230 | 1450 | 1420
(1 hr, m=0.5)

*Annealed one hour in argon at 1500°C.

measurements for each fiber type. Two of the fibers, Hi Nicalon and Nicalon S, were
annealed simultaneously at 1500°C in argon to improve their creep resistance. For these two
fibers, the strengths were determined using a “bit” strength test in which single strands were
bent around drill bit shanks of diminishing diameters until the fiber failed. By this test, the
strengths of annealed Hi Nicalon (Hi Nic*) and Nicalon S (Nic S*) were determined to have
decreased to values of 2.4 + 0.5 and 1.0 & 0.3 GPa, respectively. The Hi Nic* strength
decrease was similar to that observed by Ichikawa, et al. [7] for annealed Hi Nicalon. On the
other hand, the Nic S* strength decreased by an amount much larger than expected. SEM
inspection of the Nic S* fiber surface revealed numerous, but unexplained pore “blowout”
type flaws. For this reason, the Nic S* fibers were eliminated from further consideration in this
BSR test series. The 1 hr BSR transition temperatures were taken from the one hour BSR
creep results given in Ref. [2].

Theoretical and Experimental Beview

Theoretical and experimental details of the BSR test were presented previously [1,2].
Briefly, an initial elastic bend strain is applied to a single fiber by wrapping several coiled loops
onto a SiC mandrel of radius R,. The loops are capiured by a SiC sleeve that slips over the

fiber-wrapped mandrel. For the test designed to examine the potential effects of irradiation
enhanced creep, the fiber loops will be subjected to a specific time (1), temperature (T), and
irradiation dose (¢) at the fixture imposed strain (&g = 1/R,), where g, represents the maximum

strain at the outer edge of the coiled fibers and r¢ is the fiber radius. The BSR parameter “m”
quantifies the stress relaxation that occurs during treatment and is determined from:

m=1-Ry/Rq (1)

where R, is the arc radius of the relaxed fiber measured after treatment. In BSR tests, values

of m range from 1 to 0 with m = 1 or 0 indicating the occurrence of no relaxation or complete
relaxation by creep, respectively. Intermediate values of m indicate partial relaxation. To
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separate thermal from irradiation creep effects, the irradiation dependent strain increment Ae
can be defined as

Ae = go5{1/m(s,T,t,e0) - 1/M(T L,e0)} (9]

The term in brackets is the difference in reciprocal m-values for the irradiation and the thermal
control BSR tests, respectively. Resuilts for the 1 hr thermal control BSR tests were given in
Ref. [2]; the results for the 100 hr control tests are given in this report.

A good approximation for the tensile creep strain (gc) that would result from a constant stress
creep test for equivalent BSR test temperatures and times can be estimated from measured
m-values via [2]:

eoleo =M1 - 1 3

In particular, & predicted by Eq. (3) has been shown to approximately give the same time and
temperature dependence as conventional tensile creep data [3].

Primary creep in fibers can be modelled by the semi-empirical creep equation [6]:
gc = Agon[texp(-Q/RT)IP (4)

In this expression Ao, n and p are empirically determined creep parameters, ¢ is stress in GPa,

t is time in hours, Q is the controlling creep energy in kJ/mol, R is the gas constant (8.31
J/mol-K) and T is temperature in Kelvin. Using Egs. (3) and (4), for Nicalon fiber DiCarlo
obtained close agreement between converted BSR m-data and actual tensile creep data.
From DiCarlo’s analysis the creep parameters for Nicalon fiber were: Ag=2.2x105,n=12,p

=0.40, and Q = 500 % 65 kJd/mol.

The effective creep energy Q can be estimated directly from m-data by the cross-cut method
using the expression Q = 2.8R/A(1/T) where A(1/T) is the spacing between one order of
magnitude change in time at a constant m-value [3). The numerical factor 2.3 must be
replaced by 4.6 for two orders of magnitude time change. Alternately, Eq. (3) can be
employed to convert measured m-data to normalized creep strains which are then used with
Eq. (4) to calculate the best-fit empirical parameters and the Q-values by linear regression.
The latter approach is faitly accurate for the condition 0.9 > m > 0.1. Once the Q-value is
obtained, normalized thermal creep strains (or m-values) can be estimated for any stress, time
and temperature assuming that Eq. (4) continues to describe the creep process.

Results and Discussion

In Figure 1, the 100 hr BSR m-values for the SiC fibers listed in Table 1 (except for Nic S*) are
plotted as a function of reciprocal temperature.
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Fig. 1. Comparison of 100 hour BSR thermal creep results for advanced SiC and Nicalon
CG fibers (g = 0.1 t0 0.3%).

In order of decreasing 100 hr transition temperatures (in parenthesis) or thermal creep
resistance, the fibers ranked: Syiramic (1261°C), Nicalon S (1256°C), annealed Hi Nicalon
(1215°C), Hi Nicalon (1078°C), Nicalon CG (1003°C) and Tyranno E (932°C). By comparison
with the 1 hr BSR thermal creep results given in Ref. [2], the S-shaped curves have shifted
right for the Nicalon S, Sylramic, Hi Nicalon and Nicalon CG fibers. The controlling creep
“activation” energies were calculated for these four fiber types by the temperature shift
cross-cut method and by linear regression using Egs. (3) and (4). The results are given in

Table 2.

Table 2. Thermal creep energy and projected m-values for 5000 hr, 800 or 1000°C tests.
Fiber Type Q* (kJ/mol) Q* (kJ/mof) m(800°C)¥# m(1000°C)*
Nicalon CG 607 500 + 65 0.88 0.18
Hi Nicalon 503 505 + 40 0.95 0.37

Nicalon S 517 530 + 60 0.99 0.65
Sylramic 622 650 + 40 0.99 0.74

*Estimated using the temperature shift cross-cut method.
AEstimated using linear regression and Egs. (3) and (4).
#Based on projections from the 100 hr m-values and using Egs. (3) and (4).
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Fair agreement was obtained using either the temperature shift cross-cut method or using
Egs. (3) and (4) to estimate the controlling thermal creep energy. The thermal creep
energies for these polymer-derived SiC fibers lie in the 500-650 kJ/mol range. Creep
energies in this range appear to correspond to the activation energies for carbon and silicon
diffusion in SiC grain boundaries which have been reported as 563 and 550-611 kJ/mol,
respectively [4]. For comparison, activation energies for C or Si lattice diffusion in 8-SiC are
840 and 912 kJ/mol, respectively. By inference then, thermal creep in the polymer-derived
SiC fibers probably is controlled by a grain boundary mechanism, presumably grain boundary
sliding.

To be able to discern any enhancement of creep by irradiation, it is desirable for the thermal
creep contribution to be relatively small, i.e., m(T,t,&0) 2 0.8 in Eq. (2). Using Egs. (3) and (4),
example thermal 5000 hr m-values were projected from the 100 hr m-values. The 5000 hr
time period is typical of an irradiation cycle, and the 800 and 1000°C temperatures are fusion
relevant. The thermal BSR m-value projections for these conditions also are given in Table 2.

For a BSR fiber creep test at 1000°C during a 5000 hr irradiation cycle, thermal creep would
probably dominate any irradiation enhanced creep and make it unobservable except possibly
for the Nicalon S and Sylramic fibers. However, for an irradiation temperature of 800°C the m-
value projections for all the fibers are > 0.8. Therefore, a temperature of 800°C or lower is
recommended for a 5000 hr (208 EFPD) fiber BSR irradiation creep test.

CONCLUSIONS

1. The thermal creep behavior for five advanced SiC fiber types and Nicalon CG was
examined by using a 100 hr BSR fiber creep test. In order of decreasing creep
resistance, the fibers ranked as follows: Sylramic, Nicalon S, annealed Hi Nicalon, Hi
Nicalon, Nicalon CG and Tyranno E.

2. A methodology for predicting the thermal creep contribution during a BSR test of
irradiated fibers was developed. To be able to separate thermal from irradiation creep, a
temperature of 800°C or lower is recommended for a typical 5000 hr irradiation test cycle.

FUTURE WORK

Due to a scheduling conflict in the ATR reactor, the startup of the first BSR test on irradiated
fibers has been delayed from January to August, 1997. This test will be carried out at 260°C
to a 5 dpa dose. Expected completion of the irradiation cycle is May, 1998. A second test at
800°C is planned for the HFIR reactor as part of the Jupiter P3-4 experiment tentatively
scheduled to commence mid-1998.
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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.
Schwartz (Pacific Northwest National Laboratory), and C. A. Lewinsohn (Associated Western
Universities)

OBJECTIVE .
The purpose of this work is to design an in-reactor creep experiment for composite materials.

SUMMARY

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.

INTRODUCTION

This report describes the pressurized cylinder experiment design and supporting analysis for
in-reactor creep testing of silicon carbide (SiC/SiC) composites, which are under consideration
for structural applications in proposed magnetic fusion reactor systems. Recent qualitative
and estimated quantitative data suggest that there is a significant effect of irradiation on the
creep of SiC/SiC, and hence it is an issue which needs to be addressed in the design of such
structures. This experiment is designed to obtain "engineering" creep data which can be
utilized in the design process.

A number of design concepts were considered and analyzed in the preliminary design phase.
Some of these concepts were rejected on the basis of programmatic constraints, and others
were rejected because of technical issues. The result of this "screening process” was a
design (referred to as the “reference design") which has a high degree of confidence of
success. A second alternative design also holds some promise and is briefly addressed.

This report describes the experiment, and provides supporting performance predictions.
Nuclear physics (shielding-heat deposition), thermal and structural analyses which provide
design support are provided.

EXPERIMENTAL OBJECTIVES AND METHODS

The goal of the experiment is to obtain irradiation creep data which is representative of design
needs for the fusion reactor system. These are specimen irradiation doses of 5 to 10 dpa and
irradiation temperatures of 500 to 1000°C. Stresses were chosen to best study mechanistic
effects. Here, hoop stresses in the specimen are expected to be initially chosen below, near
and above the matrix cracking strength.

The experiment is designed to go in the High Flux Isotope Reactor (HFIR) in a Large
Removable Beryllium (RB*) mid-core location. The HIFR is assumed to be operating at
100 MW power at the time of the irradiation. The experiment is expected to remain in the
reactor for approximately one year, i.e., 300 effective full power days (EFPD), to obtain the
desired dose.

The design is based on an assumed irradiation at the most severe conditions, i.e., 300 EFPD
at 1000°C and a specimen hoop stress of 150 MPa. Hence a considerable design margin is
expected to exist in experiments with a less severe environment.
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The experimental system, because of available space, also provides an irradiation testing
environment for other passive SiC specimens, such as bend bars and fibers.

DESIGN

The reference design of the SiC creep experiment system consists of a SiC/SiC cylinder
specimen with an associated specimen loading subsystem, passive SiC creep specimens,
and a subcapsule (RB*) whose main function is to provide mechanical support and
temperature control. The experimental components, which are not specimens, i.e., the RB*
subcapsule and the specimen-loading subsystem, are referred to herein as the "test
assembly." There are three sets of specimens in each RB* subcapsule, as shown in

Figure 1. The RB* subcapsule fits inside a stainless steel HIFR RB* Irradiation Capsule (at
power ID = 1.364 in., OD = 1.504 in.), with the radial clearance between these two capsules
set to provide the desired temperature range (see thermal analysis section).

The RB* subcapsule has the function of positioning the specimen systems, and providing the
thermal environment and backup structural restraint for the specimen loading system (see
structural analysis section). This subcapsule is fabricated of Nb1Zr refractory alloy, and is of
welded construction. The Nb1Zr was chosen for the combined high-temperature strength
and ductility, and ease of fabricability (see alternative design section). This capsule has a
central thermocouple tube and gas line feed through a tube welded to the end caps. The end
caps provide positioning holes for the specimen systems and centering and temperature
control of the capsule via a scallop ledge. The RB* subcapsule is filled with helium gas at
atmospheric pressure.

3 SiC/SiC~NbiZr

CREEP TUBES

ya 4 BEND BARS

81.310

7 FIBER TEST

HOLDER TUBES \_ GAS LINE FEED
A—A THRU TUBE
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Figure 1 Layout of the RB* subcapsule. Dimensions given in
inches.
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The specimen loading system, also referred to as the SiC/SiC-Nb1Zr creep subcapstule, is
shown along with the specimen cylinder in Figure 2. The main function of this system is to
provide a fairly constant radial loading (pressure) to the SiC cylinder, which in turn, gives rise
to a constant hoop stress in the specimen. The cylindrical specimen fits tightly on the loading
subsystem (secured by pins) and is loaded from the thin-walled tubing (0.010 in. "bladder”).
The outside of the bladder tube may be coated with a thin film (approximately 1 ym) of
alumina to minimize any adverse chemical interactions between the Nb1Zr tube and the SiC
cylinder. The center core and end cap components (with a threaded and welded ring at one
end) minimize the axial deformation and axial load transmitted to the RB* subcapsule (see
structural analysis section). This subsystem is constructed of all Nb1Zr. This material was
chosen for the same reasons given above, plus it is the only refractory material for which
irradiation creep data exist for the high temperatures of interest (see section on performance
predictions). The gas space is filled with pressurized He gas. This pressure is set at room
temperature so that at the operating temperature, the pressure is such that the desired hoop
stress is produced in the specimen.

i . . 0.039_ 0.010
In addition to the test design described )
above, the experiment requires that a
photon shield, most likely fabricated of
depleted uranium, be insertéd in the HFIR
RB* location. This shield (ID = 1.66in.,
OD = 1.92in.) is an RB* position liner that ’ A—A
fits around the RB* coolant channel, and
reduces the gamma heating rates, as
well as associated temperatures and
temperature gradients in the specimen.

SiC
The experiment functions as follows: \

1. As the reactor comes to power,
gamma and neutron heating are
generated within the RB* capsules.
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2. This heat flows to the reactor coolant
(outside the HFIR RB* irradiation capsule)
via convection, conduction and radiation,
creating temperature gradients within the
capsules. To obtain the desired
specimen temperature range, the annular
control gas gap between the RB* capsule
and the HFIR RB* irradiation capsule is
set to a value determined in the design
analysis. To compensate for
uncertainties, the temperature can be Figure 2 Schematic of creep specimen.

"fined tuned” by adjusting the composition

of the He/Ne gas mixture (RB* temperature control system) in the small annular temperature
control gap.
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3. Because of the increase in temperature over ambient conditions with the onset of
irradiation, the preset pressure within the specimen loading system capsule increases
(nominally according to the ideal gas law), which in turn imposes a radial pressure on the
specimen cylinder. This radial pressure is reacting internally by a hoop stress within the
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specimen. Differential thermal expansion causes an interference between the specimen and
the bladder, but this is a secondary effect which relaxes out readily with irradiation.

4. The creep compliance in the thin Nb1Zr bladder tube is several orders of magnitude
greater than that in the specimen, and in effect this tube "flows" with the specimen allowing the
gas pressure to be transmitted radially to the specimen, with a minimum resistance of its own.
Hence, during irradiation, a fairly constant hoop stress is maintained on the specimen,
providing creep data at constant stress.

5. This thin-walled bladder tube is restrained in the axial direction both internally by the Nb1Zr
core in the specimen loading subsystem and externally by the RB* subcapsule. This restraint
mitigates the potential for stress rupture failure due to axial creep.

PERFORMANCE PREDICTIONS

Performance predictions were made to determine the time-dependent structural behavior of
the pressurized cylinder specimen. The focus here was to get assurance that the objectives
of the experiment could be met, and to provide a model which could be used in post-test data
analysis. In the preliminary design phase, parametric studies were performed to improve the
design and to assess sensitivities.

Finite element analysis (FEA) of the proposed expetiment desigh modeled the pressurized
Nb12Zr thin wall bladder tube, the SiC/SiC specimen cylinder (fube), and the interaction
between the two tubes, at regions away from the end caps. The ANSYS FEA program
(Swanson) was used for the two-dimensional (2-D) axisymmetric (R-Z) model using
axisymmetric shell elements (SHELL51) for the tubes and gap elements (CONTAC12) for the
frictionless interaction mechanics. The finite element model (FEM) only considers radial
deformations, as axial friction between the bladder and the specimen is assumed to be
nonexistent (see below). The model schematic is shown in Figure 3, giving element and node
numbers.

The model considered internal gas pressure loading on the bladder tube, thermal expansion
of both tubes, irradiation creep of both tubes, and irradiation swelling of the Nb1Zr tube.
Irradiation swelling the SiC/SiC cylinder was ignored as it is expected to be negligible.
Because irradiation creep and swelling correlations did not exist for the Nb1Zr material at the
temperatures of interest, relationships were developed using regression analysis on data given
in the space power program literature (Paxton). Irradiation creep rates for the SiC composite
were taken from Garner, et al., 1996. Other Nb1Zr material properties were taken from
Carter, Hayes et al., and Garner et al., 1994. Neutron fluxes were assumed to be those for
the HFIR reactor RB* location as given by Hobbs and Hicks. Analysis was made for the two
main temperatures of interest, 800 and 1000°C. The corresponding room temperature
pressures within the bladder tube were 8.95 and 7.26 MPa,! respectively, and were
determined using an iterative procedure to produce a nominal initial 150 MPa specimen hoop
stress at power.

Analysis of the reference design at 800 and 1000°C, in which there was an assumed small
initial room temperature diametral gap of 0.02 mm (0.0008 in.), showed a small permanent
increase in diameter of approximately 4.6 pm (a measurable value using existing equipment)
at the end of 300 EFPD. The predicted deformations are comparable for both cases as the
hoop stresses are equal and the creep rate is temperature independent for temperatures

'Sl and English units for pressure/stress are used interchangeably in this report. Both unit
systems are not aiways cited; to convert psi to MPa multiply by 0.006896
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below 1000°C. Figure 4 shows the

calculated hoop stresses in both the 131111
SiC/SiC specimen and the bladder tube
during the irradiation, for both 10 po
temperature conditions analyzed. As
shown, the hoop stress in the specimen 030110
remains nearly constant over the life of
the experiment, a design goal. 3T 19
At 1000°C, the calculated hoop stress in 23109
the specimen decreases 0.7% over
300 EFPD; for the 800°C case, the stress 2 hs
increases 3.1%. These differences can )
be explained, and are mainly due to the B 28108 Y
difference in thermal expansion
interference (the Nb1Zr expands into the  ho L %
SiC/SiC). For irradiation at 1000°C, the :
hoop stress on the bladder tube is 22407
compressive, due to the combined effect
of differential thermal expansion and - . fe
internal pressure loading. As the
interference compressive hoop stress on 26106
the bladder tube relaxes due to creep (the
SiC/SiC specimen is dominant as its 5 liS ANSYS 5.2
creep resistance is orders of magnitude MAR 12 1997
greater then the Nb1Zr), the tube 25105 08:43:29
contracts, and hence, it causes a ELEMENTS
reduction of the interface pressure and 3 14 ELEM NUM
~ the hoop stress in the specimen. As there
is less interference at the 800°C 24 104
conditions, the combined thermal and 2V =1
pressure effect produce a tensile hoop P DIST=.006985
stress on the bladder, and hence has an XF = * 004902
opposite effect on the specimen. The B 291093 e
hoop stress in the bladder in both cases YF =,00635
significantly relaxes, and hence the b hi» Z—-BUFFER
bladder tube effectively transmits the
internal pressure loading radially to the 22102
specimen with little internal resistance, as
intended. This is confirmed as there is 1 k1
close agreement with the calculated hoop -
stress in the specimen using the thin wall 21161,
T - . »
treatment (prfl) with the bladder pressure Figure 3 Schematic of FEM model, showing

at power.
element and node numbers.

The uncertainty in friction between the

coated Nb1Zr tube and the SiC/SiC specimen leads to an uncertainty in the stress state, and

hence the effect on predictions versus measurement. The predictions assume a stress state

which is uniaxial (hoop, 6). If friction exists along with negligible tangential creep in the bladder

tube, then a biaxial stress state would exist in the specimen. The upper bound would be near

a stress state for a pressurized closed tube, i.e., 2:1 (hoop to axial). Reality is likely to be a

biaxial stress state somewhere in-between. This stress state should remain constant, unless
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Figure 4 Calculated hoop stresses in SiC/SiC specimen and bladder tube during irradiation
at 800 and 1000°C.

loading system “bottoms out” on the RB* capsule, in which case the axial strain increment is
zero.

This uncertainty is expected to introduce at worst only a small error. Multiaxial stress state
creep is based on the equivalent, or effective, stress and conservation of volume. The
effective stress for this biaxial case is defined as:

O, = [(Gg* +0,% +(0, - 0,)%) / 2]™
For the case where the axial stress is ¥z of the hoop stress, then:
0, = 0.866 o,

This says that there is an uncertainty range of creep deformation due to friction effects of no
more than 13% (only the radial deformation is measured).

Sensitivity study cases were run for variations in Nb1Zr tube thickness, and irradiation creep
and swelling rates to account for uncertainties. Calculations showed that reasonable
uncertainties in the Nb1Zr material properties, including those due to irradiation swelling, did
not have a significant effect on the resulting specimen stress and deformation. Small
changes in the bladder wall thickness also did not have a significant effect on the specimen
performance.
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PHYSICS ANALYSIS

The purpose of this analysis was to determine the gamma ray heating rates for the material
used in the SiC/SiC experiment and adjacent reactor components in a mid-core RB* location.
The effects of different photon shield materials were also evaluated. These heating rates are
used in subsequent thermal analysis.

The MCNP computer code (Breismeister, Carter) was used for the heat deposition
calculations. The calculation was made by modeling a cylinder containing regions for each of
the different elements, i.e., concentric cylinders, as shown in Table 1. This model represents
the photon shield (if included), the RB* coolant channel (water), the HFIR irradiation capsule,
and the RB* subcapsule and internals. For this analysis it was assumed that the RB*
subcapsule was constructed of TZM (see alternative design).

Table 1. MCNP Model Dimensions and Materials.

Radius (in.) Shield Density (g/cc) ‘

0.25 Inner Void 0.0
0.28 Niobium 8.55

0.319 Carbon 262

0.358 Silicon 2.33
0.59 Helium 0.1787

0.625 Molybdenum 10.2
0.68 Helium 0.1787
0.75 Iron 7.86
0.83 Water 1.0
0.96 Shield (W/U) 19.3/18.9

The input files include an 6 heating tally to calculate the gamma heating. Because MCNP
calculates the heat deposition as MeV/g, the heating tally was multiplied by 1.6022E-13
W/MeV to convert to units of W/g.

The energy dependent gamma ray flux distribution used for these calculations is given in
Table 2. The source was modeled in the MCNP calculation as four planes surrounding the
metal element model. The source particles were emitted perpendicular to the different source
planes. The total particle weight for the MCNP calculation was set equal to the total flux
multiplied by the surface area of the four planes.

Table 3 summarizes the calculated heating rates for the various elements for cases of no
shield, a uranium shield and a tungsten shield. As shown, the depleted uranium shield is the
most effective in minimizing the heating rates, and hence was chosen as for the reference
design.
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Table 2. Gamma Ray Flux.’

Flux (photons/cm?s™)

Energy (MeV) TP RE*
0.00 0.00e+00 0.00e+00
0.50 7.80e+15 3.54e+15
1.00 1.85e+15 5.12e+14
1.50 8.52e+14 2.23e+14
2.00 3.72e+14 1.16e+14
2.50 3.39%e+14 8.75e+13
3.00 1.51e+14 4.65e+13
4.00 1.55e+14 5.69e+13
5.00 1.14e+14 2.43e+13
20.00 9.27e+13 4.58e+13
Total 1.15e+16 4.65E+15

*From J. Gekin, ORNL.

Table 3. Heating Rates with Different Shields.

No Shield Tungsten Shield Uranium Shield

Element (W/g) (W/g) (W/g)
Nb 17.4 8.40 7.12
C 9.63 6.07 5.31
Si 10.5 6.50 5.71
He 9.42 5.78 5.04
Mo 18.6 8.13 6.90
He 9.43 5.57 4.84
Fe 13.1 6.47 5.63
Average (above) 12.6 6.70 5.79
Water 11.5 6.12 5.30
Shield 15.1 16.8
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THERMAL ANALYSIS

The goal of the thermal design is to provide a design temperature (or temperature range) for
the specimens. A secondary goal is to assure that the temperatures of structural members
of the test assembly are acceptable. The thermal design includes the sizing of wall
thicknesses, sizing of the control gas gap, and sizing of the scalloped centering rings on the
RB* subcapsule end caps where much of the gamma heating occurs due to their thickness.
The reduced gap at the end caps, in addition to providing a centering function, allows much
of the heat to flow out of the RB* capsule without adversely affecting the temperature of the
specimen. .

Two 2-D finite element thermal analyses, an R-Z axisymmetric and a 2-D sector analysis,
were made to determine the temperature distribution in the SiC/SiC specimens and test
assembly. Both models use the ANSYS (Rev. 5.2) Finite element analysis program. These
analyses considered internal heat generation due to gamma heating, conduction/convection
within the specimen/bladder and capsule, thermal radiation across gas gaps, and convection
to the reactor coolant. Material properties for these analyses were taken from Carter, CRC,
Hayes et al., and Touloukin.

it is desirable, but not necessarily required, that all contents within the RB* subcapsule are at
approximately the same test temperature (800 or 1000°C). The subcapsule is filled with
helium gas for maximum heat transfer and uniformity in temperature. The Nb1Zr capsule
wall and end caps provide much of the gamma heating to the subcapsule. The annular gas
gap (Ne/He mixture) is used for temperature control. For design purposes, a nominal 50/50
mix of He and Ne is assumed. It is assumed that the ability to vary the gas mixture will
compensate for any uncertainties in the analysis and reactor operations. Converging on a
design, i.e., desired temperatures, was an iterative process involving varying the thickness of
the subcapsule wall (within stress constraints), the annular gas gaps and the gas mixture.

The first thermal FEM, i.e., the R-Z axisymmetric model, is used primarily to size gas gaps
and wall thicknesses. Resuiting temperatures within the RB* subcapsule represent
homogenized, or smeared, values only. One-dimensional models were not considered
because of the axial effects (end cap gap and adjacent capsules). This R-Z axisymmetric
FEM represents a one-half (axial symmetric centerline) axisymmetric section of the RB*
subcapsule within the HFIR RB* irradiation capsule. Radially the model spans the RB*
centerline to the reactor coolant. The FEM also simulates axial heat transfer to an adjacent
cooler RB* subcapsule, which is expected to be the initial case, via pseudo axial gas gaps.
The ANSYS model comprises axisymmetric ring conduction (PLANES5) elements, and
radiation link (LINK31) elements which connect nodes on both side of the control gas gap.

This first FEM is shown schematically in Figure 5 (showing materials). The light blue color
(#1) elements represent stainless steel components, e.g., the HFIR RB* irradiation capsule.
The magenta color (#8) elements represent the He/Ne gas mixture in the temperature control
gap. The red (#3) elements represent the Nb1Zr RB* subcapsule wall and end cap. The
green (#6) elements represent the homogenized contents inside the RB* subcapsule. Here,
volume weighted average properties and heat generation rates are used where the volume
fractions are 54.1% He; 26.4% SiC; and 19.5% Nb1Zr. It was expected that the
temperatures in the pressurized cylinder specimen and the specimen loading subsystem
would likely be hotter than the maximum temperature predicted for homogenized treatment,
and hence the design goal was set for a lower maximum predicted temperature
(approximately 50°C). Material properties (thermal conductivity) are taken as temperature
independent at an expected temperature range, and are given in Table 4. The effective
emissivity used for the thermal radiation between the concentric stainless steel and Nb1Zr
cylinders is 0.125. The convective heat transfer coefficient used for convection from the
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Figure 5 R-Z thermal FEM: materials/conductivity elements

convective heat transfer coefficient used for convection from the HFIR RB* irradiation capsule
to reactor coolant (at 66°C) is 1935 Btu/hr-ft>-°C. This was determined via empirical
relationships (Rohsenow, et al.) for forced convection for reactor coolant (water) flowing at
0.85 fi/s.

Figure 6 shows the resulting temperature profile for the 1000°C case. Here the maximum
temperature in theé HFIR RB* irradiation capsule is less than 200°C. The temperature drop
across the control gas gap is approximately 650°C. The RB* capsule wall is at temperatures
in the range of 870 to 890°C. An average 80°C temperature gradient is calculated within the
RB* capsule, with a maximum average temperature of 950°C. The SiC/SiC cylinder
specimen is expected to be at an average 1000°C. Similar trends were predicted for the
800°C design.
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Figure 6 R-Z thermal FEM: temperature profile (1000°C case).
To obtain the desired temperature ranges, the following radial temperature control gaps
(inches at power) are required:
800°C case 1000°C case
Tube-to-tube: 0.019 0.027
Effective’ end cap to tube: 0.010 0.018

The second thermal FEM is designed to calculate more detail temperatures within the RB*
subcapsule. This model (see Figures 7 and 8) is a 2-D 60° sector model (minimum section of
symmetry) representing a slice through the axial center of the experiment. Regions from the
thermocouple tube to the reactor coolant are modeled. As this model does not consider heat

!As modeled minimum clearance; the actual geometry, i.e., the scalloped ridge, should have
an equivalent thermal conduction characteristics.
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flow in the axial directions, and is based on the tube-to-tube gaps, the resulting temperatures
are expected to be higher than actual.

The model comprises ANSYS 2-D plane thermal conduction (PLANES5) elements and
radiation link (LINK31) elements. Figure 7 shows the conduction elements with material
numbering (colors and numbers). The light blue #1) elements represent the stainless steel
HFIR RB* Irradiation Capsule. The purple (#2) elements represent He gas in the bladder
tube. The red (#3) elements represent the Nb1Zr components, which include the RB*
Capsule tube, the thermocouple tube, and the bladder tube and core. The dark blue (#4)
elements represent the SiC specimens and components. The magenta (#8) elements
represent the control gas Ne/He 50/50 mixture. The yellow-green #9) elements represent the
He gas fill within the RB* subcapsule. The thermal conductivity, k, for this gas is an effective
conductivity, k.4, as it includes the effects of natural convection. This is considered reasonable
as the gap is large enough for the existence of convection currents. K., is determined from
empirical relationship summarized by lrwin, and effectively is 1.8 times larger than the normal
conductivity of the gas itself. Radiation link elements are shown in Figure 8. Material
properties (some of which are temperature dependent) are given in Table 5. Effective
emissivities for material couples (assumes concentric cylinders with small annular gap for
geometry) were 0.125 for Nb1Zr to Nb1Zr and Nb1Zr to stainless steel; and 0.14 for SiC to

Figure 7 Sector thermal FEM: materials/conductivity elements.
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Figuré 8 Sector thermal FEM: radiation link elements

SiC and SiC to Nb1Zr (Rohsenow, Touloukin). Predictions were made for the 1000°C case
only, using the same annular control gap as was used in the R-Z analysis. Resuiting
temperature profiles are given in Figure 9 (overall profile) and 10 (internal RB* subcapsule).
The overall profile shows that the temperature of the RB* subcapsule wall is about 170°C
cooler than that predicted in the R-Z analysis, and that the gradient across the RB* capsule is
490°C, considerably more (as expected) than that predicted for the case with homogenized
properties. When comparing the two cases, it is apparent that this sector model, which
neglects the axial heat transfer effects, will overstate temperature gradients (axial effects and
the thick end caps should mitigate the large ATs). Itis likely that the RB* subcapsule wall will
be hotter and that the specimen be cooler than is shown in Figures 9 and 10. Nevertheless,
several conclusions can be drawn from these results. The thermocouple measurement may
be as much as 80°C higher than the average cylinder specimen temperature. The
temperature gradient around the circumference of the cylinder specimen may be as high as
150°C. The average temperature in the passive SiC specimens may be as much as 100°C
cooler than the cylinder specimen. Temperature gradients across the bend bar and fiber test
holder specimens may be up to 130 and 90°C, respectively.
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Figure 9 Overall temperature profile, 1000°C case.

Additional 2-D sector analyses were made to determine the effect of design options. One
analysis assessed the control temperature range by varying the gas mixture. Here, ptire He
was used instead of the 50/50 Ne-He gas in the annular control gap. The results showed an
80°C change in average specimen temperature. Hence, the expected control range is 160°C
or £ 80°C. Another-design option (see alternative design section) considered a specimen
loading system without a center core section. Here, the calculated circumferential
temperature gradient was 100°C, as compared to 150°C in the reference design.

STRUCTURAL ANALYSIS

The structural analysis addresses the mechanical behavior and the structural integrity of the
key components of the test assembly. This involves the calculation of stresses, strains, and
deformations and their comparisons with failure criteria. The primary load on the system is
from the internal gas pressure in specimen loading subsystem. Other loadings, which are
secondary, are those due to differential thermal expansion. Loading due to differential
swelling is not considered as the swelling gradients in the Nb1Zr are expected to be small
(Garner et al., 1994, Wiffen).
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The specimen loading system is designed to resist the load from internal pressure on its own,
i.e., without external support. Forthe 1000°C case, on which the design is based, the internal
gas pressure increases from the room temperature value due to the increased temperature
(the gas temperature is approximately 75 °C higher than the specimen) by a factor of (1075 +
273)/(21 + 273) = 4.59, to a pressure of 33.34 MPa. This pressure causes an axal force
which is equal to this pressure multiplied by the cross-sectional area in the annular space
between the bladder tube and the core. This force is reacted by the cross-sectional area of
the bladder tube and the core, to produce an axial stress (F/A) of 26.59 MPa (note: this
calculation conservatively neglects any resistance in the axial direction due to friction with the
specimen). The radial force is reacted by the tube/specimen, which caused a secondary hoop
stress in the bladder tube; these are given in the performance predictions section. As these
hoop stresses are secondary (relax ouf) and are lower than the axial component, they need
not be evaluated further, i.e., they are bounded. Discontinuity stresses in the bladder tube to
end cap junction are not an issue as the deformations are restrained by the specimen.

The main concern for this component is that the axial stress will cause a stress rupture failure
in the bladder tube/core. Stress rupture is evaluated via a Larson-Miller Parameter rupture
curve as given in Figure 11 (Conway). For the estimated maximum temperature of the

e o+ = o e o - . - e mm e p—— — e n ——— . s
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bladder tube/core, 1100°C (2,472°R) and 300 EFPD (7,200 hr), the parameter P = 2,472*[15
+log (7,200)] = 4.66 x 10*. From the curve in Figure 11 for the lower bound of the Nb1Zr
data, the minimum stress to rupture is 29.5 MPa, which is greater than the operating stress of
26.6 MPa, and hence failure from stress rupture is not expected. Furthermore, for the 1000°C
case, it is expected (see below) that the specimen loading system axially interacts with the RB*
subcapsule due to creep, and hence the axial stress and corresponding creep damage on the
bladder/core will be reduced.

The axial creep deformation in the specimen loading subsystem was also calculated. The
analysis used a simple single element ANSYS model as ANSYS input data was previously set
up for irradiation creep of Nb1Zr. Here a single ANSYS 2-D spar (LINK1) element of unit
length and cross-sectional area was employed, so that the axial stress (26.6 MPa) is input as
an axial force and the creep strain is calculated directly. Two cases were run: 1000 and
1100°C (the estimated temperature for the 1000°C specimen case). Creep strains of 0.98%
and 5.2% were calculated at 300 EFPD for the 1000°C and 1100°C cases respectively. As
the bladder tube length is 1.35 in., the creep deformations are 0.013 and 0.070 in. for the two
respective temperature cases.

The axial clearance between the specimen loading system and the RB* subcapsule is
0.050 in., and hence for the 1000°C specimen case, axial interaction can be expected after
approximately 210 EFPD (differential thermal expansion, with a 250°C AT, would close an
additional 0.003 in.). For specimen temperatures lower than 1000°C, interaction is not
expected.

Other secondary stresses in the specimen loading subsystem, which will relax out from creep,
arise from the 100°C temperature difference between the hotter core and the bladder tube.
To determine this thermal stress, we apply the conditions of equilibrium and compatibility and
get the equation:

aAT! + F/k, = aAT, + F/k,
where k (stiffness) = AE/l; (1 is length, A is cross-sectional area, E is the modulus of elasticity,
a is the coefficient of thermal expansion, and the subscripts ¢ and t refer to core and tube,

respectively)

As | is equal, and assuming E and « are equal for the core and tube, we can solve for the
interaction force (F). Here,

F = aEBAT_ /(1/A. + 1/A)
= (7.6 x 10°)(4.3 x 10°%(100)/(1/0.049 + 1/0.0113) =30.0 Ib
The corresponding siresses are:

o, = 30.0/0.0113 = 2,660 psi;
and

o, = -30.0/0.048 = -612 psi
Primary loading and associated stresses on the RB* subcapsule arise from the above-

mentioned interaction. The force produced by the bladder internal pressure is now reacted by
the specimen loading system and the RB* subcapsule (in parallel). To determine the time-
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independent loading distribution, the relative stiffness, k, of these two load paths needs to be
determined. This time-independent treatment shows that approximately 65% of the load is
carried by the RB* subcapsule. When creep is involved, comparison of the inverse of the
creep compliance needs to be addressed. For conservatism, it is assumed that all the load
of 3,110 N (700 Ib) from the three specimen loading systems is reacted by the RB*
subcapsule. Assuming the stress is uniformly distributed to the end plates (see below), the
axial primary membrane stress in the RB* capsule (A = 0.235 in.?) tube wall is F/A =
700/0.235 = 2,980 psi (this conservatively assumes that the thermocouple tube does not
carry any of the load (see below). The primary (bending) principal stress in the end caps
circular plate (thickness = 0.170 in.) as given by Griffel for a case where the outer edge is
fixed and supported and the inner edge (thermocouple tube) is fixed, is:

at the center: o,= K,W/t? = (0.192)(700)/(0.17) = 4,650 psi

at the edge: o, = K,W/t2 = (0.221)(700)/(0.17)? = 5,350 psi

This closed form theoretical solution is conservative in that the thermocouple tube is free to
float (rotation fixed). To better assess the stresses here and also to determine the load
distribution on the circumference, which is needed for subsequent discontinuity analysis, and
to address the actual loading, an FEA was performed. The ALGOR FEA program (Algor,
Hecht) using three and four node Plate/Shell (Type 6) elements were used. This 60° sector
(minimum section of symmetry) model is shown is Figure 12. Loading was applied as a
pressure load on the region where the specimen loading system interacts with the RB*
subcapsule. Both the full thickness of 0.170 in. and the reduced section, where the peg from
the specimen loading system fits in the end cap, are modeled. Displacement boundary
conditions were used for the fixed condition at the edge and the thermocouple joint.
Appropriate boundary conditions, along with the use of boundary elements (on the 60° line)
were employed to give symmetry conditions.

The calculated stress intensity profile(maximum difference of principal stresses) on the end
cap is shown in Figure 12 (deformed shape stress plot). The maximum stress intensity at
the center and edge are 1,790 and 1,420 psi, respectively. On the outer edge the bending
stress varies by + 43% from an average value.

To determine this discontinuity stress including effects of stress concentrations (peak stress)
an elastic FEA was used. Here, one-half symmetrical section of the RB* subcapsule (end
cap and tube) was modeled. The model also included the central thermocouple tube, as it
also provides axial support. The weld regions (weld preps) were modeled in detail to
accurately treat stress concentrations, and calculate peak stresses. This FEM is an R-Z
axisymmetric model as shown in Figure 13. Here the ALGOR program using both triangular
and quadrilateral 2-D axisymmetric Solid Elasticity Elements (Type 4) was used. A very fine
mesh was used in regions of stress concentrations. Loading was input as a constant
pressure on the inside surface of the end cap.

Figure 13 shows the maximum principal stress (very close to stress intensity values) profile.
The maximum peak principal stress of 16,800 psi is calculated at the root of the weld for the
thermocouple. When considering the effect of the circumferential loading distribution, as
determined on the end cap load analysis, the maximum peak principal stress in the root of
the weld between the tube and the end caps is (1.43)(12,400) = 17,700 psi. The maximum
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stress intensity, not considering stress concentrations, due to structural discontinuity is
approximately (2,340)(1.43) = 3,350 psi at the junction of the tube and end cap.

The results show that the maximum axial membrane primary stress in the thermocouple tube
is 10,200 psi (70.3 MPa). This is fairly high stress when considering stress rupture at the
1080°C thermocouple tube temperature. For the 90 EFPD time when the primary stress is
expected to occur, the Larson-Miller parameter, P, is equal to 4.46 x 10* (see Figure 11).
Stress rupture failures would not be expected at effective stress values below 6,000 psi
(lower bound of the curve), and hence the current design is not acceptable. However some
simple design fixes would provide an acceptable design. For example, increasing the
thermocouple tube wall thickness from the current 0.040 to 0.065 in., will reduce the axial
stress to 5,200 psi, an acceptable value. Additional design changes, such as increasing the
axial clearance between the specimen load system and the RB* subcapsules, from the
current 0.050 in., will also mitigate the above concern.

Secondary stresses are also produced from differential thermal expansion. Two areas need
to be addressed here. The first is a temperature gradient across the RB* subcapsule tube
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Figure 13 Axisymmetric model of the end cap/ube junction.

wall, where the maximum AT was calculated at 1000°C. The elastic bending stress due to
the temperature gradient across the wall is:

0 = EaAT/[2(1-v)] = 0.857 MPa (125 psi).

Other thermal stresses are those due to temperature differential between the thermocouple
tube (1080°C), the end cap and the capsule tube (850°C). To determine these stresses,
nodal temperatures were specified on the FEM used in the discontinuity stress evaluation

(approximate temperature in the end cap). Two load steps were evaluated: thermal loading
only; and thermal plus axial pressure loading.

The results of this analysis show that the thermal load tends to counteract the axial pressure
load, with the combined effect being lower stresses than calculated for just the axial loading.
The combined loading is only in existence for the 90 EFPD, or less, when axial contact from
the specimen loading system occurs. The thermal loading has the effect of closing the weld
prep gaps (inherent crack), whereas the pressure load tends to open the gaps. For this
combined primary plus secondary load case the maximum stress on the thermocouple tube
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is reduced to 5,900 psi. For the welds the peak principal stresses reduce to approximately

. 1,000 psi at the root of thermocouple weld, and to (1.43)(10,800) = 15,400 psi at the end cap
to tube junction. The combined axal plus bending (due to end cap expansion) stress in the
capsule tube is less than 1,000 psi. These thermal stresses will tend to relax due to creep.
However upon thermal unloading these stress ranges will exist in an opposite sense, and are
considered in fatigue evaluations.

Evaluation of the structural integrity of the specimen loading system (at 1050 to 1100°C) and
the RB* subcapsule (at 850 to 1080°C) need also be considered for failure modes other than
the stress rupture evaluation as given above. Here failure modes such as ductile rupture,
fatigue, and ratchetting are considered.

The unirradiated yield strength, S,, and ultimate strength, S,, of Nb1Zr at the 850°C are
22,000 and 30,000 psi, respectively (Conway). Wiffen has shown that HFIR irradiation to 14 to
28 dpa (higher than the reference EOL conditions) increases S, to 28,000 psi and S, to
40,000 psi. Irradiated uniform and total elongations of 3 and 5% were reported by Wiffen for
800°C, indicating some ductile behavior.

At 1050 to 1100°C, irradiated Nb1Zr showed good ductility with total elongations approaching
10% and with irradiated strengths of 30,000 and 37,700 psi for yield and ultimate, respectively
(Hoark, et al., 1994). The unirradiated strengths of 20,000 and 23,000 psi were reported by
Conway.

For the specimen loading subsystem, the maximum primary membrane stress of 26.6 MPa
(3,860 psi) is well below either the irradiated or unirradiated yield strength of Nb1Zr. Using the
rule of the ASME Boiler and Pressure Vessel Code: Section lll for Class 1 Nuclear Power
Plant Components, this stress should not exceed the minimum of S,/3 or S,/2, or 7,670 psi
(using the conservative unirradiated values). The maximum secondary stress of 2,600 psi
combined with the primary stress of 3,860 or 6,460 psi, should not exceed three times the
primary stress intensity limit, or 23,000 psi. As both these conditions are met, the structural
integrity of the specimen loading system is assured to a high degree of confidence.

For the RB* subcapsule, the maximum primary stress intensity of 5,200 psi in the redesigned
thermocouple tube (at 1080°C) is less than the 7,670 psi allowable. The maximum primary
membrane plus bending stress intensity of 1,790 psi in the end cap (conservatively assumes a
temperature of 1080°C) does not exceed the code allowable of 1.5 times the primary
membrane stress intensity limit, or 11,500 psi. The RB* subcapsules maximum primary pius
secondary stress intensity is the 4,900 psi stress on the thermocouple tube. As this value is
less than that evaluated for the primary stress intensity, it need not be further evaluated. As
the peak stress intensity of 17,700 psi at the end cap to tube junction weld is less than the
yield strength of the weld material and the number of cycles are low (reactor start-ups and
shut-downs), fatigue failure is not a concern. Hence, as all conditions are satisfied, there is a
high degree of confidence of maintaining structural integrity of the RB* subcapsule.

DISCUSSION

The analysis given here shows that with a few minor changes, the reference design
experiment meets the design objectives. There is a high probability for success of the
experiment as the design margins related to structural integrity and uncertainties associated
with environmental conditions and performance are acceptable. The main disadvantage of
the reference design is that the temperature gradient in the cylinder specimen is larger than
desired. Itis expected that variations to the reference design would mitigate this undesirable
condition. Design changes, such as using a thicker bladder tube (high thermal conductivity to
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even out temperatures), and making the fiber tube holder out of Nb1Zr (higher heating in a
region where the temperature needs to be higher) would reduce this temperature gradient.

It is recognized that there is uncertainty in the thermal analysis results due to both the
modeling assumptions (as demonstrated by different results for different 2-D analysis), and
the uncertainties in material thermophysical properties, particular emissivities. No attempt
has been made here to quantify the uncertainties, however it is expected the flexibility in the
temperature control system is sufficient to compensate for these. If greater assurance of
meeting the desired temperature is needed, an argon-helium gas mixture could be used
instead of the neon-helium mixture considered here. This change would significantly
increase the control range. However, the use of argon gas, while feasible, is discouraged as
argon activates during irradiation, and presents problems to HFIR reactor operation.

ALTERNATIVE DESIGN

An alternative test assembly design was also evaluated in this design process. This design
uses an RB* subcapsule that was made entirely of TZM, and a Nb1Zr specimen loading
subsystem without a core. The test assembly functions basically the same way. However,
the mechanics of the test assembly are somewhat different. Here, the axial load from the
pressurized specimen loading subsystem is resisted by the RB* subcapsule. This axial load
is approximately a factor of two higher than in the reference design. The RB* subcapsule is
stronger here than in the reference design as TZM has high temperature strength
significantly greater than Nb1Zr (approximately 3.5 times stronger, Wiffen).

The main advantage of this design is that there is less gamma heating in the subcapsule,
without a core in the loading subsystem, and hence the temperature gradient in the specimen
is lower (~100°C). Another advantage is the design and fabrication of the specimen loading
subsystem is simpler. The main disadvantage of this design is that the irradiated TZM weld
material has been shown to have very low ductility at temperatures below the irradiation
temperature, following irradiation; such conditions could occur during the creep test, e.g.,
when HFIR is shut down between reactor cycles. The design was such that peak stresses
(at stress concentrations) were kept to approximately 70% of the yield strength. The
consensus on this issue is that the inherent margin of safety in this design is not sufficient.
Other disadvantages are that the fabrication of TZM (welding and machining) is both difficult
and costly.

COMPUTER RUNS

ANSYS input and output computer files are temporarily stored on the Hanford Scientific and
Engineering Computational Center (SECC) in the /home/v92627/ansys/SiC directory. The
ALGOR data files are temporarily stored on machine nucdes2.rl.gov in the
/home/v92627/fem2/sic directory. At the program conclusion or termination the relevant files
are anticipated to be archived in an compressed UNIX TAR file sic.tar.Z on the Hanford
Common File System (bluegate.rl.gov) in directory /92627 /fem.
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THERMOCHEMICAL INSTABILITY EFFECTS IN SiC-BASED FIBERS AND SiC¢/SiC
COMPOSITES -- G. E. Youngblood, C. H. Henager and R. H. Jones (Pacific Northwest
National Laboratory)’

OBJECTIVE

The objective of this work is to assess the development and the performance of
continuous fiber SiC¢/SiC composites as structural material for advanced fusion energy
systems.

SUMMARY

Thermochemical instability in irradiated SiC-based fibers with an amorphous silicon
oxycarbide phase leads to shrinkage and mass loss. SiCi/SiC composites made with
these fibers also exhibit mass loss as well as severe mechanical property degradation
when irradiated at 800°C, a temperature much below the generally accepted 1100°C
threshold for thermochemical degradation alone. The mass loss is due to an internal
oxidation mechanism within these fibers which likely degrades the carbon interphase as
well as the fibers in SiCi/SiC composites even in so-called “inert’” gas environments.
Furthermore, the mechanism must be accelerated by the irradiation environment.

PROGRESS AND STATUS
Introduction

The thermochemical stability of continuous SiC fiber-reinforced/SiC matrix composites
(SiC4/SiC) can be compromised at high temperatures even in “inert” environments such
as argon or helium. Usually composite degradation is related to the instability of the
fibers, which for NicalonTM CG fiber occurs when temperatures exceed about 1100°C
and is primarily connected to the instability of the silicon oxycarbide phase (SiO2xC1x) in
this fiber [1]. According to Labrugere, et al, the mass of Nicalon CG fiber will decrease
as the oxygen and free carbon in the bulk fiber decrease following primary and
secondary processes [2]:

SiOoy C1x — SIO(g) + (2x-1)CO(g) + (2-3x)C(s) )
Si0(g) + 2C(s) — SIC(s) + CO(g) @)

where CO is the main gaseous species formed during the fiber decomposition. Fiber
shrinkage, SiC grain growth and tensile strength loss generally accompany such mass
loss in Nicalon CG fiber. In a SiC¢/SiC composite, the carbon present in the left-hand
side of Eq. (2) could also include carbon used as fiber coating [2]. Since the
mechanical behavior of the composite is so dependent on the interphase performance,
potential reactions at the fiber-carbon interface due to this secondary process will
profoundly contribute to the degradation of the composite properties. Notably, this
degradation mechanism does not depend directly upon the surrounding oxygen partial

*Pacific 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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pressure, but depends on the local activities established by the constituents, usually the
fiber and the fiber coating compositions, and perhaps upon structural diffusion
restrictions.

Development efforts devoted to improving fiber stability and composite performance
have met with considerable success with the recent commercial introduction of the low
oxygen Hi NicalonTM fiber. Likewise, the developmental fibers, S type Hi NicalonTM and
SylramicTM, have compositions very near stoichiometric SiC and should be considerably
more stable than Nicalon CG. Nevertheless, for fusion or other applications involving an
irradiation environment, experiments that test composite or fiber stability must be
carefully planned and carried out because an irradiation environment wil surely
accelerate degradation mechanisms. Even though the operation temperature may be
considered low enough to ensure thermal stability, proper consideration must be given
to the effects of longer exposure times, enhanced kinetics, and the actual gaseous
environment encountered in an irradiation experiment (or in service).

As an example, consider a typical irradiation subcapsule loaded with SiCs/SiC ‘bend bars
made with Nicalon CG fiber. The fiber has the following composition in weight percent:
Si (56.5), C (31.2), O (12.3) and a C/Si atomic ratio of 1.3. The samples usually will take
up about 70% of the subcapsule volume, while the remaining space is back-filled with
helium gas (at one atm.). Assuming that the bars contain 40 volume percent fiber,
oxygen represents about 4.8% of the mass loading. Free carbon, carbon not
associated with the SiC phase balance, also represents about 4.8% of the mass
loading, while a 0.15 um thick pyrocarbon fiber coating would contribute another 1.4%.
If all of the oxygen were consumed via the internal oxidation process described by Eqgs.
(1) and (2), CO(g) would be generated and the composite mass loss would be about
8.4% due to mass loss in the fibers and of the carbon interphase. In a closed system,
such as in an irradiation subcapsule, the CO gas pressure buildup would retard
completion of the reactions and the mass loss would be less than the 8.4% for
complete oxygen loss [3]. Nevertheless, fiber and probably coating mass loss could
occur with attendant degradation of fiber and composite properties when the fibers (or
matrix) contain unstable oxycarbide phases.

In this report, results from two experiments will be explained by using this internal
oxidation mechanism. In the first experiment, the irradiation temperature was 800°C, a
low enough temperature where SiCt/SiC composite mass loss was thought not to be a
consideration. In a second experiment, an unusual fiber shrinkage behavior will be
explained according to the mass loss mechanism. Since the composites in the first
experiment were fabricated using the same fibers examined in the second experiment,
the fiber shrinkage results and the composite property degradation are correlated
through the mass loss mechanism.

Experimental

For the first experiment, composite SiC{/SiC was obtained from three sources: Dupont,
General Atomics (GA) and Ubekosansha (Ube, Japan). The material was cut into bend
bars whose descriptions are given in Table 1. The Dupont material, so-called reference
CVI SiCi/SiC made with 0.15 um pyrocarbon (PyC) coated Nicalon CG fiber, was
described in detail in the previous Semiannual Report [4]. The composite made by GA
was similar to the Dupont material, except that the PyC coating on the Nicalon CG fiber
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was slightly thicker (0.2 pm). The Ube composite was made with Tyranno fiber, but the
coating was unspecified. Both the Dupont and GA bend bars were cut orthogonal to
the 2D-0/90° plain weave, while the Ube bend bars were a 2D-0/90° or -45/45° pattern.

Table 1. Composite SiC¢/SiC irradiated in COBRA 1A2 _
" Source Fiber Coating Weave LxWxH Density Number
(um) ) (mm) (gfce)

" Dupont | NicCG | 0.15 PyC 0/90 38x6.3x3.5 2.50 6
GA Nic CG 0.2 PyC 0/90 38x6.1x3.0 2.60 7
I caA Nic CG 0.2 PyC 0/90 38x3.3x1.7 2.45 8
Ube Tyranno ? 0/90 25x3.8x1.9 2.50 6
Ube Tyranno ? 45/45 25x3.8x1.9 2.50 6

Half of the samples were inserted into a TZM subcapsule (D05) and irradiated in the
EBR Il reactor Runs 162-170 for 337 EFPD as part of the COBRA 1A2 test series. The
other half were preserved for comparative purposes. Subcapsule D05 received a fast
fluence of 6.58 x 1026 n/m2 (E>0.1 MeV), equivalent to a calculated dose of about 80
dpa-SiC [5]. The gas-gapped, but uninstrumented subcapsule was designed to operate
at 800°C; however two passive SiC temperature monitors in subcapsule D05 indicated
that the end of cycle (EOC) temperature actually was 550 + 50°C. Similar bars inserted
into subcapsules F06 and GO3 during the same test indicated EOC irradiation
temperatures within 25°C of their design temperatures, 500 and 615°C, respectively. It
is assumed that the beginning of cycle (BOC) irradiation temperature was 800°C, as
designed. Because of possible gas-gap changes during the long-term reactor
operation, it also is assumed that the EOC temperature truly was 550 + 50°C.

The samples were weighed and dimensioned before and after irradiation. Four-point
flexure stress-strain curves were acquired for both the unirradiated and irradiated
samples. The flexure tests were carried out at the BOC irradiation temperature of 800°C
by a procedure described previously [6]. SiC fixtures with outer/inner spans of 30/15 or
20/10 mm were used with the 38 and 25 mm length bars, respectively. Fracture
surfaces were examined by SEM for representative samples.

For the second experiment, Nicalon CG and Tyranno fibers also were itradiated in the
EBR Il reactor, but at 1000°C for 165 EFPD [7). The effective dose was 43 dpa-SiC.
The fiber properties are given in Table 2. The Tyranno fiber contains even more oxygen
and free carbon in an amorphous oxycarbide phase than does the Nicalon CG fiber.

Table 2. Properties of SiC-based fibers selected for mass loss analysis.

—_— ]

Fiber Composition | Density | Strength | Modulus Microstructure
Type {w/o) (g/ce) (GPa) (GPa)
Nicalon |Si-31C-120 2.55 2.6 190 2 nm B-SiC grains, free C in
CG amorphous Si-O-C matrix
Tyranno | Si-28C-170-3Ti | 2.37 2.5 190 2 nm B-SiC grains, free C in
amorphous Si-O-C-Ti matrix

In the experiment, bare and coated fiber bundies (63 or 32 mm lengths, respectively)
were irradiated and fiber bundie length and density changes were determined.
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Results

Composite average 4-pt. bend strengths (BStren), strains at maximum strength
(BStrain), initial modulus (IMod) values, proportional limits (PropLim), and relative mass
losses after irradiation are given in Table 3. For comparison, the unirradiated values are
listed above the irradiated values for each composite type with the standard deviations
given in parenthesis. Representative. flexure stress-strain curves are given in Figure 1
for the unirradiated and irradiated composites. Representative SEM fracture surfaces
are depicted for unirradiated and irradiated SiCt/SiC composite in Figure 2.

Table 3. Composite mechanical properties before and after irradiation.*

Bar Type/ BStren BStrain IMod PropLim | Mass Loss "
Fiber Type (MPa) (%) (GPa) (MPa) (%)
Dupont/ 369 (29) | 0.43 (0.06) 102 (17) 210 (30)
Nic CG 207 (29) 0.38 (0.08) 111 (42) 117 (20) 0.15 (0.02)
GA-3.0/ 329 (30) | 0.94 (0.13) 146 (18) 120 (10)
Nic CG 129 (46) 0.57 (0.17) 130 (30) 67 (17) 0.37 (0.06
GA-1.7/ 374 (42) | 0.76 (0.08) 150 (35) 163 (21)
Nic CG 88 (6) 0.10 (0.03) 140 (12) 82 (2) 0.74 (0.26)
Ube-0/90 120 (30) | 0.13 (0.05) 97 (5) 120 (30)
Tyranno 148 (30) 0.12 (0.02) 117 (7) 148 (brittle) 0.75
Ube-45/45 | 215 (55) | 0.31 (0.05) 102 (5) 150 (30)
Tyranno too brittle 0.63
* Calculated from flexure tests at 800°C in argon.
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Figure 1. Representative 4-pt. bend stress-strain curves for (&) unirradiated and (b)
irradiated SiC;/SiC composites. The flexure tests were performed at 800°C in argon.

The bend strengths, strains and proportional limits (an indicator of the matrix cracking
strengths) decreased roughly 50% or more after the irradiation for the Dupont and GA
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composites made with Nicalon CG fiber. The mechanical property degradation was
greater for the GA composites compared to the Dupont composite, and for the thin (1.7
mm) GA bars compared to the thick (3.0 mm) GA bars. A similar trend is observed
when the composite mass losses are compared, i.e., the mass loss for the GA
composites were larger than for the Dupont composite, and the thin GA bars exhibited a

T —
RSO T b,

f ST

. © (d)

Figure 2. Representative SEM fracture surfaces near. the tensile surface for unirradiated
(@) GA/Nic CG and (b) Ube/Tyranno composites and for irradiated (c) Dupont/Nic CG
and (d) GA/Nic CG composites. Fig. 2(a) illustrates desirable random fiber pull-out for
the GA/Nic CG material, while Fig. 2(b) illustrates limited fiber bundle pull-out
characteristic of brittle fracture for the Ube/Tyranno material. Fig. 2(c) illustrates more
extensive fiber pull-out for the irradiated Dupont/Nic CG material, while Fig. 2(d)
illustrates a brittle fracture surface for the irradiated GA/Nic CG material with limited fiber
pull-out and large gaps around the individual fibers.




116

larger mass loss than the thick GA bars. For example, the thin irradiated GA bars, with
an average mass loss of 0.74%, exhibited a severely degraded stress-strain curve (see
Fig. 1b). The curves for all of the irradiated composites indicate greatly reduced
toughness. The mechanical properties for the unirradiated Ube composites were
characteristic of brittle fracture, however, the irradiated Ube composites also exhibited
significant mass loss.

In Table 4, the measured irradiation-induced relative density (Ap/po) and length (AL/Lo)
changes reported for coated and uncoated Nicalon CG and Tyranno fibers are
presented along with relative mass loss (Am/m, ) predictions. The ratios of the carbon
coating mass to the fiber mass (mc/my) also are listed for each fiber. This ratio was
estimated using the expression mg/m; = 4tpc/psDs where t, pe, pf and Dy are the carbon
coating thickness and density and the fiber density and mean diameter, respectively.

Table 4. Irradiated fiber mass loss predicted from measured length and density
changes. _

Fiber PyC Coat Ap/po Al/Lo Am/mg me/mj
(um) (%)* (%)* (% (%)
Nic CG1 bare +8.5 (0.4) -2.9 (0.5) -0.2 0
Nic CG2 bare +10.3 (1.3) -3.8 (0.4) -1.1 0
Nic CG1 0.15 +10.1 (0.4) -7.1 {(0.8) -11
Nic CG2 0.15 +9.4 (0.5) -7.1 (0.5) -12
Nic CG2 0.15 (BN) +12.4 (0.4) -3.0 (2.4) +3
Tyranno bare +12.7 (0.7) -5.6 (1.3) -4
Tyranno 0.15 +12.9 (0.5) -16.6 (0.5) -37

* Measured values from Ref. [7], standard deviations given in parenthesis.
A Calculated using Eq. (3)

The irradiated Nicalon CG and Tyranno fibers both exhibited significant instability with
density increases near 9 and 13% and linear shrinkage from 3-7% and 6-17%,
respectively. The irradiated fibers that were coated with 0.15 pum PyC shrunk
significantly more than the uncoated fibers. The same trend was noted for uncoated
and coated HPZ type fibers which also have a high oxygen content. In contrast, Hi
Nicalon fiber with a low 0.5% oxygen content exhibited only a 0.7% density increase
(data reported in Ref. [7]). :

DISCUSSION

It is proposed that the thermochemical instability of the oxycarbide phase in Nicalon CG

and Tyranno fibers, which apparently is enhanced by irradiation even at 800°C or below,

leads to mass loss and mechanical property degradation in the composites made with

these fibers.

For fibers, a good approximation for Am/mg, is given in terms of Ap/p, and AL/L, by:
Am/mg = 3(AL/L,) + Ap/po 3

In deriving Eq. (3), differentials of the mass density (p = 4m/rD2L) were taken and
isotropic shrinkage (AD/D = AL/L,) was assumed.
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Equation (3) was used to predict the Am/mgy values from the measured density and
length change measurements in Table 4. The AL/L, measurements sometimes have
rather large uncertainties due to the difficulty in demarcating the ends of a fiber bundle.
Nevertheless, the predictions listed in Table 4 consistently indicate mass losses for all
cases except for the BN-coated Nicalon fiber. The predicted mass losses for the
uncoated and coated Nicalon CG fibers average about -0.6% and -12%, respectively.
The predicted mass losses for the uncoated and coated Tyranno fibers are much larger,
-4% and -37%, respectively. Apparently, the carbon coating enhances the mass loss
mechanism in these two irradiated fibers.

By inspection, the relative mass loss is a factor of 4 to 10 larger than the m¢/my ratio for
the coated Nicalon CG or Tyranno fibers, respectively. For the Nicalon fibers with 0.15
pm thick PyC coating, the ratio of the bulk free carbon mass to the carbon coating mass
also is about four. This implies that nearly all of the free carbon in the Nicalon fiber as
well as the fiber coating was oxidized and lost as CO(g) via the internal oxidation
mechanism. Likewise, for the Tyranno fiber with a factor of 10 larger all the bulk free
carbon and the carbon coating must have been oxidized.

Since the irradiation temperature was 1000°C in the fiber experiment, a larger fiber
mass loss and more severe degradation would be expected than if the temperature
were 800°C, the BOC irradiation temperature of the SiCi/SIC composites containing
these same fibers. The irradiated SiC4/SiC composite mechanical property degradation
follows the behavior expected for composite made with fiber exhibiting thermochemical
instability, except that the degradation occurs even at 800°C or lower due to the
irradiation. For the irradiated Dupont and GA composites, the larger mass loss
correlates with more severe degradation. The flexural strengths for the irradiated GA
composites were lower than for the irradiated Dupont composites. Apparently, the fiber
mass loss mechanism is retarded somewhat by the composite structure as the thinner
GA samples lost significantly more mass than the thicker GA samples. All the observed
composite mass losses were lower than 0.75%, much below the 8.4% limit which is
possible only if all the oxygen were to react. The diminished composite mass losses
probably occurred as a result of temperatures lower than 1000°C, buildup of a retarding
CO partial pressure in the subcapsule and the CVI matrix structure acting as a gas
diffusion barrier. Nevertheless, the mechanical property degradation exhibited by these
two types of SiCi/SiC composites was severe and would be unacceptable for fusion
structural components.

CONCLUSIONS

1. SiCt/SiC composite made with SiC-based fibers that contain an amorphous silicon
oxycarbide phase may exhibit mass loss due to an internal oxidation mechanism.

2. The mass loss is correlated to fiber and interphase degradation, and perhaps to
severe composite mechanical property degradation.

3. The internal oxidation mass loss mechanism can occur at temperatures of 800°C or

lower in an irradiation environment, much below the 1100°C thermal stability threshold
generally accepted for these materials.
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4. The internal oxidation mechanism can be retarded in a closed system due to buildup
of CO gas. However in an open or large gas volume system, the reactions could
proceed unrestricted and the mass loss and mechanical property degradation probably
would be worse than observed in a closed system.

FUTURE WORK

Future work will emphasize testing composites made with low oxygen content fibers to
avoid the internal oxidation mass loss mechanism. Careful attention will be given to
assessing mass loss behavior in fibers or in composites in future irradiation experiments.
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HEAT TREATMENT EFFECTS ON IMPACT TOUGHNESS OF 9Cr-1MoVNb AND 12Cr-1MoVW
STEELS IRRADIATED TO 100 dpa—R. L. Klueh and D. J. Alexander (Oak Ridge National
Laboratory)

OBJECTIVE

The goal of this study is to evaluate the impact behavior of irradiated ferritic steels and relate the
changes in properties to the heat treatment of the steel.

SUMMARY

Plates of 9Cr-1MoVNDb and 12Cr-1MoVW steels were given four different heat treatments: two
normalizing treatments were used and for each normalizing treatment two tempers were used.
Miniature Charpy specimens from each heat treatment were irradiated to ~19.5 dpa at 365°C and
to =100 dpa at 420°C in the Fast Flux Test Facility (FFTF). In previous work, the same materials
were iradiated to 4-5 dpa at 365°C and 35-36 dpa at 420°C in FFTF. The tests indicated that prior
austenite grain size, which was varied by the different normalizing treatments, had a significant
effect on impact behavior of the 9Cr-1MoVND but not on the 12Cr-1MoVW. Tempering treatment
had relatively little effect on the shift in DBTT for both steels. Conclusions are presented on how
heat treatment can be used to optimize impact properties.

PROGRESS AND STATUS
Introduction

Neutron irradiation effects on the toughness of ferritic/martensitic steels is a prime concern for
steels considered for fusion reactor applications. Irradiation at temperatures up to =450°C can
cause increases in the ductile-brittle transition temperature (DBTT) and decreases in the upper shelf
energy (USE), as determined by a Charpy impact test. Heat treatment variations affect the kind
of microstructure (e.g., prior austenite grain size, dislocation structure, and the character of the
precipitates) developed in the steels, and microstructure affects the mechanical properties, such
as the impact behavior.

This paper examines how heat treatment and irradiation to high doses affect the Charpy impact
behavior of the 8Cr-1MoVNb (modified 9Cr-1Mo) and 12Cr-1MoVW (Sandvik HT9) steels that have
been considered in the past as candidate alloys for fusion reactor applications. Although these two
steels are no longer prime candidates for fusion applications, the resuits are important, because
similar behavior should occur in the ferritic/martensitic reduced-activation steels that are now being
considered for fusion. Results for these steels with similar heat treatments were previously
presented after 4-5 dpa at 365°C and 35-36 dpa at 420°C [1]. In this paper the results are
extended to irradiation of =20 dpa at 365°C and =100 dpa at 420°C.

Experimental Procedure

The 9Cr-1MoVND steel was from an argon-oxygen decarburized (AOD) and electroslag-remelted
(ESR) heat (heat 30176) processed by Carpenter Technology into 25.4-mm-thick plate. The 12Cr-
1MoVW steel (Sandvik HT9 composition) was from an AOD/ESR melt that was processed into hot-
rolled plate (heat 9607-R2) by Universal Cyclops. Compositions for the test materials fall within the
specifications for the steels and have been published [1]. Sections of the 25.4-mm plate were
rolled to 9.5-mm thickness, and pieces of these plates measuring 88.9 by 152 by 9.5 mm were
normalized and tempered. Two plates of 9Cr-1MoVNb and two plates of 12Cr-1MoVW were
austenitized 1 h at 1040°C in air and air cooled; two plates of each steel were also austenitized 1
h at 1100°C and air cooled. Then one plate with each normalization treatment was tempered 1 h
at 760°C or 2.5 h at 780°C.
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Subsize Charpy specimens measuring 3.3 by 3.3 by 25.4 mm with a 0.51-mm-deep 30° V-notch
and a 0.05-to 0.08-mm-root radius were taken from the center of the normalized-and-tempered
plates along the rolling direction with the notch running transverse to the rolling direction (L-T
orientation). Specimens were irradiated in the Fast Flux Test Facility (FFTF) in the Materials Open
Test Assembly (MOTA).

For the 420°C imradiations, specimens austenitized at 1040°C and tempered at 760 and 780°C were
used. Six Charpy specimens from each heat-treated condition were irradiated to nominal fluences
of 2.26 x 10% n/m? for the 12Cr-1MoVW steel to produce =~99.5 dpa and 2.28 x 107 n/m? for the
9Cr-1MoVND steel to produce ~100.4 dpa (the doses of both will be referred to as 100 dpa).
Irradiations at 365°C were on specimens austenitized at 1040 and 1100°C and tempered at 760
and 780°C; they were iradiated to a nominal fluence of 5.12 x 102 n/m?, ~19.5 dpa (referred to as
20 dpa). )

Details on the test equipment and the procedure for testing the subsize Charpy specimens have
been published [2]. Individual Charpy data sets were fitted with a hyperbolic tangent function to
obtain transition temperatures and upper shelf energies. Transition temperatures were determined
at half the upper shelf energy.

Results

Specimens with all four heat treatments were irradiated at 365°C, but only specimens austenitized
at 1040°C were irradiated at 420°C. lIrradiation caused an increase in DBTT and a decrease in
USE for all heat-treated conditions (Table 1). Only relatively minor differences were observed
between the properties of the steels irradiated at 365°C to 4-5 dpa [1] and 20 dpa (Fig. 1) and
between those irradiated at 420°C to 35-36 dpa[1] and 100 dpa (Fig. 2). For all heat treatments,
the shift in DBTT (ADBTT) for the 12Cr-1MoVW steel was over twice that for the 9Cr-1MoVND steel

(Fig. 3).
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Fig. 1 (a) DBTT and (b) USE as a function of displacement damage for 8Cr-1MoVNb and 12Cr-
1MoVW steels with four different heat treatments after irradiation at 365°C in FFTF.
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Table 1. Impact properties of 9Cr-1MoVNb and 12Cr-1MoVW irradiated at 365 and 420°C

Heat Treatment?® DBTT®, °C USE, J
Unirr 4/5 dpa 20 dpa Unirr 4/5 dpa 20 dpa
SCr-1MoVND Steel—365°C
1040/1h/;760/1h -64 -19 -19 10.5 7.6 9.4
1040/1h;780/2.5h -80 -37 -22 10.6 8.2 8.6
1100/1h;760/1h -17 36 " 59 10.0 7.3 10.0
1100/1h;780/2.5h -61 -6 11 10.6 8.9 9.6
12Cr-1MoVW Steel—365°C
1040/1h/;760/1h -32 87 83 6.0 3.6 3.5
1040/1h;780/2.5h -35 95 100 7.6 34 3.4
1100/1h;760/1h -34 100 115 54 25 3.1
1100/1h;780/2.5h -51 107 109 6.2 3.9 3.4
Unirr 35/36 dpa 100 dpa Unirr 35/36dpa 100 dpa
9Cr-1MoVND Steel-—420°C
1040/1h/;760/1h -64 -25 -30 10.5 8.2 7.9
1040/1h;780/2.5h -80 -35 =32 10.6 7.8 8.0
12Cr-1MoVW—420°C
1040/1h/;760/1h -32 55 54 6.0 4.1 53
1040/1h;780/2.5h -35 72 42 76 4.1 42

# Steels were air cooled after the 1040 and 1100°C austenitization; temperatures are in °C.
® DBTT was determined at % the upper shelf energy.

The largest variation caused by the heat treatment occurred for the 9Cr-1MoVND steel irradiated
at 365°C. The plates of 9Cr-1MoVNb austenitized at 1100°C had the highest DBTT before
imadiation [Fig 1(a)] and developed the largest ADBTT [Fig. 3(a)] after irradiation to 5 and 20 dpa
at 365°C. Of the two 9Cr-1MoVND plates austenitized at 1100°C, the one tempered at 780°C had
the lowest transition temperature before and after irradiation. The two plates austenitized at
1040°C had lower transition temperatures than after the 1100°C heat treatment. Tempering at
780°C gave a slight advantage in the unirradiated condition and after 5 dpa, but there was no
difference after 20 dpa. Fig. 3(a) shows that the ADBTT for the 9Cr-1MoVND steel irradiated at
365°C was different for the two different austenitization treatments, but there was little effect of the
tempering treatment.

Much less difference in the transition temperatures was observed for the 12Cr-1MoVW steel
irradiated at 365°C [Fig 1(a)l. The plate given the 1100°C austenitization and the 780°C temper
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Fig. 2 (a) DBTT and (b) USE as a function of displacement damage for 9Cr-1MoVNb and 12Cr-
1MoVW steels with two different heat treatments after irradiation at 420°C in FFTF.

had the lowest transition temperature before iradiation, with little difference being observed for the
transition temperatures for the other three heat treatments. After irradiation to 20 dpa at 365°C,
specimens with the 1100°C austenitization treatment had the highest transition temperatures, with
the plate austenitized at 1040°C and tempered at 760°C having the lowest transition temperature.
The variation in transition temperatures was greatest for the 12Cr-1MoVW steel plates after
irradiating to 20 dpa at 365°C. This greater variation in properties with heat treatment is also
evident for the shift in transition temperature [Fig. 3(a)].
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Fig. 3 Shift in DBTT as a function of displacement damage for 9Cr-1MoVNb and 12Cr-1MoVW
steels (a) with four different heat treatments after irradiation at 365°C in FFTF and (b) with two
different heat treatments after irradiation at 420°C in FFTF.
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Both before and after irradiation at 365°C, the USE for the 9Cr-1MoVND steel was much less
dependent on heat treatment than was the DBTT, although there was somewhat more variation
after irradiation than before [Fig. 1(b)]. After 20 dpa, the 9Cr-1MoVND plates austenitized at
1040°C showed the smallest ADBTT. In the case of the 12Cr-1MoVW steel, there was a relatively
large variation in USE before irradiation and after 5 dpa, but much less variation after 20 dpa at
365°C [Fig. 1(b)].

Only plates austenitized at 1040°C were irradiated at 420°C (Fig. 2). Irradiation at 420°C caused
an increase in the transition temperature for both the SCr-1MoVNDb and 12Cr-1MoVW steels, with
the ADBTT for the 12Cr-1MoV\W steel being about twice that for the 9Cr-1MoVND steel [Fig. 3()l.
For neither steel was there a large effect of tempering temperature on the transition temperature,
either in the unirradiated condition or after 35-36 dpa and 100 dpa [Fig. 2(a)]. Likewise, tempering
temperature caused little difference on the USE for the steels in the unirradiated and irradiated
conditions [Fig. 2(b)]. Although the differences were not great, the ADBTT for the 9Cr-1MoVNbD
tempered at 780°C was slightly greater than after tempering at 760°C [Fig. 3(b)]. Slightly more
scatter occurred for the ADBTT of the 12Cr-1MoVW steel with the different tempering conditions

[Fig. 3(b)].
Discussion

The new higher fluence results presented in this report generally confirm the conclusions reached
previously [1] that heat treatment can affect properties after irradiation—especially the transition
temperature and the shift in transition temperature. In the previous paper [1], the results were
compared to results from other investigators who investigated the effect of heat treatment in the
normalized-and-tempered [3] and irradiated [4] conditions. Those comparisons will not be repeated,
since the conclusions reached previously are not changed by the results presented here.

The objective of using different austenitizing temperatures was to change the prior-austenite grain
size. Heat treatment had a relatively small effect on the prior-austenite grain size of the 9Cr-
1MoVND steel, but it had a larger effect on the 12Cr-1MoVW steel: the average grain size after
austenitizing at 1040 and 1100°C was estimated at 16 and 22 pm, respectively, for the 9Cr-
1MoVNbD and 22-45 and 90-124 pm, respectively, for the 12Cr-1MoVW [1]. The smaller prior
austenite grain size variation with heat treatment for the 9Cr-1IMoVND steel was attributed to the strong
effect of niobium on restricting grain growth of the austenite during the austenitization treatment [51.
Despite the relatively small variation in grain size for the 9Cr-1MoVNb, it still showed a larger
variation in transition temperature than the 12Cr-1MoVW [Table 1 and Fig. 1(a)].

Austenite grain size can affect the transition temperature: transition temperature generally increases
with increasing grain size [6], which was observed for the 9Cr-1MoVNb. For a given grain size
(austenitization temperature), tempering at the higher temperature gave a lower transition
temperature, which is also expected, because the higher tempering temperature lowers the
strength.

In the previous paper, impact properties for the steels thermally aged at 400°C for 5000, 10000,
and 20000 h were presented [1]. Charpy properties were little changed after thermal aging for
20000 h [1]. Although the exposure in the reactor at 420°C was somewhat greater than 20000 h,
the most significant changes caused by aging were slight decreases in DBTT and increases in USE
for the 9Cr-1MoVND steel austenitized at 1100°C and tempered at 760°C [1]. These changes are
opposite to the effects observed during irradiation. Thus, any properties degradation observed
following irradiation cannot be attributed to the thermal aging that occurred simultaneously with
irradiation.

The relative differences in DBTT of the 9Cr-1MoVND steel that were present in the normalized-and-
tempered condition remained after 5 dpa [Fig. 1(a)]. After 20 dpa, the difference for the plates
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austenitized at 1100°C remained, but there was little difference in the DBTT for the two plates
austenitized at 1040°C [Fig. 1(a)]. Thus, grain size eventually determined the DBTT for the steel
austenitized at 1040°C. In the case of the 9Cr-1MoVND plate austenitized at 1100°C, the prop-
erties did not converge for the two different tempering treatments. However, the ADBTT for the
different tempering conditions did show convergence [Fig. 3(a)]. These results indicate that, at
least for the SCr-1MoVND and steels like it, it may be possible to improve the irradiation resistance
of the impact properties by the thermo-mechanical treatment. For the 9Cr-1MoVND steel, the 1h
at 760°C temper was the optimum temper determined when the steel was developed [7]. As this
work indicates, raising that temperature, which would lower the strength, would not improve the
impact properties after iradiation. It would be interesting to determine whether a further reduction
in the prior-austenite grain size would improve the post-irradiation impact properties.

Although the 12Cr-1MoVW steel showed a somewhat larger variation in prior-austenite grain size
than the SCr-1MoVND steel, it showed a smaller variation in transition temperature for the four heat
treated conditions in both the normalized-and-tempered condition and after irradiation at 365°C.
It showed the most variation after 20 dpa, where the specimens with the smallest prior-austenite
grain size again had the lowest transition temperature [Fig. 1(a)]. The ADBTT had a similar, though
larger, variation [Fig. 3(a)].

Previously the difference in fracture behavior of the 12Cr-1MoVW steel relative to the 9Cr-1MoVNb
steel was attributed to the larger volume of carbide precipitates, mainly M,C, [1]. The 12Cr-
1MoVW contains 0.2% C, compared to 0.1% C for the 9Cr-1MoVND, and thus, the 12Cr-1{MoVW
contains over twice as much precipitate [8]. Precipitates were postulated to minimize the role of
the grain boundaries for the 12Cr-1MoVW [1], and these precipitates could affect the fracture
process because the larger, brittle precipitate particles in the 12Cr-1MoVW steel could cause a
larger initial crack size for crack initiation during fracture. Carbide particles are believed to be a
source of cracks in steels [9,10]. Possible confirmation of this is the relative behavior of the DBTT
[Fig. 1(a)] and ADBTT [Fig. 3(a)] with different heat treatments. Although the 12Cr-1MoVW plates
with the smallest grain size had the lowest DBTT after 20 dpa, the effect of tempering temperature
was different from what was expected: the steel tempered at 780°C had the higher DBTT and
ADBTT. The opposite is expected, because under most conditions, a higher tempering temperature
reduces the strength, which should improve fracture properties [5,6]. However, the higher
tempering temperature will also produce larger precipitate particles, thus enhancing fracture. Note
that the opposite effect occurs for the 9Cr-1MoVND steel [Fig. 1(a)], which contains the smaller
particles [1,8]. The results indicate that the tempering treatment of 2 h at 780°C that is often used
for the 12Cr-1MoVW steel could be replaced by shorter times at a lower temperature, thus
providing an improved strength without a reduction in toughness.

The observations on the transition temperature after irradiation at 420°C indicate that for the 9Cr-
1MoVND steel, the saturation with fluence that occurs is independent of the tempering conditions
[Fig. 2(a)]. A somewhat similar conclusion follows for the 12Cr-1MoVW steel. Here, it appears that
after 35 dpa, and the steel tempered at 780°C with the larger precipitate particles has the highest
DBTT. However, after 100 dpa, the two converge. This probably means that the particles in the
plate tempered at 760°C reached a size where the further irradiation-enhanced growth does not
affect fracture properties, thus giving the plates tempered at 760 and 780°C a similar DBTT.

The change in the USE with respect to heat treatment and irradiation appears more random than
the transition temperature. In most cases, the USE values after 20 dpa at 365°C or 100 dpa at
420°C irradiations were equal to or greater than those after the previous irradiations. The relatively
smali change in USE for the 9Cr-1MoVND steel up to 100 dpa at 420°C and 20 dpa at 365°C shows
the superior behavior of this steel. The SCr-1MoVND steel has a higher USE than that for the 12Cr-
1MoVW steel in the normalized-and-tempered condition, thus making the relative change
considerably less. After all irradiations, the USE of the SCr-1MoVND steel remained higher than
the USE of the 12Cr-1MoVW steel in the unirradiated condition.
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The superiority of the 9Cr1MoVND steel is probably a reflection of the larger carbon concentration
of the 12Cr-1MoVW steel. A high carbon concentration is required in the 12Cr-1MoVW steel to
ayoid d-ferrite formation during normalization. This was alluded to in the previous paper [1] when
the 12Cr-1MoVW was compared to a 12Cr-0.9Mo-0.3V-0.14C steel of Little et al. [3], which showed
a significant effect of austenitizing temperature on impact properties. The main difference between
the steel of Little et al. and the 12Cr-1MoVW steel of the present study involves the carbon. Based
on the microstructural studies described by Little et al. [3], it was concluded [1] that their steel
showed a much larger prior austenite grain size effect than the 12Cr-1MoVW steel because of the
lower carbon content in the steel of Little et al.[3], which caused a much finer precipitate distribution
to form. This implies that the DBTT of the 12Cr-1MoVW could be affected significantly by lowering
the carbon content, but to accomplish this, other alioying modifications would be required to avoid
O-ferrite formation during normalization.

The results indicate that the change in Charpy properties with irradiation dose saturates, and saturation is
achieved by the lower dose used in these experiments. The shift in DBTT is related to hardening, which is
measured as an increase in yield stress. Hardening is also generally thought to saturate with fluence. For
9Cr-IMoVND and 12Cr-IMoVW steel irradiated in the Experimental Breeder Reactor (EBR-II), little or no
change in strength occurred between specimens irradiated to 9-13 and 23-25 dpa [11]. Likewise, a saturation
in DBTT occurred for these two steels irradiated to 13 and 26 dpa in EBR-1I [12]. However, for a series of
Cr-W-V-Ta steels with 2.25, 7, 9, and 12 % Cr irradiated to 25, 35 and 60 dpa at 400°C in FFTF, hardening
went through a maximum [13]. A similar observation was made on an 8Cr-2WVTa steel (F82H) irradiated
at400°Cto 12, 21, and 34 dpa in the High Flux Isotope Reactor (HFIR) [14]. Khabarov et al. [15] observed
a peak in strength for the Russian steel 13Cr2MoNbVB after irradiation in the BN-350 reactor over the range
4 to 85 dpa at 350-365°C.

One explanation for the maximum in strength with fluence is that irradiation-enhanced softening offsets part
of the irradiation hardening [13-15]. This would not be completely unexpected, since thermal aging will
cause a reduction of strength due to carbide coarsening and dislocation recovery. However, this should only
occur after extremely long aging times at a temperature as low as 400°C [16], although it could be
accelerated by irradiation.

The shift in DBTT is related to the hardening, but there do not appear to be any results that show a maximum
in the DBTT or shift in DBTT with fluence. In the same experiment where Khabarov et al. [15] found a
maximum in yield stress with dose for the 13CrIMoNbVB irradiated in BN-350, no maximum was observed
for the DBTT. Likewise, there was no indication of a maximum in the shift in DBTT for the 9Cr-1MoVNb
and 12Cr-1MoVW steels irradiated in the present experiment, even after 100 dpa.

SUMMARY AND CONCLUSIONS

Different normalizing-and-tempering treatments were used on 9Cr-1MoVNb and 12Cr-IMoVW steels to
study the effect of heat treatment on Charpy impact toughness before and after irradiation. Plates of the
steels were austenitized at two temperatures (1040 and 1 100°C) to vary the prior austenite grain size, and
two tempering treatments (1 h at 760 and 2 h at 780°C) were used for each austenitizing temperature.
Subsize Charpy specimens were tested in each heat treated condition before irradiation and after irradiation
in FFTF at 365°C to ~20 dpa; two heat-treated conditions were also tested after irradiation in FFTF at 420°C
to =100 dpa. Previously these same materials had been irradiated to 4-5 dpa at 365°C and 35-36 dpa at
420°C.

As normalized and tempered, the DBTT of the 9Cr-1MoVNb steel depended on the austenitizing temperature
(prior austenite grain size) and on the tempering conditions. The shift in DBTT caused by irradiation for
this steel was relatively independent of heat treatment, which meant that after irradiation the relative
difference in DBTT for the steel given the different heat treatments was similar to what it was before
irradiation. These observations suggest that to insure a low DBTT for 9Cr-1MoVNb after irradiation, it
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should be heat treated to produce a low DBTT before irradiation. The best method to do this is by reducing
the prior austenite grain size.

Austenitization temperature, and thus prior austenite grain size, had less effect on the transition temperature
of the normalized-and-tempered and the irradiated 12Cr-IMoVW steel than the 9Cr-IMoVND steel.
Tempering treatment also had a small effect. The shift in DBTT was relatively independent of heat
treatment, but the shifts for the 12Cr-1MoVW steel were over twice those for 9Cr-1IMoVND steel. Therefore,
it does not appear possible to use heat treatment to reduce the effect of irradiation on the DBTT of 12Cr-
IMoVW. Because of the lack of a heat treatment effect on DBTT, however, it may be possible to use this
steel without tempering to the low strength levels at which the steel is usually used.
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NEUTRON IRRADIATION EFFECTS ON THE DUCTILE-BRITTLE TRANSITION OF FERRITIC/
MARTENSITIC STEELS—R. L. Klueh and D. J. Alexander (Oak Ridge National Laboratory)
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and K. Sadanana (TMS, Warrendale, PA, 1997) p. 339 and presented at Symposium on Recent
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EXTENDED ABSTRACT

Ferritic/martensitic steels such as the conventional 9Cr-1MoVNb (Fe-9Cr-1Mo-0.25V-0.06Nb-0.1 C)
and 12Cr-1MoVW (Fe-12Cr-1Mo-0.25V-0.5W-0.5Ni-0.2C) steels have been considered potential
structural materials for future fusion power plants. The major obstacle to their use is embrittlement
caused by neutron irradiation. Observations on this irradiation embrittlement is reviewed. -

Below 425-450°C, neutron irradiation hardens the steels. Hardening reduces ductility, but the major
effect is an increase in the ductile-brittle transition temperature (DBTT) and a decrease in the
upper-shelf energy, as measured by a Charpy impact test. After irradiation, DBTT values can
increase to well above room temperature, thus increasing the chances of brittle rather than ductile
fracture.

Neutron irradiation of the conventional 9Cr-1MoVNb and 12Cr-1MoVW steels in a fast reactor over
the temperature range 365-550°C has shown that these steels harden below =425°C; at higher
temperatures there is little change in strength. The steels show an increase in the DBTT and
decrease in the USE at the temperatures where the hardening occurs. Increases in DBTT of 54°C
for the 9Cr-1MoVND steel and 124-144°C for the 12Cr-1MoVW steel were observed when the
steels were irradiated in a fast reactor. In addition to irradiation hardening, neutrons from the fusion
reaction will produce large amounts of helium in the steels used to construct fusion power plant
components. Little helium is produced in fast reactor irradiation, but tests to simulate the fusion
environment indicate that helium can also affect the toughness.

Irradiation of a structural steel by neutrons generated in the fusion reaction will activate (transmute
to radioactive isotopes) elements of the steel. Reduced-activation steels that contain elements that
transmute to short-lived isotopes are being developed, thus simplifying the disposal of the radio-
active structure after its service lifetime. Common alloying elements that must be eliminated or
minimized in reduced-activation steels include Mo, Ni, Nb, Cu, and N. A reduced-activation 9Cr-
2WVTa steel was developed that had a much lower DBTT than the conventional steels and showed
a shift in DBTT that was about half that of the best conventional steels after fast reactor irradiation.
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MICROSTRUCTURAL CHARACTERIZATION OF §-9% CHROMIUM REDUCED-ACTIVATION
STEELS—R. Jayaram (University of Pitisburgh) and R. L. Klueh (Oak Ridge National Laboratory)

OBJECTIVE

The goal of this study is to characterize the microstructures of the reduced-activation ferritic steels
and relate the microstructure to the mechanical properties.

SUMMARY

The microstructures of a 9Cr-2W-0.25V-0.1C (9Cr-2WV), a 9Cr-2W-0.25V-0.07Ta-0.1C (SCr-
2WVTa), a 7Cr-2W-0.25V-0.07Ta-0.1C (7Cr-2WVTa), and a 5Cr-2W-0.25V-0.07Ta-0.1C (5Cr-
2WVTa) steel (all compositions are in weight percent) have been characterized by Analytical
Electron Microscopy (AEM) and Atom Probe Field lon Microscopy (APFIM). The matrix in all four
reduced-activation steels was 100% martensite. In the two 9Cr steels, the stable precipitates were
blocky M,,C, and small spherical MC. The two lower-chromium steels contained blocky M,C, and
small needle-shaped carbonitrides in addition to M,;C,. AEM and APFIM analysis revealed that
in the steels containing tantalum, the majority of the tantalum was in solid solution. The
experimental observations were in good agreement with phases and compositions predicted by
phase equilibria calculations.

PROGRESS AND STATUS
Introduction

First wall and blanket structure materials of fusion power plants are expected to become highly
radioactive during service. The ferritic steels first considered for fusion applications in the United
States were commercial Cr-Mo steels: 2%Cr-1Mo (2.25 Cr-1.0Mo-0.1 C), 9Cr-1MoVNbD (8 Cr-1.0Mo-
0.2V-0.06Nb-0.1C) and 12Cr-1MoVW (12Cr-1.0M0-0.25V-0.5W-0.5Ni-0.2C). Unless stated
otherwise, compositions are in weight percent. Since the disposal of radioactive waste materials
poses serious problems, an important consideration in the design of the first wall and blanket
structure is to minimize the induced radioactive decay times of the radioisotopes that would be
formed during service [1,2]. The alloying elements that result in radioisotopes with long decay
times are nickel, molybdenum, nitrogen, copper and niobium.

Reduced-activation steels were developed that were variations of the conventional ferritic/
martensitic steels, with molybdenum replaced by tungsten and niobium replaced by tantalum [3].
Previous studies of such steels have indicated that a 9Cr-2WV steel with a nominal composition
of 9Cr-2W-0.25V-0.1C had tensile and impact toughness properties similar to the 9Cr-1MoVNb
steel that it would replace [3]. The addition of tantalum to the same nominal composition(9Cr-
2W\VTa) resulted in a steel with superior impact properties [4]. Neutron irradiation of ferritic steels
generally causes an increase in the ductile-brittle transition temperature (DBTT) and a decrease
in upper shelf energy (USE) as determined in a Charpy impact test. The low DBTT of the
unirradiated 9Cr-2WVTa translated into a small shift in DBTT after irradiation. The 9Cr-2WVTa
steel had the smallest change in DBTT and USE ever observed for this type of steel (conventional
or reduced-activation) after irradiation in a fast reactor [3].

The objective of this study is to characterize the microstructure and chemistry of the matrix and
precipitates in unirradiated 5-9% Cr reduced-activation steels using a combination of Transmission
Electron Microscopy (TEM) and Atom Probe Field lon Microscopy (APFIM). It is also of interest
to gain a better understanding of these steels by comparing the experimental analytical results
obtained from microanalytical techniques with phase equilibria calculations based on the
ThermoCalc™ software {5].
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Experimental Procedure

The steels chosen for this study were the 9Cr-2WV and SCr-2W\VTa previously examined [3], along
with a 7Cr-2WVTa and a 5Cr-2WVTa steel. The nominal compositions of the steels are given in
Table 1 atom percent. Atom percent is used because it is more convenient for the calculations to
be discussed later. Tensile specimens were fabricated from 0.76 mm-thick sheet and normalized
by austenitizing 0.5 h at 1050°C in flowing helium and cooling in rapidly flowing helium. The steels
were tempered 1 h at 750°C [6]. Thin foils were prepared from the shoulders of tensile specimens
and examined in a Philips CM30 transmission electron microscope (TEM) at an operating voitage
of 300 kV. X-ray energy dispersive spectrometry (XEDS) was performed in a Philips EM 400 TEM
equipped with a field emission gun at an operating voltage of 100 kV. Atom probe specimens of
the SCr-2WVTa and 7Cr-2WVTa steels were fabricated using standard techniques. The analyses
were performed at 60 K and a pulse fraction of 20% in the Oak Ridge National Laboratory energy-
compensated atom probe [7,8].

Table . Bulk compositions of the steels in atomic percent (balance iron).

Alloy Cr Mn Vv W Ta C Si N
9Cr-2Wv 9.6 0.5 0.2 0.6 0.5 0.5 0.1
9Cr-2WVTa 9.5 0.4 0.2 0.6 0.02 0.5 0.5 0.09
7Cr-2WVTa 7.5 0.4 0.3 0.6 0.01 0.5 0.4 0.05
5Cr-2WVTa 5.0 0.5 0.3 0.6 0.01 0.5 0.4 0.03

Results and Discussion

The four steels were analyzed by TEM and XEDS, and the results will be discussed in the following
sections. Results on morphology, size, and number densities of the precipitates and other
microstructural features of the four steels are summarized in Table 2, along with selected
mechanical properties to which the microstructural changes will be related in a later section.

Table 2. Mechanical properties and quantitative TEM estimates of microstructural features.
: 9Cr-2WvV 9Cr-2WVTa 7Cr-2WVTa 5Cr-2WVTa
DBTT -60°C -88°C -84°C -118°C
Yield (MPa) 597 645 583 629
lath size (um) 0.5-0.7 0.1-0.3 0.1-0.3 0.09-0.2
| grain size (um) 65 32 11 16
M..Cs (blocky)

N, (m3) 1.0x10"-10% 1.0x10%°-10% 1.0x10%-102 1.0x10"-10"
Diameter (nm) 100-200 100-200 100-200 200-400
M,C, (faulted)

N, (m®) nd? n.d. 1.0x10%-10% 1.0x10%-10%
Diameter (nm) 100 - 300 100 - 300
MC (spherical) n.d. nd.

N, (m®) 1.0x10"-10"® 1.0x10%-10"

Diameter (nm) 40-50 20-40

M(CN),., nd. nd.

(needle)

N, (m®) 1.0x10% 1.0x10%

Size (nm) 5-30 5-30

2 n.d.—not detected
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Microstructure of Matrix

In a previous study, optical metallography of the 9Cr-2WV and 9Cr-2WVTa steels revealed that
these materials were 100% tempered martensite [9]. The microstructures of the 7Cr-2WVTa and
the 5Cr-2WVTa were also 100% martensite [10]. Previous studies also revealed that the SCr-
2W\VTa steel had a finer prior austenite grain size than the 9Cr-2WV steel [9]. TEM examinations
in this study revealed that the 9Cr-2WVTa steel had a well developed and finer lath structure than
the 9Cr-2WV steel (Figs. 1a and 1b), which agrees with a previous study [3]. Similar fine-sized
laths were found in the 7Cr-2WVTa and 5Cr-2WVTa steels (Figs. 1¢ and 1d). The average grain
sizes and lath sizes observed in the four steels are listed in Table 2.

- -~ . o e e -

Fig. 1. Micrographs of the normalized-and-tempered (A) SCr-2WV, (B) 9Cr-2WVTa, (C) 7Cr-
2WVTa and (D) 5Cr-2WVTa steels.
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Precipitates in 9Cr-2WV

“Transmission electron microscopy of the 9Cr-2WV steel revealed blocky precipitates that were
identified as M,,C, based on selected area diffraction patterns. These precipitates displayed a
cube-on-cube orientation relationship with the matrix; they were also detected at lath boundaries
and prior austenite grain boundaries. Small spherical precipitates (30-50 nm in diameter) at
number densities approximately two orders of magnitude lower than those of the M.,C, precipitates
were also encountered. These precipitates have been previously observed in both 9Cr steels and
have been reported to be V-rich MC precipitates in the 9Cr-2WV steel and V-rich or Ta-rich MC
precipitates in the 9Cr-2WVTa steel [9]. The blocky M,,C, precipitates and the small spherical
precipitates (arrows) are shown in Fig. 2.

%

Fig. 2. Transmission electron micrograph of the 9Cr-2W\VTa steel showing blocky M,,C, and small
spherical MC (arrows) precipitates.

Precipitates in 9Cr-2W\VTa

The precipitates in the 9Cr-2WVTa steel were similar to those in the SCr-2WV steel. Blocky M,;C,
and the small spherical precipitates previously identified as MC [9] were detected in the matrix and
at lath boundaries. Precipitate sizes and number densities were comparable to those in the 9Cr-
2WV steel, although the small spherical precipitates in the SCr-2WVTa steel, most of which were
vanadium rich with a few being tantalum rich, appeared to be somewhat smaller than those in the
9Cr-2WV steel.

Precipitates in 7Cr-2WVTa

Blocky M,,C, precipitates were observed in the 7Cr-2W\VTa with a similar size and number density
range as in the two 9Cr steels (Table 2). In addition, blocky faulted M,C, precipitates (Fig.3) and
small needle-shaped precipitates approximately 5 nm in diameter and 30 nm long (Fig. 4) were
detected in high number densities in the 7Cr-2W\VTa steel. Neither the M,C; nor the needle-shaped
precipitates were detected in the 9Cr steels. As discussed later, the needle-shaped precipitates
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Fig. 3. Micrograph of faulted M,C, precipitates  Fig. 4. Micrograph of needle-like carbonitrides
in the in the 7Cr-2WVTa steel. Inset shows in the 7Cr-2WVTa steel.
typical selected area diffraction pattern.

were concluded to be vanadium carbonitrides. The needle-shaped precipitates were imaged in the
field ion microscope (FIM) as brightly-imaging regions approximately 2-5 nm in diameter (Fig. 5).
The small spherical precipitates detected in the SCr steels were not detected in 7Cr-2WVTa steel.

P '.g,
Fig. 5. Field ion micrograph of a specimen of the 7Cr-2WVTa steel showing brightly-imaging
needle-like M(CN),, precipitates (arrows).



135

Precipitates in 5Cr-2WVTa

Precipitates in the 5Cr-2WVTa steel were M,,C,, M,C; and the needle-shaped particles. The num-
ber density of the M,C, precipitates was somewhat higher than in the 7Cr-2WVTa steel, and the
needle-shaped particles occurred in approximately two orders of magnitude lower number densities
compared to the 7Cr-2WVTa steel. As in the 7Cr-2WVTa steel, the small spherical precipitates
found in the 9Cr steels were absent (Table 2).

Microchemistry of Matrix

Atom probe analyses of the 9Cr-2WV, 9Cr-2WVTa, and 7Cr-2WVTa steels revealed that the matrix
was depleted of the solutes Cr, W, V, and C. Analysis of the 9Cr-2WVTa and 7Cr-2WVTa steels
indicated that a substantial portion of the tantalum was in solution, as shown in Table 3. The fragile
nature of these steel specimens precluded the atom probe analysis of the large data blocks
(>100,000 ions) necessary to obtain improved statistics on the matrix concentration of tantalum.
However, the atom probe estimate of the matrix concentration of tantalum is consistent with the
previous AEM observation on 9Cr-2WVTa [9], which indicated that tantalum is present only in the
small spherical particles which occurred in low number densities.

Table 3. Atom probe analysis and ThermoCalc™ predictions of matrix composition atom percent
of the 7Cr and 9Cr steels (balance iron).

Alloy Cr v W Ta C Si
9Cr-2WV | AP? 80+ 0.1% 03+ 0.01 % 0.4+
0.2 0.02 0.03 0.01 0.04

TC® 8.3 0.2 0.50 0.01 0.5
9Cr-2WVTa | AP 78z 0.2+ 04+ 0.02 ¢ 0.02 £ 06+
0.2 0.04 0.04 0.01 0.01 0.05

TC 8.5 0.2 0.5 0.02 0.01 0.5
7Cr-2WTa | AP 6.4+ 0.07 £ 05+ 0.02+ 0.01% 0.3%
0.2 0.02 0.06 0.01 0.01 0.04

TC 6.5 0.2 0.5 0.02 0.01 0.4

2 AP—Determined by the atom probe.
® TC—Calculated with the ThermoCalc sofiware.

Phase predictions for the compositions under discussion were made with the ThermoCalc software;
detailed discussions of the calculations are given below. In Table 3, the matrix concentration of
alloying elements in 9Cr-2WVTa and 7Cr-2WVTa steels determined by atom probe are compared
with the predictions of ThermoCalc. There appears to be reasonably good agreement between the
experimental results and ThermoCalc with regard to the 9Cr-2WV and 8Cr-2WVTa steels, although
the Cr concentration, as estimated by ThermoCalc, is slightly higher than the experimental value
in the two 9Cr steels. An possible explanation for the lower atom probe concentrations of Cr is the
that the region of analysis in the matrix was in a Cr-depleted region in close proximity to a large
MC, or M,C; precipitate. However, it is important to note that the trends predicted by ThermoCalc
are in broad agreement with experimental results. The calculations predict that tantalum, at these
concentrations, does not partition to any of the carbide phases but is present in the tempered
martensite matrix. The severe depletion of carbon and to a lesser extent the depletion of W and
V are also consistent with the observation of various carbide phases in these steels.

Microchemistry of Precipitates—General

A comparison of the precipitate compositions determined by XEDS and APFIM with predicted com-
positions obtained from phase equilibria calculations using ThermoCalic is depicted in Table 4. The
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Table 4. Compositions of carbides in atomic percent (balance iron) determined by XEDS and
calculated with ThermoCalc™. The XEDS compositions are normalized to the overall stoichiometry
based on experimental values, which indicate only the metallic content.

Alloy Carbide Cr w Ta V C N
9Cr-2WV Expt? M,.C 467 | 4.6 0.9
MCP 8.3 0.5 442
TC* M,.C¢ 504 4.8 0.0 20.7 0.0
M(CN), ., 0.2 0.02 53.0 10.3 36.4
9Cr-2WVTa Expt? M_.Ce 42.1 4.6
Mmc? 2.8 0.5 41.2 5.7
TC M..Cq 50.6 4.8 0.0 0.02 20.7 0.0
M(CN), 0.1 0.02 0.0 52.9 8.5 38.2
7Cr-2WVTa | Expt® MCs . | 417 1.8
M-C. 39.2 4.0 3.2
M(CN), 8.3 9.0 429 27.4 124
M,,Ce 47.0 | 4.8 0.0 | 003 | 207 | 0.0
TC M,C, 53.4 0.5 0.0 5.5 30.0 0.0
M(CN),., 0.7 0.2 00 | 524 | 243 | 224

*Experimental determination of M,,C, and M,C, was by XEDS.

®Data taken from Ref. 13.

¢ Calculated with ThermoCalc.

¢ Experimental determination of M,,C, and M,C, was by XEDS and M(CN), was by Atom Probe.

results of atom probe analyses performed on the 9Cr-2WV, 9Cr-2WVTa and 7Cr-2WVTa steels
reveal that the experimentally observed phases and their compositions follow the trend predicted
by ThermoCalc, with the exception of the identity of the small spherical precipitates in the 9Cr
steels. This discrepancy will be discussed in a later section.

Microchemistry of Precipitates in 9Cr-2WV

The compositions of the M,;C, precipitates in the 9Cr-2WV as determined by XEDS revealed them
to be chromium rich with smaller amounts of tungsten and vanadium, with the balance of the
metallic component being iron (Table 4). Previous XEDS studies on carbon film replicas of 9Cr-
1MoVND-2Ni [11] and atom probe analyzes of 12% Cr steel weld metals [12] indicated that the iron
content is close to 25%. The number densities of the small spherical precipitates were not high
enough to be detected in the atom probe. Carbon film replica analyses from a previous study
indicated that these were MC precipitates that were vanadium rich [13].

Microchemistry of Precipitates in 9Cr-2WVTa

The composition of M;Cy precipitates in the 9Cr-2WVTa was similar to that in the 9Cr-2WV steel.
Analyses of foil specimens by XEDS indicated that some of the small spherical precipitates
contained tantalum. Previous analyses of carbon film replicas revealed two kinds of these MC
precipitates in this steel [13]: some were rich in vanadium, similar to those in the 9Cr-2WV steel,
and others were rich in tantalum. The Ta-rich precipitates contained up to 41 at. % Ta [13].
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A rough calculation of the amount of tantalum in the spherical precipitates was made based on the
TEM estimates of number density, mean precipitate diameter, and the tantalum content of the
precipitates as determined by XEDS. It was assumed that the spherical particles had a similar
structure and unit cell as TaC. The calculation revealed that approximately 2% of the total tantalum
concentration in the bulk went into the precipitates. Since tantalum was not detected in any of the
other precipitates, the implication is that the majority of the tantalum (98%) must remain in solid
solution, consistent with the atom probe results in Table 3.

Microchemistry of Precipitates in 7Cr-2WVTa

In addition to M,,C,, M,C, precipitates were also analyzed in the 7Cr-2WVTa. Although these
precipitates are also chromium rich, the Cr, W and V concentrations are higher compared to the
M.,C, precipitates (Table 4). The small size of the needie-shaped precipitates in the 7Cr-2WVTa
alloy precluded reasonable XEDS compositional measurements in thin foil specimens. However,
the number densities of the needle-shaped precipitates were high enough to be detected in the FIM
images, and atom probe analyses revealed these precipitates to be predominantly vanadium rich
with high concentrations of carbon and nitrogen, leading to the conclusion that they are carbo-
nitrides with the composition given in Table 4. The four steels used in this study contained 100-200
wppm N. '

Phase Equilibria Calculations

Phase equilibria calculations with ThermoCalc were performed to gain a better understanding of
the phases that are experimentally observed in these multicomponent alloy systems. The
temperature used in the calculations was 750°C which was the temperature at which the steels
were tempered. Significant carbon depletion was observed in the three steels investigated in the
atom probe, and this was consistent with the TEM results, which revealed the formation of three
distinct carbides in the matrix and at lath boundaries. The vanadium depletion was significantly
higher in the 7Cr-2WVTa steel compared to the two 9Cr steels. This observation was consistent
with the atom probe and TEM results which indicated V-rich carbonitrides [M(CN), ] precipitated
in a significant number density in the 7Cr-2WVTa steel.

The ThermoCalc calculations predict that in the two SCr steels the most stable phases are the body-
centered cubic (bcc) matrix, the M,,C precipitate, and the face-centered cubic (fcc) phase, which
is a predominantly V-rich carbonitride. The predicted matrix phase and its composition are in full
agreement with experimental results, which revealed a 100% tempered martensite matrix depleted
in Cr, W, V and C. The metallic component of the precipitates, determined by XEDS, were
normalized with respect to the overall stoichiometry of the phase and appear to be in broad
agreement with the values predicted by ThermoCalc. The predictions of ThermoCalc with regard
to the V-rich fcc carbonitrides could not be verified experimentally because the number density of
the small spherical precipitates in the 9Cr steels (observed in the TEM) were not high enough to
be detected in the apex region of the APFIM specimens, and therefore, accurate elemental compo-
sitions of these small spherical precipitates could not be determined directly. However, it is likely
that these precipitates are carbonitrides because XEDS measurements revealed them to be rich
in vanadium, similar to those predicted by ThermoCalc [13].

The agreement between experimental results and the calculations is better for the 7Cr-2WVTa
steel. ThermoCalc predicts that M,C, will form in addition to M,,C,, and the calculated compo-
sitions are in rough agreement with the experimentally determined values. The high number
density of the small needle-shaped precipitates enabled their elemental compositions to be deter-
mined directly by atom probe analysis (Table 4), which revealed them to be M(CN)-type precipitates
with the metallic component consisting of vanadium with some contribution from chromium and
tungsten. The atom probe composition is in general agreement with the M(CN) predicted by
ThermoCalc, although the concentrations of chromium and tungsten are somewhat higher than
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predicted. It is possible that some matrix ions (Cr and W) were sampled by the probe hole during
analysis due to the small diameter (2-5 nm) of the precipitates. The largest metallic component of
the precipitates is vanadium (42.9 at. %) with nitrogen accounting for a significant portion of the
non-metallic component (12.4 at. %). The direct experimental confirmation of the presence of V-
rich carbonitrides in the 7Cr-2WVTa steel lends further support to the suggestion that the small
spherical vanadium-rich precipitates observed in the 9Cr steels might be the carbonitrides predicted
by ThermoCalc and not MC precipitates, as often referred to in the literature.

The fact that these precipitates contain nitrogen is not unexpected for two reasons. First, accurate
quantitative estimates of carbon and nitrogen by XEDS are difficult to obtain and require the use
of a light element detector. Secondly, it is known that nitrogen can dissolve in carbides. Honey-
comb states [14]: “...there are a few elements which enter predominantly the carbide phase.
Nitrogen is the most important element, and it forms carbonitrides with iron and many alloying
elements.” Microalloyed steels containing stable carbide and nitride formers such as vanadium and
niobium are known to form carbonitrides, often designated as V(C,N), Nb(C,N), or (V,Nb)(C,N)[15].
When Tupholme et al. [16] examined a series of 9Cr-WVTa and 12Cr-WVTa reduced-activation
steels with 0.75 and 3% W, 0.25-0.4% V, 0.1% Ta, 0.1% C, and 100-400 wppm N, they found small
spheroidal intragranular precipitates with a cubic structure in addition to M,,C,. The small precipi-
tates contained tantalum and vanadium, and the authors concluded were probably carbonitrides,
which they designated (V,Ta) (C,N) [16].

An interesting aspect of the phase equilibrium calculations was that ThermoCalc does not predict
the fce phase if nitrogen is totally removed as a component in the thermodynamic system in the two
9Cr steels and the 7Cr-2WVTa steel. However, when nitrogen is included in amounts as small as
20 appm, the fcc phase appears as a V-rich carbonitride containing significant amounts of nitrogen
(20-30 at. %). Moreover, if nitrogen is totally absent as a component and the carbon concentration
is increased above the levels in these steels (0.5 at. %), ThermoCalc predicts that the MC phase
will still not form. Instead, in the 9Cr steels, the M,C; phase will begin to form, in addition to M,;C,
phase. Increasing the carbon level of the 7Cr steel merely increases the molar fraction of the M,C,
phase. ThermoCalc rules out the possibility of an MC phase in which carbon is the only non-
metallic species for the steel compositions used in this work.

The phase equilibria calculations applied to the steels in this work clearly reveal the important role
of the trace impurity nitrogen. The formation of the stable carbonitrides has implications for
mechanical properties, not only in the steels in this study, but also in the much broader context of
various other types of steels which contain V, Ti or Nb, all of which are known to be potent carbo-
nitride formers. '

The formation of the various phases in the 9Cr-2WV, 9Cr-2WVTa, 7Cr-2WVTa and 5Cr-2WVTa
steels is related to the interplay of the relative levels of Cr, V, C and N. In the two 9Cr steels and
the 7Cr-2WVTa steel, it is reasonable to assume that the addition of trace quantities of nitrogen
stabilizes the fcc phase sufficiently to allow for the formation of M(CN),,, along with the M,,C,
phase. After tempering at 750°C when the chromium level is reduced to 7.5 at. %, ThermoCalc
predicts that M,C, begins to form as a stable phase in addition to the bcc matrix, M,;C,, and the fcc
carbonitride phases, which agrees with the observations.

At chromium levels of 5 at. %, the phase field is unchanged from that of the 7Cr-2WVTa system
and the stable phases predicted by ThermoCalc are the bec matrix, the M,,C, and M,C, carbides,
and the fcc V-rich M(CN), . All four phases were observed in TEM in the 5Cr-2WVTa steel. The
number density of the M,C; was higher and that of the needle-shaped precipitates lower than in the
7Cr-2WVTa steel (Table 2). The number density of the M,,C, precipitates was also somewhat
lower than in the 7Cr-2WVTa steel. An interesting aspect of the phase equilibria calculations in this
steel is that ThermoCalc predicts the formation of the fcc V-rich carbide in the absence of nitrogen.
Although an atom probe analysis was not performed on the 5Cr-2WVTa steel to confirm this
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prediction, ThermoCaic results revealed that with 300 appm N present in the bulk, the fcc phase
has the composition 47.2 at. % V-2.9% Cr-3.3% W-0.1% Fe-40.9% C-5.6% N. This result indicates
that even with nitrogen present in the alloy the fcc precipitate is predominantly carbon rich with a
nitrogen concentration of only 5%.

Mechanical Properties

Since mechanical properties are influenced by microstructural features, it is important to consider
hew the microstructures of the four steels relate to the mechanical properties. A comparison of the
Charpy impact properties of the 9Cr-2WV and 9Cr-2W\VTa steel revealed significant differences
(Table 2). The DBTT of the 9Cr-2WV and 9Cr-2WVTa in the normalized-and-tempered condition
was -60 and -88 °C, respectively, while the USE was 8.4 and 11.2 J, respectively [3]. These results
were taken to indicate the effect of tantalum on the properties [3].

A significant difference between the microstructure of the 9Cr-2WVTa steel and the 9Cr-2WV steel
was in the finer prior austenite grain size [10] and smaller lath size of the steel containing tantalum.
Although atom probe analysis revealed that the majority of the tantalum is in solid solution in the
Ta-containing alloys, some small fraction could conceivably segregate to grain and lath boundaries
and thereby provide a mechanism for grain refinement. Further experimental work is needed to
verify this suggestion. Previous work concluded that tantalum in solution has a significant effect
on the Charpy properties of the 9Cr-2WVTa steel relative to the 9Cr-2WV steel, perhaps by
increasing the fracture stress of the 9Cr-2WVTa [17]. The atom probe results that indicate that
most of the tantalum remains in solution reinforces that conclusion.

It has been suggested in the literature that better fracture toughness correlates with lower Cr content
in a steel [18]. Superficially, this suggestion seems to be supported by experimental data for the
reduced-activation steels of this study (Table 4) and previous studies [4,10]. The USE of a 9Cr-
2WV and a 5Cr-2WV steels were 9.5 and 11.7 J, respectively [4]; the USE of the 9Cr-2WVTa, 7Cr-
2WVTa and 5Cr-2WVTa steels were 10.1, 11.4, and 14.3 J, respectively [10]. Likewise, although
the 9Cr-2WVTa and 7Cr-2WVTa steels have similar DBTTs, the DBTT for 5Cr-2W\VTa is consider-
ably lower than those of the other steels (Table 2), again indicating the possible effect of chromium.
As pointed out above, tantalum affects the DBTT [3,4], but its effect on the USE is not as obvious.

The size and number density of the M,,C; precipitates were nearly the same in all four steels, and
M,,Ce probably does not influence the differences in the mechanical behavior of these steels.
Similar arguments apply to the large M,C, precipitates in the 7Cr-2W\VTa and 5Cr-2WVTa steels.
The small M(CN), , precipitates might be expected to contribute to an increase in the yield stress
through precipitate hardening in the 7Cr-2WVTa steel, where they occur in significant number
densities. This argument is not, however, borme out by yield stress data (Table 2). The room
temperature yield stress of the 7Cr-2WVTa steel was 583 MPa compared to 645 MPa for the 9Cr-
2WVTa, 629 MPa for the 5Cr-2WVTa, and 597 MPa for the 9Cr-2WV steels [10}, thus giving no
indication of a discernible trend, even though the Charpy properties appear to be sensitive to the
microstructural differences.

SUMMARY AND CONCLUSIONS

The microanalytical characterization of four reduced activation 5-9% Cr steels revealed that the
matrix was 100% tempered martensite. Blocky (100-200 nm) Cr-rich M_,C, formed in all four
steels. The 9Cr-2WV and 9Cr-2W\VTa steels also contained small spherical V-rich and V- or Ta-
rich precipitates, respectively. Analysis of the 7Cr-2WVTa and 5Cr-2W\VTa alloys revealed Cr-rich
blocky fauited M,C, in the matrix and at Iath boundaries. Small V-rich needle-shaped M(CN), , in
high number densities were also detected in the 7Cr-2WVTa and 5Cr-2WVTa steels. The XEDS
and atom probe analysis revealed that with the exception of a few of the small spherical precipi-
tates, no tantalum was detected in any of the other precipitates. Atom probe analysis of the matrix
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indicated a depletion of Cr, W, V, and C and that nearly all the tantalum was in solid solution in the
tantalum-containing steels.

The experimentally observed stable phases and their compositions are in general agreement with
phase equilibria calculations using the ThermoCalc sofiware. The thermodynamic calculations
revealed the important role of trace amounts of nitrogen in these alloys. ThermoCaic predicts the
absence of the V-rich fcc carbide as a stable phase in the 9Cr-2WVTa and 7Cr-2WVTa steels
unless nitrogen is present in the system as a trace impurity in quantities as low as 20 appm. Atom
probe analysis of the needle-shaped precipitates in the 7Cr-2WVTa steel directly confirmed the
presence of these carbonitrides and revealed that these precipitates contained significant levels of
nitrogen (12 at. %). These results support the argument that the small spherical precipitates in the
9Cr-2WV and 9Cr-2WVTa steels are also V-rich carbonitrides and not MC.
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EFFECT OF HEAT TREATMENTS ON THE TENSILE AND ELECTRICAL
PROPERTIES OF HIGH-STRENGTH, HIGH-CONDUCTIVITY COPPER ALLOYS —
8. J. Zinkle and W. S. Eatherly (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this report is to summarize recent tensile and electrical resistivity measurements
on several different unirradiated commercial high-strength, high-conductivity copper alloys that
are being considered for the divertor structure and first wall heat sink in ITER.

SUMMARY

The unirradiated tensile properties of CuCrZr produced by two different vendors have been
measured following different heat treatments. Room temperature electrical resistivity
measurements were also performed in order to estimate the thermal conductivity of these
specimens. The thermomechanical conditions studied included solution quenched, solution
quenched and aged (ITER reference heat treatment), simulated slow HIP thermal cycle (~1°C/min
cooling from solutionizing temperature) and simulated fast HIP thermal cycle (~100°C/min cooling
from solutionizing temperature). Specimens from the last two heat treatments were tested in
both the solution-cooled condition and after subsequent precipitate aging at 475°C for 2 h. Both
of the simulated HIP thermal cycles caused a pronounced decrease in the strength and electrical
conductivity of CuCrZr. The tensile and electrical properties were unchanged by subsequent
aging in the slow HIP thermal cycle specimens, whereas the strength and conductivity following
aging in the fast HIP thermal cycle improved to ~65% of the solution quenched and aged CuCrZr
values. Limited tensile and electrical resistivity measurements were also made on two new heats
of Hycon 3HP CuNiBe. High strength but poor uniform and total elongations were observed at
500°C on one of these new heats of CuNiBe, similar to that observed in other heats.

PROGRESS AND STATUS
Introduction

In a previous semiannual report [1], data from room temperature electrical resistivity
measurements and elevated tensile test measurements at several different strain rates were
summarized for wrought dispersion strengthened copper (Cu-Al,O;) and solutionized and aged
CuCrZr and CuNiBe. Since the mechanical and electrical properties of precipitation strengthened
alloys such as CuCrZr and CuNiBe are known to be sensitive to heat treatment conditions [1-5],
the objective of the present study was to quantify the degradation in electrical conductivity and
tensile strength which may occur under some heat treatment conditions. In particular, this study
focuses on CuCrZr subjected to several different heat treatment cycles. The current reference
design for the International Thermonuclear Experimental Reactor (ITER) utilizes a hot isostatic
press (HIP) technique to join the Cu alloy heat sink to the stainless steel structure in the first wall
[6]. The joining is performed at a temperature of ~950°C, and the cooling time to reach ~400°C
after joining is estimated to be ~1 h due to the large size of the first wall panels. A similar HIP
technique is envisioned for fabricating the Cu/W/carbon-carbon composite monoblocks for the
divertor. However, higher cooling rates of ~100 to 200°C/min may be achievable with gas cooling
on the inside of the Cu tube for these components [6]. The effect of two different HIP thermal
cycle heat treatments (furnace cool and gas cool) on the properties of CuCrZr are summarized in
this report. The effects of subsequent precipitate aging heat treatments were also studied.
Finally, the results of limited tests on two new heats of Hycon 3HP™ CuNiBe are reported and
compared to previous results obtained on other CuNiBe heats.
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Table 1. Summary of Heat Treatments for CuCrZr Specimens

Alloy and heat treatment Solutionizing treatment Aging treatment
Zollern CuCrZr, heat Z822

solution quenched (as-received) 970°C, 20 min./water quench —

solution quenched & aged 970°C, 20 min./water quench 475°C,2h

HIP fumace cool 980°C, 1 h/ furnace cool —

{~6 h to cool to 400°C)
HIP fumace cool & aged 980°C, 1 h/ furnace cool 475°C,2 h
HIP fast cool 980°C, 1 h/ gas cool —
{~100°C/min cooling rate)

HIP fast cool & aged 980°C, 1 h/ gas cool 475°C,2h
Kabelmetal CuCrZr,heat AN4946

ITER solution guenched & aged 980°C, 1 h/ water quench 475°C,2 h

Experimental Procedure

Most of the work reported here was performed on bar stock of CuCrZr that was received in a
solution quenched condition. The bar was manufactured by Zoliern GmbH, Laucherthal,
Germany (heat Z822) with a reported composition of 0.85 wt%Cr, 0.09 wit%Zr and <0.001 wt%P.
The bar was solutionized for 20 minutes at 970°C and water quenched. The short solutionizing
time and slightly lower solutionizing temperature compared to typical CuCrZr solutionizing
conditions was specified by Joint European Tokamak (JET) designers in order to minimize the
grain size of the final product. Miniature SS-3 sheet tensile specimens with nominal gage
dimensions 0.76 mm x 1.5 mm x 7.6 mm were electro-discharge machined from the bar and
subsequently heat treated at several different conditions which are summarized in Table 1. The
HIP solutionizing treatments were performed in flowing Ar, and all of the aging treatments were
performed in flowing He.

The Kabelmetal Cu-0.65%Cr-0.10%Zr specimens were obtained from a 2 cm thick plate that was
originally fabricated under the trade name of Elbrodur G by KM-Kabelmetal, Osnabriick, Germany
as an F37 (cold-worked and aged) temper, heat #AN4946. A 2 x 3 x 5 cm piece from this plate
was solution annealed in flowing argon for 1 hour at 980°C, water quenched, then aged in flowing
helium at 475°C for 2 hours (furnace cool) at ORNL, in accordance with the draft ITER heat
treatment specifications. Miniature SS-3 sheet tensile specimens were subsequently machined
from the solutionized and aged plate.

Two different heats of Hycon 3HP™ CuNiBe produced by Brush-Wellman were investigated.
Heat #35562 was fabricated as 3.2 mm thick strip in a cold-worked and aged (THO04 temper)
condition. The reported solute composition for this heat was 1.56%Ni, 0.25%Be, 0.1%P. Heat
#28626 was supplied in two different heat treatments, and had a reported solute composition of
1.90%Ni, 0.32%Be, 0.1%P. The HT (TH04 temper) material from heat #28626 was supplied as
0.89 mm thick strip. A thicker plate of HT temper material from this heat was reprocessed by
Brush-Weilman to the AT (solutionized, air-quenched and aged) condition. The AT heat
treatment consisted of solutionizing at 932°C for 1 h (gas quench) followed by aging at 510°C for
3 h. The AT material was fabricated into sheet tensile specimens with an overall length of 12.2 cm
and a thickness of 3.2 mm. Miniature SS-3 sheet tensile specimens were cut from the grip
regions of these large tensile specimens afier they had been tensile tested by McDonnell-
Douglas in an induction furnace system at 500°C. Since the 8 min. hold time at 500°C for the
tensile tests on the large sheet tensile specimens was much less than the aging time of 3.5 h at
510°C, the precipitate structure in the grip regions should be similar to that of the as-fabricated AT
material.
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Four-point probe electrical resistivity measurements were performed at room temperature on a
total of 2 to 5 different SS-3 sheet tensile specimens for each of the heat treatment conditions,
using procedures summarized elsewhere [7]. The temperature was recorded for each
measurement and the resistivity data were corrected to a reference temperature of 20°C using
the copper resistivity temperature coefficient of dp/dT = 6.7 x 10" Q-m/K. Nonuniformities in the
width and thickness in the specimen gage region caused the typical experimental uncertainty of
individual resistivity measurements to be +0.5%. The relation 17.241 nQ-m = 100% IACS
(international annealed copper standard) was used to convert the resistivity measurements to
electrical conductivity values.

The tensile properties of the S$8-3 sheet tensile specimens were measured at room temperature
or 500°C at a crosshead speed of 0.0085 mm/s (with the exception of the Kabelmetal CuCrzZr
specimen which was tested at 0.017 mm/s), which corresponds to initial strain rates of 1.1 x 10
and 2.2 x1 0% in the gage region, respectively. The room temperature tests were performed in
air, and the elevated temperature tests on CuNiBe were performed in vacuum (10° to 10 torr).
Two different heating cycles were used for the 500°C tests on CuNiBe in order to determine if the
tensile properties degraded after holding at the test temperature. One specimen was rapidly
heated to 500°C (heating time <8 minutes) and tensile tested as soon as it reached the test
temperature. A second specimen was heated to 500°C over a period of ~0.5 h and subsequently
held at the test temperature for 0.25 h prior to the start of each tensile test. One specimen was
tested in an Instron servohydraulic machine for each experimental condition. The tensile
properties were determined from graphical analysis of the chart recorder curves. A plastic
deformation offset of 0.2% was used for measuring the yield strength.

Results

Table 2 summarizes the results of the room temperature electrical resistivity measurements. All
three of the CuNiBe thermomechanical conditions had electrical conductivities near 67% IACS.
This conductivity is comparable to that previously measured [1,7] in other heats of Hycon CuNiBe
(64-72% IACS). As expected, the solution quenched CuCrZr had a low conductivity of ~36%
IACS. The Kabelmetal solution quenched and aged CuCrZr had a superior electrical conductivity
compared to that of Zollern solution quenched and aged CuCrZr (83% vs. 76% IACS),
presumably due to the short solutionizing time and lower solutionizing temperature along with the
higher Cr concentration for the Zollern material. The HIP slow furnace cool condition produced a
modest degradation in the electrical conductivity of the Zollern CuCrZr compared to the solution
quenched and aged condition (~68% vs. 76% IACS). The conductivity remained slightly
degraded following aging.

The tensile properties obtained in the present study are summarized in Table 3. Previous tensile
tests on the AT CuNiBe (heat 28626) material performed at 500°C using large sheet tensile
specimens indicated that the uniform and total elongations were 3.1 to 6.1% [8]. The present
tensile tests, performed at 500°C with miniature SS-3 type sheet tensile specimens, produced
yield strengths that were in good agreement with the large sheet tensile specimen resuits.
However, the measured uniform and total elongations were significantly smaller than that
reported for the larger specimens. This indicates that the small size of the SS-3 sheet tensile
specimens (~10 to 20 grains across the gage thickness) accentuates the intergranular
deformation mode that occurs in CuNiBe [1,7] for elevated test temperatures. There did not
appear to be a pronounced effect of hold time at 500°C on the tensile properties. Although the
tensile test performed with the shorter hold time had a somewhat higher elongation, in both
cases the total elongation was well below 2%.
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Table 2. Room Temperature Electrical Properties Measured in the Present
Study (see Table 1 and text for detailed heat treatments)

Alloy and heat treatment Meas. resistivity at 20°C |Electrical conductivity
Zollern CuCrZr, heat Z822 -
solution guenched 48.29 nQ-m 35.7% IACS
solution quenched & aged 22.55 nQ-m 76.4% IACS
HIP fumace cool 25.41 nQ-m 67.9% IACS
HIP furmace cool & aged 24.94 nQ-m 69.1% IACS
HIP fast cool 39.57 nQ-m 43.6% IACS
HIP fast cool & aged ) 25.91 nQ-m 66.5% IACS
Kabelmetal CuCrZr, heat AN4946
ITER solution guenched & aged 20.67 nQ-m 83.4% IACS
Hycon 3HP CuNiBe
solution quenched & aged (AT), 25.62 nQ-m 67.3% IACS
heat 28626
cold-worked & aged (HT), heat 28626 25.45 nQ-m 67.7% IACS
cold-worked & aged (HT), heat 35562 25.41 nQ-m 67.9% IACS

Table 3. Summary of Tensile Properties Measured in the Present Study
(see Table 1 and text for detailed heat treatments)

Alloy and heat treatment Temperature| o, (MPa) | UTS (MPa) | ey (%) |etot (%)
Zollern CuCrZr
solution quenched 20°C 118 243 42 52
solution quenched & aged 20°C 310 418 17 25
HIP fumace cool 20°C — - - -
HIP furnace cool & aged 20°C 68 217 23 29
HIP fast cool 20°C 37 216 56 61
HIP fast cool & aged 20°C 206 328 18 23
Kabelmetal CuCrZr
solution guenched & aged 20°C 316 414 16 24
Hycon CulNiBe, heat 28626
solution quenched & aged (AT) 500°C* 399 414 0.6 0.6
solution quenched & aged (AT) 500°C** 414 445 1.3 1.3

*heated to 500°C within ~30 min. and held at temperature for 15 min. prior to starting tensile test
**heated to 500°C within ~ 8 min.; tensile test started immediately after reaching 500°C.

The solution quenched and aged heat treatments for the Zollern and Kabelmetal CuCrZr
produced comparable room temperature tensile properties, with yield strengths of ~310 MPa,
ultimate strengths of ~420 MPa and uniform elongations of ~16%. The slow cooling rate
associated with the HIP furnace cool treatment resulted in a very low yield strength even after
subsequent aging. It is interesting to note that the yield strength for the HIP furnace cool and
aged condition was even lower than that for the solution quenched condition. A very low yield
strength was also obtained in the HIP fast cooled specimens. In this case, however, the room
temperature strength could be increased to 200-210 MPa (i.e., ~65% of the solution quenched
and aged yield strength) by subsequent aging.

Discussion

Table 4 compares the room temperature thermal stress figures of merit, M=oy ky,(1-v)/aiE, for
CuCrZr in various heat treatment conditions with other high-strength, high conductivity copper
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alloys. The M values were calculated using pure copper data [9] for Young’s modulus (E),
Poisson’s ratio (v) and the coefficient of thermal expansion (o), and by utilizing the Wiedemann-
Franz relation to convert the electrical conductivity measurements to thermal conductivity (k).
The HIP furnace cool and aged specimens exhibited a very low thermal stress figure of merit,
although this parameter may not be the most appropriate guidepost if moderate amounts of
deformation can be tolerated in the design. The CuCrZr thermal stress figure of merit for the HIP
fast cool and aged condition is ~60% of the solutionized and aged value. This degradation in
strength and thermal conductivity must be considered in designs for the divertor structure that
use CuCrZr. A similar moderate degradation in strength has been reported for CuNiBe following a
HIP furnace cool heat treatment [5]. The electrical conductivity was not changed within the
accuracy of the experimental measurement in the study by Singh, et al. Dispersion strengthened
copper did not appear to be degraded by a HIP furnace cool heat treatment [5].

Table 4. Thermal Stress Figures of Merit for High-Strength,
High Conductivity Copper Alloys

Alloy and thermomechanical condition M at 20°C (kW/m)
Kabelmetal CuCrZr (ITER solution quenched & aged) 33
Zollern CuCrZr (solution quenched & aged) 30
Zollern CuCrZr (HIP furnace cool & aged) 6

Zollern CuCrZr (HIP fast cool & aged) 17
GlidCop Al25 (IG0) 36

Hycon 3HP CuNiBe (AT, heat 46546) 45

Hycon 3HP CuNiBe (HT, heat 46546) 60

Several relevant studies on the time-temperature-transformation (TTT) kinetics of precipitation in
Cu-Cr alloys have been published [2-4]. The key finding from these studies is that cooling rates
>20°C/s are necessary to fully quench the Cu-Cr solid solution. Additional relevant studies such
as quenching to intermediate temperatures, followed by conventional aging heat treatments
were also performed. Considering the estimated cooling rates following HIP joining procedures
for ITER first wall and divertor components of ~0.1-0.2°C/s and ~2°C/s, respectively [6], it may be
concluded that the Cr solute will not be quenched and therefore inferior properties compared to
water-quenched and aged specimens will occur (as observed in the present study).

As demonstrated in Tables 2 and 3, the degradation in conductivity and strength is particularly
severe in the as-cooled CuCrZr specimens that have been subjected to the HIP thermal cycle.
Subsequent aging does not have a significant effect on the properties of the HIP furnace cooled
specimens, whereas a substantial improvement in strength and conductivity occurs in the HIP fast
cooled specimens. Therefore, a post-joining heat treatment at ~475°C should be used for
CuCrZr alloys fabricated into divertor monoblocks, where the cooling rate after HIPping is
relatively fast. On the other hand, a post-joining heat treatment is not recommended for the large
first wall HIPped components, since no improvement in properties is expected.

A recent study on CuCrZr subjected to a HIP furnace cool and aged heat treatments reported a
modest degradation in the yield strength and no significant change in electrical conductivity
compared to solution quenched and aged specimens [5]. A much larger strength degradation for
HIP furnace cooled + aged CuCrZr specimens was observed in the present study (Table 3). The
source of this discrepancy can be understood by noting that the room temperature vield strength
of the solutionized and aged specimens in the previous study [10] was only ~30% that of the
solutionized and aged specimens in the present study.

The effect of neutron irradiation on the tensile and electrical properties of these CuCrZr alloys in
different heat treatment conditions will be studied in a series of 3 reactor irradiation experiments
that are scheduled to begin in the summer of 1997. Further details on this irradiation experiment
will be given in the next semiannual report volume.
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INVESTIGATION OF THE INFLUENCE OF GRAIN BOUNDARY CHEMISTRY, TEST
TEMPERATURE, AND STRAIN RATE ON THE FRACTURE BEHAVIOR OF ITER
COPPER ALLOYS, K. Leedy and J.F. Stubbins (Univ. of lllinois), D.J. Edwards (Pacific
Northwest National Laboratory), = R.R. Solomon (OMG Americas) and D. Krus (Brush
Wellman)

OBJECTIVE

The objective of this work is determine how the changes in grain boundary chemistry,
temperature, and strain rate affect the tensile and fracture behavior of GlidCop™ A|25,
Hycon 3HP™ CuNiBe, and Elbrodur CuCrZr.

SUMMARY

In an effort to understand the mechanical behavior at elevated temperatures (>200°C) of
the various copper alloys being considered for use in the ITER first wall, divertor, and
limiter, a collaborative study has been initiated by the University of lllinois and PNNL with
two industrial producers of copper alloys, Brush Wellman and OMG Americas. Details of
the experimental matrix and test plans have been finalized and the appropriate specimens
have already been fabricated and delivered to the University of lllinois and PNNL for testing
and analysis. The experimental matrix and testing details are described in this report.

PROGRESS AND STATUS
Introduction

Although the microstructure and processing are significantly different for the following three
alloys, oxide dispersion strengthened (DS) GlidCop™ Al25, and Hycon 3HP™ CuNiBe and
Elbrodur CuCrZr (two precipitation strengthened alloys), the general trend for each alloy is
that the tensile properties and fracture toughness decrease with increasing test temperature,
and in the case of the CuAl25 and Hycon, the fracture toughness drops very rapidly at Tieqt 2
200°C [1-8]. Along with the decrease in strength and toughness is a concomitant loss of
ductility characterized by a large decrease in uniform and total elongation. The decrease in
toughness is much more rapid than for the tensile properties, and it has been speculated
that the poor toughness and possibly the strength are related to either an environmental
and/or an impurity effect that alters the flow and fracture properties of these materials. The
GlidCop™ alloys are now known to possess a strain rate dependence as the temperature
increases, which may aiso affect their fracture toughness [6].

Literature surveys [8-11] suggest that the zirconium additions may act as a sulfur or oxygen
scavenger, thereby reducing the effect of these elemenis on the fracture and flow
properties. While tests at ORNL have indeed shown that CuCrZr does not exhibit as rapid a
decrease in toughness as the other two alloys [4,5], the reason for this behavior still remains
unclear. There is no evidence to support the idea that an environmental effect is solely
responsible for the poor fracture toughness of the CuAl25 since tests conducted in vacuum
at ORNL showed a marked decrease in fracture toughness with increasing temperature,
though not quite as severe as that measured when tested in air.

" Pacific 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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One large uncertainty that needs to be resolved is whether more than one mechanism may
be responsible for the observed behavior in these three alloys, or if a different mechanism is
operating in each alloy. Factors that complicate the analyses of these alloys and their
behavior are the differences in grain size, strengthening phase, and composition. For
example, the grains range in size and shape from 1um x 20 pm (elongated shape) in the
DS copper to over 30 pm (equiaxed shape) in the Hycon and CuCrZr. In addition, the
precipitate density in the CuNiBe alloys is typically 100-1000 times higher than that present
in the oxide dispersion strengthened GlidCop™ alloy, and is accompanied by large
coherency strains around the y"-phase in the CuNiBe alloys.

These microstructural variables and the testing parameters are known to influence the
behavior of the alloys, however their respective roles are not clearly understood.
Consequently, a study has been undertaken to begin looking at the influence of test
temperature and strain rate on the mechanical properties and how the grain boundary
chemistry and microstructure are related. This work is a collaboration between four parties:
University of lllinois-UC, Pacific Northwest National Laboratory, OMG Americas, and Brush
Wellman, Inc.

Experimental Procedure

Three different copper alloys are to be tested and analyzed. The GlidCop™ AI25 (Heat #C-
8064) is in the cross-rolled and annealed condition and boron.deoxidized, which is currently
considered as the ITER Grade 0 (/G0) condition. The material was purchased from OMG
Americas as 1 inch thick plates with a pure copper cladding. The Hycon 3HP CuNiBe (Heat
#46546) was supplied by Brush Wellman, Inc. as four 1.25 inch thick plates. All four of the
plates were originally in the HT temper (cold worked and aged), however, two of the plates
were heat treated again to produce an AT tempered condition (solutionized, quenched, and
aged). For this experiment only specimens from the AT temper are to be used. A small
piece of Elbrodur G CuCrZr (Heat # AN4946) in the cold worked and aged condition (F37
temper) was used as the third alloy. Specimens from the CuCrZr are to be heat treated
according to ITER draft specifications (solutionized 1 hour at 980°C, quenched, aged at
475¢°C for 2 hours, then furnace cooled). The compositions for the three materials are listed
in Table 1.

Fracture toughness tests (J-integral) over a range of three temperatures (RT, 200°C and
300°C) will be conducted to determine the effect of test temperature. Test temperature will
be limited to 300°C since the rapid decrease in strength already occurs at lower
temperatures. Three-point bend bars will be used for the fracture toughness tests, as well
as notched tensile specimens to allow more flexibility in the test matrix. The geometry of
the specimens is provided in Figures 1 and 2. Representative fracture surfaces will be
thoroughly analyzed to establish the nature of the microstructure, surface and near surface
chemistry of the two alloys following fracture using optical metallography/SEM and Auger
analysis.

Annealing experiments will also be conducted and subsequent Auger/TEM analysis used to
determine if there are changes in grain boundary chemistry resulting from the high
temperature exposure. Auger analysis of the specimens may require hydrogen charging
and subsequent fracture inside the Auger microscope to eliminate oxidation on the fracture
surface.

To better understand the material flow behavior near yield, interrupted tensile tests will be
analyzed for microstructural development just past the point of yield, again at a number of
representative temperatures (i.e. RT, 200°C and 300°C) at a minimum of two deformation
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rates. This will indicate the extent to which flow is initiated and distributed during the initial
stages of post-yield deformation. The tensile geometry to be used is the same as that used
in previous and ongoing experiments in the Russian Federation as part of a collaboration
with the United States, the European Community, and Japan. The details of the tensile
specimen geometry are provided in Figure 3.

These three complementary studies should clarify the major contributors to the limited
elevated temperature flow and fracture behavior of the two alloys. They will provide a
means to differentiate between flow limitations during initial plastic deformation which leads
to early localized flow or to localized flow stemming from the influence of grain boundaries
or other microstructural features.

FUTURE WORK

In a separate but related study PNNL will perform Auger analysis on samples of the same
three materials that have been held under load at the 350°C to see if any changes in grain
boundary chemistry occur. Hydrogen charging may be necessary to initiate failure within
the Auger microscope, however, the exact details remain to be worked out.

Depending on the outcome of the above studies, possible minor alterations in alloy
chemistry or microstructure could lead to improvements in flow and fracture behavior. Such
alloy alterations would be suggested by the current study (e.g. adding deoxidants - Zr - to
alter grain boundary oxide levels, or inducing a precipitate sizes which would enhance
cross-slip and flow distribution). These possibilities could be examined as a next logical
step based on the outcome of the current work.
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Table 1 Compositions (wt% unless otherwise noted) of the three alloys being investigated in

this study.
Material R ' Hin
GlidCop™ 0.25A1 | 23ppm | 6 ppm ~250 | 10 ppm
Al25 Fe Pb ppm B | S typical
Hycon 3HP™ | 0.35Be | 1.92Ni | <0.01 <0.01 <0.03

CuNiBe Co Fe Cr
ElbrodurG | 0.65Cr | 0.10Zr

cuCrZr

Heat # C-8064, OMG Americas Inc.
Heat # 46546, Brush Wellman Inc.
Heat # AN4946, KM-Kabelmetal
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Fig. 1. Geometry and size of bend bars for fracture toughness testing.
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5.0 AUSTENITIC STAINLESS STEELS
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MICROSTRUCTURAL EVOLUTION OF AUSTENITIC STAINLESS STEELS
IRRADIATED TO 17 DPA IN SPECTRALLY TAILORED EXPERIMENT OF THE
ORR AND HFIR AT 400°C — E. Wakai (Japan Atomic Energy Research Institute),
N. Hashimoto (Oak Ridge National Laboratory), T. Sawai (JAERI), J. P. Robertson and
L. T. Gibson (ORNL), 1. loka, and A. Hishinuma (JAERI)

OBJECTIVE

The purpose of this work is to summarize the microstructural evolution of six austenitic steels
irradiated at 400°C to 17.3 dpa in the spectrally tailored experiments of the ORR and HFIR.

SUMMARY

The microstructural evolution of austenitic JPCA aged and solution annealed JPCA, 316R, C,
K, and HP steels irradiated at 400°C in spectrally tailored experiments of the ORR and HFIR
has been investigated. The helium generation rates were about 12-16 appm He/dpa on the
average up to 17.3 dpa. The number densities and average diameters of dislocation loops in
the steels have ranges of 3.3 x 10°™- 9.5 x 10°’ m*® and 15.2- 26.3 nm, respectively, except for
HP steel for which they are 1.1 x10?®* m® and 8.0 nm. Precipitates are formed in all steels
except for HP steel, and the number densities and average diameters have ranges of 5.2 x
10%- 7.7 x 10*" m™® and 3.4- 19.3 nm, respectively. In the 316R, C, and K steels, the
precipitates are also formed at grain boundaries, and the mean sizes of these are about 110,
50, and 50 nm, respectively. The number densities of cavities are about 1x10% m™® in all the
steels. The swelling is low in the steels which form the precipitates.

PROGRESS AND STATUS
1. Introduction

One of the favored first wall and blanket concepts for near term fusion systems such as the
International Thermonuclear Experimental Reactor (ITER) is a low pressure water-cooled
austenitic stainless steel structure [1]. The neutron sources with a maximum energy of
14 MeV in the D-T fusion reactor create displacement damage in the wall, and produce
hydrogen and helium atoms from (n, p) and (n, o) reactions. In the absence of operating
fusion reactors, the necessary irradiation experience has to be gained from a partial simulation
of the fusion environment using water-cooled mixed-spectrum fission reactors. For austenitic
stainless steels, it is possible to reproduce the damage rate, neutron fluence, and helium
generation rate typical of the fusion environment using spectral tailoring [2-5]. Spectral
tailoring involves progressively changing the ratio of thermal to fast neutron flux through the
use of removable shields surrounding the experimental assembly [2]. In this way the two-step
thermal neutron reaction with 58Ni [6] can be manipulated so that the ratio of helium
generation rate to displacement rate (He/dpa ratio) approximates that for fusion throughout
the irradiation. In this study the microstructural evolution of six types of austenitic stainless
steels have been examined under the controlled He/dpa ratio. This experiment is being
conducted under the DOE/JAERI Collaborative Agreement.

2. Experimental Procedure

The spectrally tailored experiments were performed in two stages. The first stage of the
irradiation was carried out in the Oak Ridge Research Reactor (ORR) in capsule ORR-MFE-7J
[7-12]. After accumulating approximately 7.4 dpa in the ORR, the specimens were
transferred to the High Flux Isotope Reactor (HFIR) in capsule HFIR-RB-400J-1 for the
second stage [13-15]. In each reactor, the specimens were irradiated at 400°C.
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Table 1. Damage levels, helium concentrations, and the ratios of He/dpa of type 316 and
JPCA stainless steels irradiated in the spectrally tailored experiments of the ORR and HFIR

316 (13wit%Ni) JPCA  (16wi%Ni)
Damage He He/dpa Damage He He/dpa
(dpa) (atppm) (dpa) _ (atppm)
ORR (MFE-7J) 7.4 100 14 74 155 21
HFIR (RB-400J-1) 9.9 100 10 9.9 125 13
ORR + HFIR 17.3 200 12 17.3 280 16

Table 2. Chemical compositions of austenitic stainless steels used in this study (wt%)

Alloy Fe Cr Ni B C N P S Si Ti Mn Nb Mo

JPCA Bal. 142 156 0003 006 0008 0027 0005 050 024 177 - 23
9

316R Bal. 168 135 - 0.06 - 0028 0003 061 0005 180 - 25

C Bal. 154 156 - 002 0001 0017 0007 051 025 156 g.O 24
8

K Bal. 180 176 - 002 0004 0015 0005 048 029 146 - 26

HP Bal. 171 118 - 0005 0020 - - 0005 - - - -

Temperatures were continuously measured and controlled in these experiments durin
irradiation. The thermal and fast (E >0.1 MeV) neutron fluences in the ORR were 8.1 x 10
and 9.5 x 10%° n/m?[18], and those of the HFIR were 4.0 x 10% and 1.6 x 10%® n/m?[5, 7),
respectively. The experiments achieved a total peak damage level of 17.3 dpa. The helium
concentration generated in type 316 and JPCA stainless steel were 200 and 280 He appm,
respectively, and the controlled average ratios of He/dpa were 12 and 16 appm for the 316
and JPCA, respectively, in this irradiation. The details are listed in Table 1.

Transmission electron microscopy (TEM) disks of six different austenitic stainless steels were

irradiated in these capsules. The steels are the JPCA-aged, JPCA, 316R, C, K, and HP (a .
high-purity ternary austenite) . Chemical compositions of these alloys are given in Table 1.

The JPCA steel contains boron, phosphorus, and titanium. The 316R is a standard of type

316 stainless steel. The C and K stainless steels have low carbon concentration, and they are

modified exploratory alloys with titanium and/or niobium. The HP steel is a standard ternary

alloy with iron, chromium, and nicke! contents similar to those of type 316. The JPCA, 316R,

C, K, and HP alloys were solution annealed (SA), and the JPCA aged steel was aged for 1 hr

at 800 °C after 20 % cold work prior to irradiation.

Microstructures of these specimens were examined using a JEM-2000FX transmission
electron microscope with a LaB, gun operated at 200 kV. In order to evaluate defect density
the foil thickness of each TEM specimen was measured by thickness fringes or by the
improved CSS method [16, 17].
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3. Results and Discussion

3.1 Precipitate Formation

Precipitates are formed in all the steels, except for the HP steel, and are observed as particles
with a fringe contrast as seen in Figure 1. One of the micrographs is taken by a weak beam
dark-field condition, and the others are taken by a bright-field, using g=200, as noted in the
figure. The moire fringes observed in the steels are parallel type. The precipitates are
identified, from the spacing of the moire fringe, as MC type for the JPCA aged and 316R
steels, M2,C, type for JPCA-SA and C steels, and MsC or M,,C; for the K steel, respectively, as
summarized in Table 3. The mean sizes and number densities of the precipitates are given in
Table 4. The JPCA and 316R steels have a highest and lowest number density of
precipitates, respectively. The mean size of precipitates is relatively small in steels with high
number density.

The precipitates are also observed at grain boundaries in the 316R, C, and K steels as shown
in Figure 2. The mean sizes of grain boundary precipitates are 110, 50, and 50 nm for the
three steels, respectively, and the number density of precipitates on grain boundaries in the
316R stee! is lower than that of the C and K steels. In other steels, the precipitates at grain
boundaries were not observed.

Although the titanium concentration of 316R steel is low, i.e., 0.005%, MC type precipitates
are formed. In the previous repott [5] for the specimens from this experiment examined after
the ORR irradiation to 7.4 dpa, the formation of precipitates was only in the steels with titanium

Table 3. ldentification of the precipitates formed in the steels irradiated at 400°C to 17.3
dpa with a helium generation rate of about 12 -16 appm He/dpa on. the average
throughout this experiment

JPCA JPCA 316R C K
aged SA SA SA SA
Measured the spacings of
the moire fringe (nm) 1.3 1.7 1.4 1.7 2.7
Precipitate type MC M,:Cs MC MiCs  MCor MCe
Lattice parameter (nm) 0.41 [18] 1.06 [19] 0.41 1.06 1.11 [19] or 1.06
The corresponding (002) (335) (002) (335) (335) or (026)
plane of the precipitates
Calculated the moire| 1.43 1.68 1.43 168 2.94 or 2.64
spacing (nm)

Table 4. Mean sizes and densities of precipitates formed in six austenitic steels irradiated
at 400°C to 17.3 dpa

Alloy Type of Precipitates Mean Size (nm) Number Density (m™)
JPCA aged MC 115 1.3x10°
JPCA SA MG 34 77 x10%
316R SA MC 15.1 52x10%
C SA MxGCs 53 58x10%
K SA MsCorM,.C; 19.3 95x10®
HP SA - - -
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Figure 1. Precipitates formed in (a) JPCA-aged , (b) JPCA-SA, (c) 316R-SA, (d) C-SA, and () K-
SA after irradiation at 400 °C to 17.3 dpa with a helium generation rate of about 12 -16 appm
He/dpa on the average throughout this experiment. The micrographs of @), (b), (d), and (e) are

taken with bright-field image conditions, and of (¢) is a weak beam dark-field condition, using
g=200 near (011) orientation, respectively.

e f DRSNS S

P ———————

Figure 2. Precipitates at grain boundaries in (a) 316R-SA, (b) C-SA, and (c) K-SA after irradiation
at 400 °C to 17.3 dpa. '
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Table 5. Mean sizes, number densities, and total line lengths of dislocation loops
formed in six austenitic steels irradiated at 400°C to 17.3 dpa with a helium generation
rate of about 12 -16 appm He/dpa on the average throughout this experiment

Alloy Mean Size  Number Density  Total line length of the loops
(hm) () (mvm®)
JPCA aged 152 7.3x10% 35x10"
JPCA SA 187 7.0x 107 41x10"
316R SA 202 9.5x10% 6.0x 10
C SA 26.3 3.3x10” 27x10%
K SA 22.1 45x10% 31x10*
HP SA 82 1.1x10® 28x10°

contents of more than 0.01 %, i.e., JPCA-SA, C, and K steels [5]. This fact appears to imply
that the precipitates are still developing up to of the irradiation of 17.3 dpa. In low carbon C
and K steels, the precipitates of M,;Cs or MgC types are formed, while in the high carbon 316R
and JPCA steels the precipitates of MC or M,,Care formed. Therefore, the formation of
these carbides is likely intimately related with the titanium and carbon concentration.

3.2 Dislocation Loop Formation

Figure 3 shows dislocation loops formed in the six austenitic steels irradiated at 400°C to 17.3
dpa. The electron micrographs are taken with beam direction B close to <110>, and are dark-
field images which are formed using a streak due to stacking faults in the diffraction pattern.
The loops observed are Frank loops on {111} planes in all steels, but in the K steels there are
some loops which have a large size and are perfect loops; these are identified by the weak
beam dark-field image. The mean sizes, number densities, and total line lengths of these
loops are given in Table 5.

The mean size of the loops is the smallest in the HP steel and that of the C steel is the largest.
Conversely, the number density of the loops in the HP steel is the highest and that of the C
steel is the lowest. The growth of dislocation loops has a tendency to be faster in the steels
with low number density of loops. The total line length of the loops is the highest in the HP.
The total line lengths and the type of loops are discussed for the cavity growth in next
section.

The number density of loops in HP steel is more than one order higher than those of the
others as shown in Table 5. The elemental contents of the HP steel are iron, chromium, and
nickel with low impurity levels as given in Table 2. However, the nitrogen concentration in the
HP steel is especially higher than that of the other steels. The C steel with the lowest number
density of loops contains lower carbon and nitrogen concentrations than those of the other
steels. Interstitial impurities such as nitrogen and carbon may enhance the formation of
dislocation loops [20]. Thus, the cause of the loop formation with a high number density may
be due to be the high nitrogen concentration, and the idea is supported by the fact that the
number densities of the loops in the HP and C steels are the highest and lowest,
respectively.

3.3 Cavity Formation

The micrographs of cavities in the steels are as shown in Figure 4, and in the C steel the
precipitates are seen on the surfaces of some cavities. The size distribution of these cavities
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Table 6. Swelling data of the cavities formed in six austenitic steels irradiated at 400°C
to 17.3 dpa with a helium generation rate of about 12 -16 appm He/dpa on the average
throughout this experiment

Alloy Root Mean Cube of Cavity Radius  Number Density Swelling
(nm) (md) (%)
JPCA 14 1.7 x10% 0.020
aged
JPCA SA 15 1.1 x10% 0.016
316R SA 1.8 6.2x10% 0.015
C SA 25 1.1x10% 0.079
K SA 40 1.0x10% 0.27
HP SA 7.2 1.9 x10% 2.9

is given in Figure 5, and the distributions of cavities are bi-modal. The swelling, S, is
described as:

S = (V'V) x 100 (%) = (400m/3) R® x N,

where V' is total volume of all cavities per unit volume, V; N is a total number of cavities per unit
volume; and R, is the root mean cube of cavity radius (RMC radius).
The RMC radius is described as;

R =R, 3/N)1/3’

where R; is a cavity radius i. The RMC radius, number density, and swelling are summarized in
Table 6 for each steel.

In HP steel the RMC radius is the largest and the number density is also the highest of all
steels, and therefore the value of swelling is the highest. The number densities of the
cavities are about 1 x 10% m™® in all the steels. However, the swelling has a large alloy
dependence, i.e., except for the K and HP steels the swelling is very low. In this experiment,
the steels which formed the precipitates have relatively low swelling values.

In this experiment the HP steel has no precipitate formation and a high number density of the
loops, while the other steels have many precipitates and relatively low number density of the
loops. Thus, there appears to be a relationship between the precipitate development and
cavity growth. The cause of cavity growth suppression in steels which form the precipitates is
thought to be due to two effects. One is the decrease of vacancy oversaturation
concentration due to dislocations with shorter total line lengths [21, 22] as given in Table 5.
Another is the increase of recombination for vacancy and interstitial atoms at the precipitates,
which are in high density. Therefore, the vacancy concentration in the other steels under
irradiation may be lower than that of the HP steels, leading to a high swelling value.

The K steel has a relatively large swelling, but the line length of the loops of K steel is nearly
the same as those of the other steels which form the precipitates as given in Tables 5 and 6.
The K steel has not only Frank loops but also perfect loops, which have a strong bias factor
21, 22], compared with that of the Frank loops. Therefore, the larger swelling of the K steel
may be due to a strong bias factor of the perfect loops.

Finally, the comparison of the reference data [23, 24] for the non-spectrally tailored
experiments (non-ST experiments) of the HFIR irradiation and the present data of the
spectrally tailored one for the same steels is listed in Table 7. The number densities of
dislocation loops of the non-ST ones are higher than those of the present work, and the total
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Figure 5 Size distribution of cavities in (g) JPCA-aged, (b) JPCA-SA, (c) 316R-SA, (d) C-SA,
(e) K-SA, and (f) HP after irradiation at 400 °C to 17.3 dpa.
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Table. 7. Comparison of the reference data of the non-spectrally tailored experiments (non-
ST) of the HFIR irradiation [21, 22] and this spectrally tailored one (ST) for the same steels

iradiations Cavities Loops Precipitate
S
Temp. Damage He Mean Number Swelling| Mean Number Totalline | Mean Number
size  density size density length size  density
(°C)  (dpa) (@ppm) (hm) (m®) (%) [(m) (m®)  (mm®) |(m) (m?)
Reference data
(non-ST)
JPCA-SA 400 102 530 |18 29x10® 008 120 20x10% 7.5x10% | 0 0
JPCA-SA 400 336 2470 |26  29x10° 025 123 24x10% 9.3x10™ | 31  1.9x10%
316R-SA 400 334 2140 |23  34x10%2 022 160 25x10% 1.3x10"® | - -
Present data
(ST)
JPCA-SA 400 17.3 280 15 1.1x102 0016 187 7.0x10? 4.ixio™ 34  7.7x102
316R-SA 400 17.3 200 18 6.2x10% 0.015 202 95x10? 6.0x10"™ | 151 52x10%

line length of the loops is longer. In the non ST experiments, the helium generation, the
mean size, number density, and the swelling of the cavities are higher than those of the
present work.

FUTURE WORK

Comparisons of these data with those from the first stage of the experiment (7.4 dpa in the
ORR) as well as the microstructural analyses of cold worked specimens in the HFIR-400J-1
capstule are still in progress. Void swelling measurement by immersion densitometry will be
also performed for the same specimens.
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THE DEVELOPMENT OF A TENSILE-SHEAR PUNCH CORRELATION FOR YIELD
PROPERTIES OF MODEL AUSTENITIC ALLOYS - G.L.Hankin, (l.P.T.M.E,
Loughborough University, UK), M.L.Hamilton, F.A.Gamer (Pacific National Northwest
Laboratory) and R.G.Faulkner (I.P.T.M.E, Loughborough University, UK)

OBJECTIVE

To refine an existing tensile-shear punch correlation using a large data base from three
neutron-irradiated model austenitic alloys and to provide fundamental support for the
empirical correlation.

SUMMARY

The effective shear yield and maximum strengths of a set of neutron-irradiated, isotopically
tailored austenitic alloys were evaluated using the shear punch test. The dependence on
composition and neutron dose showed the same trends as were observed in the
corresponding miniature tensile specimen study conducted earlier [1]. A single tensile-
shear punch correlation was developed for the three alloys in which the maximum shear
stress or Tresca criterion was successfully applied to predict the slope. The correlation will
predict the tensile yield strength of the three different austenitic alloys tested to within £53
MPa. The accuracy of the correlation improves with increasing material strength, to within
+43 MPa for predicting tensile yield strengths in the range of 400 - 800 MPa.

PROGRESS AND STATUS
Introduction

A number of experiments have been done recently [2-5] to facilitate development of a
tensile-shear punch correlation, i.e., a relationship between uniaxial tensile strength and
effective shear strength that would allow the use of shear punch data to predict tensile data.
In order to validate the proposed tensile-shear punch correlation it is desirable to test a
vaneg of materials exhibiting a wide range of microstructures and mechanical properties.
The *Ni isotopic tailoring experiment [6], originally designed to elucidate the effect of
fusion-relevant amounts of helium on austenitic structures, produced such a specimen
matrix. The experiment used an isotopic tailoring approach to evaluate the effect of helium
generation rates typical of a fusion reactor environment on the tensile properties of three
neutron-irradiated model austenitic alloys (Fe-25Ni-15Cr, Fe-25Ni-15Cr-0.04P and Fe-45Ni-
15Cr). Helium generation rates relevant to a fusion reactor were produced by an (n,o)
reaction mvolvmg the decay of *Ni, an isotope which is not found in natural nickel. Nickel
enriched in the *Ni isotope was extracted from Inconel 600 fracture toughness specimens,
which were originally irradiated in the Engineering Test Reactor (ETR). The enriched nickel
contained 2% of the *Ni isotope. The helium to dpa (displacements per atom) ratios
obtained were of the order of 0.5 appm He/dpa for the undoped alloys and up to 20 appm
He/dpa for the *Ni-doped alloys.

Transmission electron microscope (TEM) disks of the three Fe-Nl-Cr alloys were irradiated
side-by-side with the miniature tensile specimens as part of the Ni experiment in the Fast
Flux Test Facility’s Materials Open Test Assembly (FFTF-MOTA). Each alloy was

" Pacific 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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irradiated both with and without ®Ni content, and were prepared in both the cold worked
(CW) and solution annealed (SA) conditions. The twelve alloy combinations were irradiated
at three different temperatures and were available from up to four discharges of the FFTF-
MOTA. The TEM discs were originally intended for TEM examination only but many of
them were never used since 3 to 6 specimens were available at each set of irradiation
conditions. The remaining TEM discs were therefore available to generate effective shear
strength data, which when coupled with the original tensile data, resulted in a large database
for further refining the existing tensile-shear punch correlation.

Experimental Procedure

The shear punch test is essentially a blanking operation in which a 1 mm diameter punch is
driven at a constant rate of 0.127 mm/min. (0.005 in./min.) through a TEM-sized disk
(nominally 0.25 mm thick and 2.8 mm in diameter). The disk is constrained along both its
upper and lower surfaces in a test fixture, which also guides the punch. The load on the
punch is measured as a function of specimen displacement, which is taken to be equivalent
to the crosshead displacement [3]. The yield and maximum loads are taken from a plot of
punch load versus punch displacement. Effective shear yield strength (t5) and maximum
shear strength (ts,;) are evaluated from these values, respectively, by the following equation
[41:
P
T = 1

¥ 2t M
where P is the appropriate load, r is the average of the bore and punch radii, and t is the
specimen thickness. An earlier report [7] provides more details of the shear punch test and
the facility in which the irradiated materials were tested.

Previous work has shown that shear yield and maximum strengths obtained by shear punch
test methods can be correlated to tensile yield and ultimate properties. When
corresponding sets of T and o are plotted they fall along a straight line. A linear regression
is performed to obtain the constants m and Kin:

oc=mt+K (3}

The y-axis intercept, K, was originally ascribed to punch-die-specimen friction [8] and the
regression slope previously appeared to be somewhat material-dependent [4]. For the

purpose of this study, equation (3) will be used, in which 7, =—K /m from equation (2).

o=m(T,,,, —T,) ©)

The offset parameter to (the x-axis intercept of the regression line) is used to indicate that
the offset is some frictional characteristic which is associated with the shear punch test and
not the tensile test.

Two TEM specimens were available for each irradiated condition and five specimens for
each unirradiated starting state. The shear punch data were first evaluated for consistency
with the corresponding tensile data [1]. The tensile shear-punch database was then used to
refine the existing correlation coefficients.
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Results

From the results of shear punch tests on the unirradiated material it was established that the
effective shear yield and maximum strengths of duplicate specimens typically exhibited a
scatter of +15 MPa. Figure 1 shows the variation of effective shear yield strengths of each
of the alloys with increasing dpa for specimens irradiated at 365 and 490°C. As expected,
the results of the shear punch test were in good agreement with those from the original
miniature tensile specimen study [1]. It can be seen that helium/dpa ratios typical of a
fusion reactor environment (~15-20 appm He/dpa) have no significant effect on the yield
properties of the materials when compared to the scatter in the data from their respective
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Figure 1. The influence of thermomechanical starting state and different He/dpa ratios on the
effective shear yield strength of three austenitic alloys irradiated below core at 365°C and above
core at 490°C. The average helium generation rates for undoped and doped specimens are shown
on each figure.
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controls. The value of t, of each of the irradiated materials approaches a saturation level
that is dependent on the irradiation temperature, but independent of the thermomechanical
starting state. Convergence in material strength with increasing dpa is very clear for the
material irradiated at 365°C (Fig.1), but has not been completed at 490°C due to the low
dpa levels achieved.

The tensile-shear punch relationship was first produced for the yield properties of the three
materials individually. A linear regression on each data set yielded slopes that were ~2
(Table 1). On the basis of the maximum shear stress or Tresca yield criterion, the slope
was fixed at 2 (Fig. 2). Each correlation was then adjusted by the appropriate offset
parameter, 7o, and all three were combined to form a single correlation (Fig. 3). A practical
measure of the accuracy of the final correlation was calculated as the standard deviation of
oy (53 MPa). Thus in practice, it would be expected that shear punch yield data would be
used to predict tensile yield strength to within 53 MPa, or to within 43 MPa for o, between
400 and 800 MPa (Fig. 4).

Fe-25Ni-15Cr Fe-25Ni-15Cr-0.04P Fe-45Ni-15Cr
1000 ¢ m=2 T m=2 T m=2
800 + 4 1
]
% 600 + 4 4
0T 53 + 1,=40 T 7,39
2001 X% st.dev=62 1 st.dev.=54 1 st. dev= 54
0

0 200 400 600 800 1000 O 200 400 600 800 1000 O 200 400 600 800 1000
Effective shear yield strength, 15, /MPa

Figure 2. Tensile-shear punch correlation for three austenitic alloys with regression slopes defined
as 2 by the Tresca criterion.

Discussion

It was noted that when the regression was applied to the three austenitics individually, the
slopes were all ~2 (Table 1). Earlier work summarised by Hamilton [4] shows the value of
the slope to be somewhat variable for individual material systems using smaller data sets.
For example stainless steels appear to have a slope of ~1.7 and values of 2.8 and 2.6 were
seen for vanadium and aluminium respectively. When the austenitic material data sets
were adjusted for 1o and combined, the slope of the final regression was almost exactly
equal to 2. The wide range of material strength data available in the current study was
considered to increase the confidence in the accuracy of the correlation and so the question
arose whether there was some fundamental reason for the regression slopes to tend to this
value. The ratio of shear to uniaxial stress in the maximum shear stress or Tresca yield
criterion is 2, i.e.,

C, =27, @
This result would only be expected if a state of pure shear can be assumed in the process
zone of the specimen during a shear punch test. This is not necessarily the case since
there is a small clearance (~0.02 mm) between the punch and die, which would lead to
other stress components being present in the TEM specimen under test.
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Table 1. Regression constants for tensile-shear punch correlation of three austenitic alloys.

Material Linear regression Tresca criterion applied
of vield data to yield data (slope of 2)
m (slope) T, m (slope) T,
Fe-25Ni-15Cr 23 84 2.0 53
Fe-25Ni-15Cr-0.04P 2.0 38 2.0 40
Fe-45Ni-15Cr 2.1 49 2.0 39
Kullen [9], however, previously 1000
applied the Tresca yield criterion oy, = 2.0(tg - T,)
with some success to predict the 900 1
tensile yield strengths of a number 800 T
of materials after conducting a 200 -
series of 3 mm punch tests to
produce TEM discs. Lucas [2]noted F 600 1
that the regression coefficient in a = 5o -
tensile-shear punch correlation for =3,
yield data from a variety of materials b _400 Standard deviation
when combined was close to V3 = 300 + =+/-53 MPa
1.73. This is the ratio of shear to 200 4
uniaxial stress in the von Mises yield
criterion. Attempts at fitting the 100 +
current data to the von Mises 0 . . ; .
criterion were unsuccessful. The 0 200 400 600 800 1000
individual material regressions were
calculated for a slope of 2 (Fig. 2) to Tsy— T JMPa

investigate the suitability of applying

the Tresca criterion. The resulting  Figure 3. Single correlation developed from all three

values of 7o are displayed along side  austenitic alloys.

those for the individual data sets in

Table 1. It can be seen that the
values of <1 appear to be
converging, which indicates that a
single value may be assigned to this
alloy class. The three correlation
were adjusted by their respective
values of 1o and combined to form a

II O'y = 2.0(Tmeas - To)

single correlation (Fig. 3).

oy/MPa

The effectiveness of the correlation
is measured by the standard
deviation of the measured tensile
data from the value that the
correlation predicts from the shear

punch yield strength. It can be seen
from Figure 3 that the majority of
the data lie within £ 53 MPa (a 68%
confidence limit). It is likely that if
multiple shear punch tests could be

Standard deviation
=+/-43 MPa
0 200 400 600 800 1000
‘tsy - To/MPa

Figure 4. Single correlation for all three austenitic

carried out for a particular material  2lloys for o, > 400 MPa.
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condition, the standard deviation observed in the correlation would be reduced since the
average of data from only two shear punch tests and one or two miniature tensile test were
used for each correlation point. The difficulty of defining a common practice for
determining the yield point for a shear punch test also contributes to the prediction
accuracy. The 2% strain offset used to determine the tensile yield strength cannot be
applied to the shear punch test. It is therefore difficult, especially for softer materials, to
extract effective shear yield strength data. This is evident in Figure 3 where the scatter is
clearly greatest for the data from the lower strength materials. It was for this reason that
Figure 4 was constructed for only those materials having a measured tensile yield strength
greater than 400 MPa, where the standard deviation was reduced to + 43 MPa.

CONCLUSIONS

The shear punch test will reliably replicate the trends obtained in tensile test data. This is
an important result since tensile specimens are not always available. A reliable correlation
has been developed which can be used to’ predict yield properties over a wide range of
material strengths to an acceptable level of accuracy. Applying the Tresca criterion would
appear to be valid, but further qualification of this theory is required. The Tresca criterion is
superior to von Mises’ for this data set. The offset parameter requires further investigation
before definitive conclusions can be drawn as to its origin and nature.

FUTURE WORK

Similar analysis will be applied to the shear maximum strength data from this study.
Additional testing on both TEM and miniature tensile specimens will be performed on a set
of 316 austenitic stainless steel variations irradiated over a wide range of conditions in
FFTF-MOTA and the validity of the correlation will be further assessed with these data.
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SUMMARY OF THE 9TH IEA WORKSHOP ON RADIATION EFFECTS IN CERAMIC
INSULATORS — S. J. Zinkle (Oak Ridge National Laboratory), E. R. Hodgson (CIEMAT), and
T. Shikama (Tohoku Univiversity)

OBJECTIVE

The objective of this report is to summarize the discussions held at the IEA workshop on
Radiation Effects in Ceramic Insulators.

SUMMARY

Twenty one scientists attended an IEA workshop in Cincinnati, Ohio on May 8-9, 1997, which was
mainly devoted to reviewing the current knowledge base on the phenonenon of radiation
induced electrical degradation in ceramic insulators. Whereas convincing evidence for bulk RIED
behavior has been observed by two research groups in sapphire after electron irradiation,
definitive levels of bulk RIED have not been observed in high purity Al,O, by several research
groups during energetic ion or fission neutron irradiation. Possible reasons for the conflicting
RIED resuits obtained by different research groups were discussed. It was concluded that RIED
does not appear to be of immediate concern for near-term fusion devices such as ITER.
However, continued research on the RIED phenomenon with particular emphasis on electron
irradiations of single crystal alumina was recommended in order to determine the underlying
physical mechanisms. This will allow a better determination of whether RIED might occur under
any of the widely varying experimental conditions in a fusion energy device. Several critical
issues which are recommended for future study were outlined by the workshop attendees.

PROGRESS AND STATUS

Introduction

Several IEA workshops have been held over the past few years to discuss the growing number of
experimental studies on the intriguing phenomenon of radiation induced electrical degradation:
(RIED). The experimental evidence for RIED is primarily based on electron irradiation studies
performed by Eric Hodgson and coworkers on single and polycrystal forms of Al,O; [1-6).
Additional evidence for RIED has been reported by several research groups for electron-, light
ion- and neutron-irradiated Al,O; [7-11]. These studies suggest that the electrical conductivity of
ALLO; may exceed 10° S/m after doses as low as ~10° displacements per atom (dpa) if an electric
field >100 V/mm is applied during irradiation in the temperature range of ~200 to 550°C. On the
other hand several other research groups have failed to observe catastrophic RIED in Al,O,
following electron [12,13], light ion [14-16], or neutron irradiation [17-20]. Some published
results for electron [3,5,21] and light ion [22] irradiation have suggested that the initiation of RIED
may be influenced by the purity or quality of the insulator.

Due to the difficulties associated with performing in-situ electrical conductivity measurements on
irradiated insulators, considerable attention has recently been focused on measurement
methods. The essential experimental techniques for accurate in-situ measurement of the
electrical conductivity of ceramic insulators were discussed in detail at an IEA workshop held in
Stresa, ltaly in September 1993. It was concluded that the experimental techniques used by the
investigators which had observed RIED were generally appropriate, but additional
recommendations for future experimental studies were formulated. A round robin RIED
experiment on Wesgo AL995 alumina (the IEA reference insulator) was initiated following the
Stresa workshop, and the results were reported at an IEA workshop held in Obninsk, Russia in
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September 1995. No evidence for bulk RIED in this material was observed by 5 different
research groups using electron, light ion, and neutron irradiation sources [23].

In the past year, several new RIED irradiation experiments have been performed which have a
significant impact on the understanding of the RIED phenomenon. These experiments include a
HFIR neutron irradiation experiment on 12 different grades of single- and poly-crystal alumina
(450°C, ~3 dpa, 200 V/mm) and several additional electron and light ion irradiation experiments.
The primary objective of the IEA workshop was to review the available RIED studies on ceramic
insulators. Some discussion of recent work in other areas such as loss tangent measurements,
mechanical strength, etc. occurred on the final afternoon of the workshop. The workshop was
held immediately after a related symposium on "Fabrication and Properties of Ceramics for Fusion
Energy and Other High Radiation Environments," which was convened on May 5-7, 1997, as part
of the American Ceramic Society annual meeting in Cincinnati, Ohio. Copies of the viewgraphs
presented at the IEA workshop and abstracts of the presentations were collected for distribution
to the attendees as a bound booklet (ORNL/M-6068).

Workshop Presentations

The agenda for the workshop is given in Table 1, and the list of attendees is given in Table 2. In
the opening talk, Eric Hodgson summarized the experimental evidence generated in his
laboratory for bulk RIED in ceramic insulators. A clear increase in the volume current was
measured using guard ring techniques in several specimens irradiated with electrons. Small
surface currents were observed in sapphire and Vitox alumina, whereas large surface and bulk
currents were measured in MgO and spinel. Optically visible features could be observed in the
bulk of electrically degraded sapphire specimens, which are apparently clusters of gamma alumina
precipitates according to TEM analysis. He presented results which support the importance of
point defect production in the degradation process, and then outlined a theoretical model which
may explain the RIED process. The model assumes that the degradation is due to the formation
and clustering of oxygen vacancies via the following sequence: F (oxygen vacancy with two
trapped electrons) ->F" (one trapped electron, enhanced mobility compared to F center) ->F,
->colloids (Al metal precipitate due to deficiency of oxygen). The colloids are assumed to
promote gamma alumina precipitation in neighboring regions, since the gamma alumina (spinel)
structure can be formed by introducing cation vacancies on octahedral sites [24].

Tatsuo Shikama summarized evidence for long-term increases in the electrical conductivity of
ceramic insulators irradiated in fission reactors. The presence of an offset current which has been
attributed to “radiation induced electro-motive forces” (RIEMFs) was observed in essentially all
cases, although the physical mechanism responsible for this offset current remains unclear. He
proposed that the premature failure (electrical shorting) observed in several of the specimens
irradiated in the HFIR-TRIST-ER1 experiment may be correlated with specimen type, although
there was no evidence for an increase in electrical conductivity prior o the shorting. A
pronounced increase in the electrical conductivity of a 0.05%Cr-doped sapphire (ruby) specimen
was observed in the HFIR experiment at low doses (~0.1 dpa). The conductivity slowly
decreased with increasing dose for the remainder of the irradiation.

Chiken Kinoshita presented in-situ electrical conductivity data obtained on sapphire specimens
with thicknesses of 0.27 and 0.75 mm irradiated with 1 MeV electrons in an HVEM. The
temperature dependence of the bulk radiation induced conductivity was found to be dependent
on the specimen elecirode type (vacuum deposited Ti or Au versus sputter deposited Pt).
Permanent RIED was not detected for irradiation up to ~9 x 10° dpa at 420°C with an applied
electric field of 93 V/mm. It was proposed that previous reports of RIED may be due to the effect
of electrode materials and/or the measuring system.
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Table 1. Agenda for IEA Workshop on Radiation Effects in Ceramic Insulators
Wednesday afternoon (May 7):

1:00 pm Introductory Comments--Workshop organizers

1:10 pm  Evidence for bulk RIED in ceramics
E.R. Hodgson (CIEMAT)
T. Shikama (Tohoku Univ.)

1:50 pm Recent RIED experiments
1:50 pm Electron irradiations
C. Kinoshita (Kyushu Univ.)
T. Terai (U. Tokyo)
Y. Chen (DOE)
E.R. Hodgson (CIEMAT)

2:50 pm lon irradiations
W. Kesternich (KFA-Julich)
A. Moslang (Forschungszentrum Karlsruhe)
V.M. Chernov (IPPE-Obninsk)

3:50 pm Neutron irradiations
S.J. Zinkle/HFIR-TRIST-ER1 (ORNL)
T. Shikama/JMTR (Tohoku Univ.)
K. Noda/JRR (JAERI)
V.M. Chernov (IPPE-Obninsk)
E.R. Hodgson/Mol (CIEMAT)

Thursday (May 8):

8:30 am Possibie explanations for conflicting results on bulk RIED
Effects of dose rate, temperature, electric field, material, and test environment
E.R. Hodgson (CIEMAT)

Electron beam straggling and implanted charge effects
A. Mdslang (Forschungszentrum Karlsruhe)
S.J. Zinkle (ORNL)

Irradiation spectrum effects on F/F*/colloid formation
S.J. Zinkle (ORNL)

1:00 pm  Overview of recent work on ceramic insulators (non-RIED)
E.R. Hodgson (CIEMAT)
R. Vila (CIEMAT)
V.M. Chernov (IPPE-Obninsk)
K. Noda (JAERI)
C. Kinoshita (Kyushu Univ.)
T. Shikama (Tohoku Univ.)
S.J. Zinkle (ORNL)

3:00 pm Discussion of critical issues, workshop statement on RIED,
recommendations for future work (including proposed
collaborations/ round-robin experiments)
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Table 2. Attendees at IEA Fusion Ceramics Workshop.

Anton Mdslang, Forschunszentrum Karlsruhe, Germany
Wilto Kesternich, Forschunszentrum Jillich, Germany
Rafael Vila, CIEMAT, Spain

Eric Hodgson, CIEMAT, Spain

Tatyana Bazilevskaya, Kharkov State University, Ukraine
Vyacheslav M. Chernov, SSC RF-IPPE, Obninsk, Russia
Chusei Namba, National Institute for Fusion Science, Japan
Akira Kohyama, Kyoto University, Japan

Tatsuo Shikama, Tohoku University, Japan

Akira Hasegawa, Tohoku University, Japan

Kenichi Shiiyama, Kyushu University, Japan

Chiken Kinoshita, Kyushu University, Japan

Toyohiko Yano, Tokyo Institute of Technology, Japan
Takayuki Terai, University of Tokyo, Japan

Kenji Noda, Japan Atomic Energy Research Institute, Japan
Lance Snead, Oak Ridge National Laboratory, USA

Steve Zinkle, Oak Ridge National Laboratory, USA

Kenneth Young, Princeton Plasma Physics Laboratory, USA
Yok Chen, U.S. Department of Energy, USA

F. W. Wiffen, Office of Fusion Energy Sciences, U.S. Department of Ehergy, USA
J. Y. Park, Korean Atomic Energy Research Institute, Korea

Yok Chen summarized electron irradiation RIED results on unguarded sapphire specimens
reported in two recent publications [10,11]. He concluded that the mechanisms leading to RIED
in ALLO; appear to be similar to those for thermal dielectric breakdown. In particular, a moderately
high dislocation density (~10'%/m?) was present in both irradiated and thermally degraded oxide
specimens. Precipitates were not observed in the irradiated specimens. A theoretical model
based on carrier injection from the electrodes was outlined which appeared to describe the main
features of the RIED process in his experimental studies. RIED was observed to be inhibited
when the electric field was reversed, in contrast to an earlier study by Hodgson [3]. According to
the carrier injection model, the electrical conductivity should decrease immediately after the
electric field is reversed.

Eric Hodgson reported his recent work on Wesgo AL985 surface/bulk conductivity. He observed
that irradiation in vacuum causes severe surface degradation, but irradiation in air or He does not.
In further irradiations it was observed that collimation of the electron beam to irradiate only the
central electrode drastically reduces the surface degradation (i.e. the surface degradation is
radiation induced or enhanced) He noted that this observation helps to expiain the conflicting
results of Kesternich and Mdslang. Further experiments were carried out with a collimated beam
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to study the volume degradation in vacuum. Up to 500 kV/m no volume degradation was
observed (> 200 h irradiation). However at 1 MV/m a clear volume degradation was observed.
The process is complicated by radiation enhanced impurity segregation (electrolysis) at the
negative electrode, which caused saturation in the observed RIED. However polishing off < 0.1
mm indicated severe volume degradation. At 1.5 MV/m (AC 50 Hz) a clear volume degradation
was observed with no saturation.

Wilto Kesternich summarized RIED data obtained on several different grades of alumina,
including Rubalit, Wesgo AL995 and Deranox (Vitox) irradiated with energetic protons or alpha
particles. Bulk RIED was not observed in any of these specimens. In one case, specimen
microcracking produced an increase in the current measured by the center electrode. After an
initial increase in the measured current, the crack appeared to slowly heal (or else the surface
conducting layer oxidized and became poorly conducting) with further increases in dose. He
reiterated the importance of adhering to all of the measurement techniques approved at the
Stresa |IEA workshop in 1993, and added that the possibility of surface microcracking must be
investigated (using SEM) in all specimens which show an apparent increase in bulk conductivity.

Anton Méslang presented the results of RIED studies on 104 MeV He* ion irradiated Al,O,
(Vitox/Deranox, Wesgo AL995) and AIN specimens. A previously reported [22] observation of
pronounced RIED in a Vitox alumina specimen was attributed to specimen cracking effects in his
presentation; a nominally identical grade of alumina (Deranox) produced by the same
manufacturer did not exhibit any permanent electrical degradation following irradiation to similar
conditions as the Vitox specimen. In addition, RIED was not observed in Wesgo AL995 alumina
or AIN specimens. He concurred with Kesternich’s conclusion that specimen cracking must be
investigated in specimens which exhibit apparent bulk RIED.

Vyacheslav Chernov reported that neither RIC nor RIED was observed in alumina irradiated with
10 MeV protons at room temperature or with fission neutrons at ~580°C, 70 Gy/s. These
irradiation conditions are outside of the temperature range where previous studies have reported
RIED (~250-530°C). The lack of observable RIC in the neutron irradiated specimen may be
attributable to the relatively high temperature and low ionizing dose rate. On the other hand, the
absence of observable RIC in the proton-irradiated specimen is unexpected based on previous
RIC studies near room temperature by other research groups. He also reported observation of
dielectric breakdown and cracking within ~0.8 mm of the incident surface of a 2.7 mm thick
sapphire specimen irradiated with 1 MeV electrons.

Steve Zinkle summarized the results of a recently completed DOE/Monbusho in-situ electrical
conductivity experiment on several different grades of alumina that was performed at 450-500°C
in the HFIR fission reactor. A total of 15 specimens (3 without dc bias) were irradiated to a
maximum dose of ~3 dpa. The bulk conductivity measured during full-power irradiation (10-
16 kGy/s) remained below 1 x 10 S/m in all of the pure alumina specimens. The only specimen
which exhibited an apparent bulk conductivity higher than 1x10™ S/m was a 0.05% Cr-doped
sapphire specimen, which showed a rapid initial increase in conductivity to ~2 x 1 x 10™* S/m after
~0.1 dpa, followed by a gradual decrease to <1 x 10° S/m after 2 dpa. Nonohmic electrical
behavior was observed in all of the specimens, and was attributed to preferential attraction of
ionized electrons in the capsule gas to the unshielded low-side bare electrical leads emanating
from the subcapsules. The electrical conductivity was determined from the slope of the
specimen current vs. voltage curve at negative voltages, where the gas ionization effect was
minimized. More than half of the coaxial cables shorted during the 3 month irradiation. Dielectric
breakdown tests performed on nonirradiated coaxial cables indicated that the shorting was
associated with breakdown in the glass used to seal the ends of the cables. Postirradiation
measurements of the temperature-dependent electrical conductivity of all specimens are
planned, along with examination of the shorted coaxial cables. Measurements made on two high
purity sapphire specimens which were irradiated for the full 3 reactor cycles indicate that the
electrical conductivity did not exceed the normal RIC value of ~1 x 10° S/m at any point during the
irradiation.
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Tatsuo Shikama reported results of a JMTR fission neutron experiment carried out under the
US/Japan collaboration in conjuction with the recent HFIR experiment (performed under the
same collaboration framework, and reported at the workshop by Steve Zinkle). He pointed out
some interesting but mysterious phenomena obtained in fission reactor experiments. These
results were first recognized in JMTR and clearly and confidently confirmed in HFIR. These results
may infer problems associated with fusion reactor developments. He implied that they may have
some correlation with a long term degradation of electrical insulation of ceramics. He proposed to
continue international collaborations which focus on studying the fundamental nature of these
phenomena in inexpensive and easily accessible reactors such as JMTR.

Kenji Noda described a recently completed in-situ electrical conductivity experiment on MgO and
Al,O, performed at 300 to 450°C in the JRR-3 reactor. The RIC values appeared to be in good
agreement with previous studies. It was concluded that RIED did not occur to any significant
degree up to the maximum damage level of 0.2 dpa. The session was concluded by
Eric Hodgson with a brief description of a neutron irradiation experiment in the Mol reactor that is
scheduled to begin in the summer of 1997.

On the second day of the workshop, the morning session was devoted to discussion of possible
reasons for the apparent conflicting results regarding the presence of RIED in irradiated
specimens. Eric Hodgson noted that most of the observations of RIED were obtained using
electrons at low dose rates (<10 dpa/s), whereas most of the ion and neutron irradiation
experiments were performed at 3 orders of magnitude higher dose rate. Assuming that the
incubation dose for RIED is proportional to the square root of dose rate (in analogy with void
swelling and colloid processes), then RIED for typical ion and neutron conditions would become
evident at doses ~10 to 100 times higher than that for the electron irradiations. However, the
reported absence of RIED at doses above 0.01 to 0.1 dpa in several ion and neutron irradiation
studies cannot be explained by dose rate effects. Hodgson also noted that several experiments
which reported the absence of RIED were performed at temperatures outside the RIED
temperature regime of ~250-530°C. The electric field threshold for initiation of RIED is expected
to be material dependent, and it is possible that low-purity materials may have higher threshold
electric fields than the ~50 kV/m threshold reported for high-purity sapphire. Similarly, impurities
may increase the incubation dose for initiation of RIED. Hodgson also suggested that additional
work is needed to understand the role of test environment (air vs. vacuum, etc.) on the electrical
degradation process.

Anton Méslang and Steve Zinkle discussed aspects associated with electron irradiation which
might promote the RIED process in electron-irradiated specimens compared to neutron-irradiated
specimens. Both presentations pointed out that, due to the large range straggling for electrons,
greater than 20% of the charge from a 1.8 MeV electron beam incident on a 1 mm-thick Al,O,
specimen would be deposited in the specimen. This implanted charge might produce high
localized electric fields under certain circumstances, which could lead to internal dielectric
breakdown (similar to the well-known Lichtenberg avalanche breakdown patterns in electron-
implanted insulators). A further consideration for near-threshold irradiation sources such as
electron beams is the nonstoichiometric defect production rate on the anion and cation
sublattices, which may contribute to localized polarization effects. It was noted that the internal
electric field is generally not related to the applied electric field in a simple manner; however, it was
interesting to note that the macroscopic electric field due to the injected charge from the electron
beam in a 1 mm-thick specimen was comparable to the threshold electric field for rapid RIED
obtained in electron irradiation studies. Another effect worth considering is that the relatively
high ionization/ displacement ratio for electron irradiation may enhance the F*/F center ratio
compared to neutron irradiations, which could have an impact on the microstructural evolution of
irradiated specimens (particularly if colloid formation is responsible for the initiation of RIED).

Several additional details associated with RIED were brought up in the ensuing general
discussion. Yok Chen expressed concern about F* center identification and recommended
cathodoluminescence instead of radioluminescence/ photoluminescence. However Hodgson
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insisted that the optical characteristics of the F, F* and F, reported were in excellent agreement
with literature values and could be adequately identified by absorption and radioluminescence.

Two preliminary models were proposed to describe the RIED process, based on charge injection
form the electrodes and colloid/gamma alumina precipitation, respectively. Both models appear
to successfully explain some aspecis of the electrical degradation observed in electron irradiated
specimens, but do not explain other aspects. For example, pronounced electrical degradation
would have been predicted by the charge injection model for the long-term (2 days to 3 months)
ion and neutron irradiation experiments where RIED was not detected. There also appeared to
be a discrepancy between the results of two research groups [3,11] on whether RIED is
suppressed when the electric field is periodically reversed during electron irradiation. Further
work is clearly required to address this discrepancy.

There was general agreement by the workshop participants that, with the possible exception of
ion irradiation results by Pells [7] (which might be attributable to specimen cracking similar to that
observed by Mdslang and Kesternich), definitive levels of bulk RIED have not been observed for
ion or neutron irradiations. This raises the possibility that perhaps some aspect of electron
irradiation promotes RIED more vigorously than ion or neutron irradiation sources. Even for the
case of electron irradiation, several studies have failed to detect RIED under conditions where
pronounced electrical degradation was found by Hodgson and coworkers and Zong et al.
Therefore, the workshop participants concluded that the most fruitful research area for future
RIED studies would be to develop an improved understanding of the electron irradiation
conditions which enhance RIED (e.g., effect of specimen thickness, reversed electric fields,
etc.). Eric Hodgson agreed to distribute virgin specimens of the Union Carbide sapphire used in
his electron irradiation studies to W. Kesternich and T. Terai for a round-robin electron irradiation
study.

Concerning fission reactor experiments, there was a general consensus that the recent HFIR
experiment gave conclusive results in a helium environment. To confirm the results,
postirradiation examination of irradiated specimens, including the temperature dependence of
the conductivity of irradiated specimens and examination of the mineral insulated cables, and if
possible microstructure (TEM) examination, was recommended. Eric Hodgson's planned reactor
experiment in Mol will be a useful complement to the HFIR experiment, since it will provide
information on the effect of environment (inert gas vs. vacuum) and dose rate dependence.
Tatsuo Shikama's proposal of a JMTR experiment will enlighten fundamental aspects of electrical
conductivity of ceramic insulators under fission reactor iradiation (which is the closest high-
intensity approximation to the fusion irradiation environment presently available).

Brief summaries of recent non-RIED work on ceramic insuiators were presented by the workshop
participants in the final afternoon session. Copies of the presented viewgraphs are contained in
the bound volume (ORNL/M-6068) to be distributed to the workshop participants.

Workshop Summary Statement

Volumetric defects (gamma-alumina and/or dislocations) and evidence for bulk RIED-like behavior
have been observed in sapphire by two research groups during electron irradiation near 450°C
with applied E fields >100 V/mm [5,10,11,24]. However, 2 other research groups did not
observe pronounced RIED in sapphire after electron irradiation [12,13]. Evidence for bulk RIED
has been found in only one new experiment [24] since the Stresa IEA workshop in September
1993, where revised standard experimental conditions were defined. However, very few
electron irradiations have been performed on sapphire since that time.

Definitive levels of bulk RIED have not been observed in high purity ALO, by several research
groups during energetic ion or fission neutron irradiation. All ion and neutron irradiation
experiments performed since the Stresa workshop have not observed bulk RIED. Some
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previous reports of RIED in ion and neutron irradiated specimens are due to surface leakage
currents or specimen cracking. Postirradiation examination of the HFIR-TRIST-ER1 specimens
should be performed to determine if any low-level RIED (i.e., below ~5x107 S/m at 450°C) exists
in the irradiated specimens. To aid in the interpretation of the HFIR and other reactor
experimental results, some radiation-induced phenomena such as RIEMF and non-ohmic
behavior should be studied using smaller reactors. The planned BR-1 and BR-10 reactor
experiments (with vacuum environment) will provide additional important information concerning
RIED under fission reactor irradiation.

Two models have been proposed to explain the RIED phenomenon under electron irradiation,
based on Al colloid/gamma alumina formation and electrode charge injection, respectively.
Neither model fully explains all of the available electron irradiation data on RIED.

RIED does not appear to be of immediate concern for near-term fusion devices such as ITER.
However, continued research on the RIED phenomenon with particular emphasis on electron
irradiations of single crystal alumina is warranted in order to determine the underlying physical
mechanisms. This will allow a better determination of whether RIED might occur under any of the
widely varying experimental conditions in a fusion energy device. Future studies on RIED should
continue to follow the Stresa IEA workshop recommendations regarding essential features of the
experimental technique [23], including careful measurement of surface and contact resistances.
In addition, detailed postirradiation microstructural examination (SEM for cracks and TEM for bulk
defects) should be performed and reported on all specimens exhibiting apparent RIED.
Research is particularly recommended in two areas: (1) effects of AC or periodically reversed DC
electric fields on the RIED process, and (2) vacuum/gas environmental effects (strong effects
have been reported for the surface conductivity, but it is uncertain whether any effect on the bulk
conductivity may occur).

Although RIED does not appear to be an issue for near-term fusion devices such as ITER,
numerous experiments have highlighted technological problems which need to be considered in
the reactor design. These issues include enhanced surface conductivity, crack propagation, and
issues associated with the best way to terminate mineral insulated cables. Additional work is
needed to determine if acceptable engineering designs can be made to accommodate these
problem areas.

CRITICAL ISSUES AND RECOMMENDED FUTURE WORK

e The priority for future RIED studies should be on electron irradiation experiments on UV-
grade sapphire
— air vs. vacuum
— field reversal effects (flipped sample and ac electric field)
(Eric Hodgson agreed to supply unirradiated Union Carbide sapphire specimens to
W. Kesternich and T. Terai for electron irradiation studies)

» Attention should be given to the various experimental problems which have been identified
in recent RIED studies (specimen cracking, surface conductivity, Ml cable terminations, etc.)
— any relation to bulk RIED? ’
— significance of these problems for ITER and future devices?

* Concerning the increase in electrical conductivity due to RIC, the most recent results have a
tendency to give lower values of RIC. This could be interpreted that the more improved
techniques will give more appropriate and lower values of RIC. Considering that the
accumulated values of RIC do not always satisfy the ITER magnetic coil critera for ceramic
insulators, namely conductivity lower than 10°° S/m at 10 kGy/s, confident evaluation of RIC
values by the most accurate experimental technique is recommended.
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Standardized dpa calculations for ceramics are urgently needed

R&D on blanket insulator coatings is needed, although recent results were not discussed in
the workshop

The value of IFMIF was recognized, but details regarding effective utilization of such an
irradiation source were not discussed in the workshop
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ANALYSIS ‘OF IN-SITU ELECTRICAL CONDUCTIVITY DATA FROM THE HFIR
TRIST-ER1 EXPERIMENT — S. J. Zinkle, W. S. Eatherly, L. L. Snead (Oak Ridge National
Laboratory), T. Shikama (Tohoku University), and K. Shilyama (Kyushu University)

OBJECTIVE

The objective of this work is to determine the existence or absence of bulk radiation induced
electrical degradation (RIED) in neutron-irradiated Al,O,.

SUMMARY

The current vs. applied voltage data generated from the HFIR TRIST-ER1 experiment have been
analyzed to determine the electrical conductivity of the 15 aluminum oxide specimens and the
MgO-insulated electrical cables as a function of irradiation dose. With the exception of the
0.05%Cr-doped sapphire (ruby) specimen, the electrical conductivity of the alumina specimens
remained at the expected radiation induced conductivity (RIC) level of <10® S/m during full-power
reactor irradiation (10-16 kGy/s) at 450-500°C up to a maximum dose of ~3 dpa. The ruby
specimen showed a rapid initial increase in conductivity to ~2 x 10 S/m after ~0.1 dpa, followed
by a gradual decrease to <1 x 10° S/m after 2 dpa. Nonohmic electrical behavior was observed in
all of the specimens, and was atiributed to preferential attraction of ionized electrons in the
capsule gas to the unshielded low-side bare electrical leads emanating from the subcapsules.
The electrical conductivity was determined from the slope of the specimen current vs. voltage
curve at negative voltages, where the gas ionization effect was minimized. Dielectric breakdown
tests performed on unirradiated mineral-insulated coaxial cables identical to those used in the
HFIR TRIST-ER1 experiment indicate that the electrical shorting which occurred in many of the
high voltage coaxial cables during the 3-month irradiation is attributable to thermal dielectric
breakdown in the glass seals at the end of the cables, as opposed to a radiation-induced electrical
degradation (RIED) effect.

PROGRESS AND STATUS
Introduction

As reported in a preceding semiannual progress report [1] a collaborative DOE/Monbusho
irradiation experiment has been completed which measured the in-situ electrical resistivity of 12
different grades of aluminum oxide during HFIR neutron irradiation at 450-500°C. The main
objective of the Temperature Regulated In-Situ Test - Electrical Resistivity (TRIST-ER1)
experiment was to determine if radiation induced electrical degradation (RIED) occurred in several
different grades of aluminum oxide during irradiation in a fusion-relevant irradiation environment
up to relatively high doses. According to previous studies performed primarily with 1.8 MeV
electrons, RIED is expected to be most pronounced at temperatures between 300 and 600°C
and at applied voltages >100 V/mm, with an apparent maximum degradation rate occurring near
450°C [2,3]. The HFIR TRIST-ER1 experiment was performed at an irradiation temperature of
450-500°C with a dc eleciric field of 200 V/mm.

The preliminary analysis of the electrical data reported previously [1] did not show any evidence
for bulk RIED in the high-purity alumina specimens above the expected RIC level of ~1 x 10° S/m
during full-power irradiation up to a maximum dose of 3 dpa. However, there were several issues
which were not satisfactorily addressed in this preliminary analysis: (1) only a limited analysis of the
electrical conductivity of the specimens at selected times was performed for the previous report,
(2) the cause of the eventual failure of 10 of the 15 coaxial cables during the 3-1/2 month
irradiation was uncertain (it was speculated in the preceding report to be due to dielectric
breakdown in the glass seals at the cable termination), and (3) the physical mechanism(s)
responsible for the observed nonohmic electrical behavior were uncertain. Recent progress
toward resolution of these issues is summarized in this report.
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Experimental Procedure

The experiments were performed in the Temperature-Regulated In-Situ Test (TRIST) facility
located in a Removable Beryllium position of the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL). A total of 15 specimens were irradiated in the in-situ electrical
conductivity capsule. The specimen matrix included 12 different grades of polycrystal and single
crystal alumina (Table 1) in order to confirm published studies which suggested that the threshold
dose for initiation of RIED depends on specimen purity [3,4]. The TRIST-ER1 experiment was
performed following the guidelines outlined in ASTM Standard Test Method for DC Resistance or
Conductance of Insulating Materials (ASTM D257-91), and in accordance with the stringent
experimental technique conditions adopted by the participants to an IEA ceramic insulator
workshop held in Stresa, Italy in September 1993 [5]. In particular, the electrical contacts were
brazed onto the specimen surface so that contact resistances were negligible, and the leakage
resistances between the back (high voltage) and low voltage guard and center electrodes was
measured periodically throughout the irradiation. The specimen temperatures were monitored
continuously by two thermocouples located in each subcapsule. The sample temperatures were
controlled by adjusting the composition of a flowing mixture of helium and neon in the control gas
gap between the subcapsules and the holder sleeve [1,6]. The measured irradiation
temperatures for the 15 subcapsules ranged from ~440 to 500°C, depending on the subcapsule
position. Details of the irradiation temperature history are described elsewhere [6]. All of the
subcapsules were sealed to minimize the amount of surface contamination buildup during
irradiation.

The specimen matrix included 7 high-purity single crystal alumina specimens produced by two
different manufacturers with different crystallographic orientations (Table 2). Seven
polycrystalline alumina specimens with impurity contents ranging from 0.1 to 3% were included in
the capsule, along with a 0.05% Cr-doped single crystal alumina (ruby) specimen. Two of the
single crystal specimens and one of the polycrystal specimens (subcapsules 11, 12 and 15) were
irradiated without dc bias and served as control specimens for the RIED experiment. The alumina
specimens were irradiated as disks with dimensions of 8.5 mm diameter by 0.75 mm thick. A 1.1
mm OD triaxial MgO powder-insulated cable with a copper center wire and a braided copper
sheath was used as the low-side data lead from each subcapsule. A 1.6 mm OD coaxial MgO
powder-insulated cable with a copper center conductor was used as the power lead. The leads
for the coax and triax cables were torch-brazed and spot welded to the appropriate Ni wires from
each subcapsule. The mineral insulated (MI) cables were connected to polymer-insulated coax
and triax cables near the top of the HFIR pressure vessel. The series line resistances of the coaxial
and triaxial cables were all ~3-56 Q. Further experimental details are given elsewhere [1].

Data acquisition and control was performed using a National Instruments Labview Il program
running on a Macintosh computer. A Keithley 7002 matrix switch system (containing Keithley
7169A switch cards on the high side and 7058 switch cards on the low side) was used to switch
the specimen leads to the appropriate electrical instruments. A dc potential of 150 V was
continuously supplied to the brazed base surface of 12 of the specimens (except for brief periods
when electrical measurements were taken) by two HP 6035A power supplies, producing an
electric field of 200 V/mm in the specimens. As described elsewhere [1], several different types
of electrical measurements were performed on the specimens in order to differentiate between
bulk conductivities and surface conductances. These tests included frequent measurement of
the specimen and guard ring currents at 100 V and periocdic measurement of the ohmic nature of
the electrical currents in the alumina samples and coaxial Ml cables over a typical potential range of
+100 V to -100V. Diagnostic measurements were also performed periodically which allowed the
surface resistance and cable insulation conductivities to be measured. For each electrical
measurement, a settling time of 10 to 30 seconds was typically used from the time the specimen
was switched to the power supply until an electrical current was measured in order to eliminate
signal noise associated with the cable and specimen capacitance. During the reactor startup and
shutdown, a settling time of 5 to 10 seconds was typically used in order to obtain data more
rapidly.
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The irradiation was accomplished over a time period of about three and one half months, and
involved three irradiation cycles (cycles 344-346, each ~26 days long) of the HFIR reactor
operating at 85 MW. The electrical conductivity of the specimens was measured before, during
and following each of the three HFIR irradiation cycles. The specimen temperatures ranged from
30 to 50°C when the reactor was off, and between 50 and 170°C (depending on the control gas
mixture) when the reactor was at 10% power. The irradiation temperature was maintained at 440
to 500°C for all 15 specimens during full-power irradiation. The full-power reactor ionizing dose
rate [6] was 10 to 16 kGy/s and the average displacement damage rate was ~2.4 to 4.3 x 107
dpa/s, with the lowest dose rates obtained for subcapsules 1 and 15 and the highest dose rate for
subcapsule 8 (Table 2). The ionizing dose rate in the core with the reactor turned off (spent fuel
removed) was ~10 Gy/s.

During the first five days of the irradiation, all of the biased specimens which were not undergoing
an electrical measurement were left connected to the 150 V dc bias from the HP power supplies.
This was performed in order to minimize the amount of time that the “biased” samples were
exposed to irradiation with the electric field turned off. However, this arrangement had a
disadvantage of producing large (~0.1-1 A) transient electrical current spikes in the coax cables
during the switching operations, particularly when specimens were switched from an ohmic check
measurement at -100 V back into the bias circuit at +150 V. Several of the coaxial cables failed
(electrical short) during the first few days of irradiation, presumably due to these high transient
currents. The Labview program was modified after five days of irradiation to shut off the 150 V bias
during electrical measurements, and to slowly ramp the power supply from 0 to 150 V when the
bias was reapplied following completion of a set of electrical measurements. The frequency of
electrical measurements was reduced to ~ two per day when this change was implemented in
order to minimize the amount of time that specimens were irradiated without the 150 V bias. The
150 V potential was applied to the biased specimens ~98% of the total irradiation time. Several
additional coaxial cables shorted during the subsequent 3 months of irradiation, although the
frequency of failure was much lower compared to the first 5 days of irradiation.

In order to evaluate whether the coaxial cable shorting was associated with normal dielectric
breakdown effects versus a radiation-induced phenomenon, the dielectric breakdown strength
was measured on 6 spare unirradiated coaxial cables that were produced by the vendor in the
same batch as the HFIR cables. These electrical breakdown measurements were performed at
either room temperature or at 200°C in an open-air furnace with a Keithley 237 Source-Measure
Unit as the power supply. The temperature of 200°C corresponds to the maximum expected
operating temperature of the coaxial cables in the TRIST-ER1 capsule during full-power
irradiation.

Results

Nonohmic electrical behavior

Figure 1 shows the result of an ohmic check performed on a UV-grade sapphire specimen
(sample #1) during full-power HFIR irradiation. The electrical current for positive applied potentials
was significantly higher than the magnitude of the electrical current for negative applied
potentials. Variation of the settling time between voltage application and current measurement
(tre) from 5 s to 180 s had no effect on the shape of the current vs. voltage curve. The calculated
RC time constant for the HFIR electrical circuit was mainly determined by the capacitance of the
coaxial cable (7 nF) which was three orders of magnitude larger than the capacitance of the
alumina specimens (~7 pF). Using the typical measured resistances of the coaxial cables and
alumina specimens during full-power irradiation, the calculated RC time constant for the HFIR
circuit was ~10 ms, which is orders of magnitude smaller than the settling times used for the HFIR
measurements. The ohmic check measurements were generally obtained by first applying a
positive voltage, followed by progressively decreasing voltages. However, a similar current vs.
voltage curve was also obtained when the voltage application sequence was reversed (i.e., initially
applying negative voltages, followed by progressively more positive voltages). The asymptotic
slope of the ohmic check curve at the highest positive voltages was typically between two and ten
times larger than the slope measured at negative voltages.
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Fig. 1. Effect of RC wait time (1) on the electrical response of Crystal Systems sapphire (UV
grade, a-axis orientation) during full-power HFIR irradiation at ~450°C. The 1pc=10 s
measurements were performed immediately before and after the 1tgzc=3 min
measurements.
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Fig. 2. Electrical response of Crystal Systems UV grade sapphire (c-axis orientation, sample #2)
approximately 1 h after completion of the first HFIR irradiation cycle.
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Table 1. lon pair production rates for several gases [7]

Gas K (ion pairs/cm’>Gy)
He 2.3x107°
Ne 7.0x 10"
Ar 17.7 x 10"
air 21.5x10"

As noted in our previous semiannual report [1], & pronounced increase in the measured current
for positive applied voltages (but not for negative voltages) was observed in all samples on several
occasions prior to the initial startup of the HFIR reactor. From a comparison with the operating
history of the TRIST-ER1 capsule gas handling system, it was determined that this increase in
current for positive voltages coincided with switching from the default He gas mixture to an Ar/He
gas mixture. Figure 2 shows the results of several ohmic check measurements that were
performed on a UV-grade sapphire specimen following the end of the first HFIR cycle (~1 dpa).
The capsule gas mixture (used to control the specimen temperatures during full-power irradiation)
was changed in the sequence He->Ne->Ar in an attempt to increase the specimen temperature
and thereby measure the temperature-dependent electrical conductivity of the irradiated
specimens in a relatively low ionizing radiation field compared to full-power reactor operation. Only
a small elevation in temperature was achieved by this change in gas mixture, due to the low
residual nuclear heating rate after reactor shutdown and the relatively small gas gaps (~20-
100 pm) in the HFIR TRIST-ER1 design. The radiation induced conductivity obtained from the
slope in the negative quadrant of the current vs. voltage curves was ~2 x 10® S/m for all three gas
mixtures. On the other hand, the slope of the current vs. voltage curve in the positive quadrant
was dependent on the gas environment, with the highest slope occurring for Ar and the lowest
slope occurring for He.

The conductivity of an ionized gas is given by o=n,ep, + ney, where n, and n; are the density of
ionized electrons and ions (assumed singularly charged), respectively, e is the electron charge,
and p, and ; are the electron and ion mobilities, respectively [8]. Since the ion mobility is much
smaller than the electron mobility, p; ~10°° p, [7,8], the ion contribution to the current can be
neglected. Therefore, the gaseous current should be mainly evident for positive applied voitages
(due to preferential attraction of electrons) and should be orders of magnitude smaller for negative
voltages. The electrical conductivity in most gases has been found to be proportional to ionizing
dose rate up to ~10" Gy/s, due to the high electron reattachment rate (typical free electron
lifetimes are ~10 ns) [9]. The electrical conductivity of the ionized gas can be described by the
following equation [10].

Cs=Ngell, =KDep, /o (1)

where K is the production rate for ion pairs, D is the ionizing dose rate and « is the electron
attachment rate. The electrical conductivity of air for dose rates relevant to full-power HFIR
irradiation (16 kQy/s) is 6,=38.7x10° 'S/m, which is comparable to the RIC in Al,O,. Table 1
summarizes the ion pair production rate for different gases [7]. It can be seen that Ar would
produce the highest gas conductivity and He would produce the lowest gas conductivity among
the 3 noble gases, which is similar to the experimental results for positive voltages shown in Fig. 2.
Therefore, the observations that the nonohmic behavior occurs mainly for positive applied
voltages and that the relative magnitude of the current agrees with the expected RIC values for
different gas species both suggest that the observed non-ohmic electrical behavior during HFIR
irradiation is due to preferential attraction of ionized electrons in the capsule gas to the unshielded
portion of the “low-side” electrical leads.

Whereas gas conductivity effects appear to qualitatively explain much of the observed nonohmic
behavior in the TRIST-ER1 experiment, quantitative agreement is more difficult to obtain. It
should be noted that the specimen electrical currents were measured on the low side (i.e., near
electrical ground). The voltage change in the low-side triaxial cable was on the order of 0.1 mV as
the coaxial voltage was changed between 100 V and -100 V. Furthermore, only ~1 to 2 cm of the
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triaxial electrical lead from each subcapsule was unshielded. Considering the ~6 orders of
magnitude smaller electric field for the gas compared to the alumina specimen and the comparable
areas of the bare triaxial center lead and the alumina specimen electrodes, the calculated current
in the triaxial cable center lead would be expected to be dominated by the alumina specimen
rather than gas conductivity effects.

The shape of the current vs. voltage plots shown in Figs. 1 and 2 are qualitatively very similar to
Langmuir probe current-voltage plots obtained in plasma physics studies of ionized gases [11].
Since a gas ionized by radiation is essentially a weakly ionized plasma, this plasma physics
approach may be useful for the analysis of the nonohmic TRIST-ER1 electrical data. The
nonohmic behavior in the Langmuir probe plots has been shown to be due to the difference in
the electron and ion fluxes incident on the wire probe, the ratio of which is proportional to (m/m,)"?
where m; and m, are the ion and electron masses. Further analysis is necessary to determine
whether the plasma physics equations developed for Langmuir probes can quantitatively
describe the HFIR TRIST-ER1 electrical data.

In the following sections, the electrical conductivity was calculated from the slope of the current
vs. voltage plots for applied coaxial cable voltages less than -20 V. The surface leakage
resistances between the center, guard and back electrodes were routinely measured and
compared with the apparent bulk resistance to determine if surface leakage currents were
affecting the conductivity measurements, using the equations given by Kesternich et al. [12].

Time-dependent electrical conductivity

Figure 3 shows the electrical conductivity measured on UV grade Crystal Systems sapphire
before and during the first few days of the first HFIR cycle. The measured electrical conductivity
outside of the reactor core was <10™'° S/m, which is at the resolution limit of the electrical
equipment used for the HFIR TRIST-ER1 experiment (due to the ~1 TQ leakage resistance of the
scanner cards in the matrix switch system). The electrical conductivity increased to ~4 x 10° S/m
when the capsule was inserted into the HFIR core prior to the start of the radiation (residual
background radiation dose rate of ~10 Gy/s). The electrical conductivity was ~4 x 10® S/m and
~1.2 x 107 S/m for 10% power and full power irradiation conditions. Figure 4 shows the electrical
conductivity of a regular grade of Crystal Systems sapphire measured before, during and after the
three HFIR reactor cycles. It can be seen that the electrical conductivity of the specimen never
exceeded ~3 x 107 S/m during full-power irradiation at an ionizing dose rate of ~12 kGy/s during
the 3 HFIR irradiation cycles. Following the irradiation, the electrical conductivity of the specimen
returned to a value that was similar to the preirradiation value (limited by the leakage resistance in
the TRIST-ER1 electrical equipment).

Table 2 summarizes the electrical conductivity measurements for the 15 alumina specimens
before and during the initial stages of the first HFIR irradiation cycle. The preirradiation in-core
electrical conductivity ranged from ~3x10™° S/m to 4x10° S/m for the different specimens. The
electrical conductivity at 10% reactor power (1.0-1.6 kGy/s) ranged from 4 x 10° S/mto 2 x 107
S/m. The high-purity single crystal specimens generally had higher RIC values than the
polycrystal specimens for both of these irradiation conditions. The RIC values for full-power
irradiation ranged from 1.2 x 107 to 1 x 10° S/m, with no consistent difference between the
single crystal and polycrystal specimens.

Table 3 shows the corresponding electrical conductivity values measured for the 15 MgO-
insulated coaxial cables. The electrical conductivity was determined from the slope of the power
supply current vs. voltage plots at voltages less than -20 V. The well-known geometry factor for
coaxial cables, R/p=In(b/a)/2xnL, was used to convert the measured resistance (R) to resistivity (p)
values, where b and a are the outer and inner diameters of the MgO insulation and L is the length
of the coaxial cable that was in the HFIR core region. The value of L used for the conductivity
calculation ranged from 5 ¢m for cable #1 to 45 cm for cable #15. The RIC values for the coaxial
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Fig. 3. Electrical conductivity of Crystal Systems sapphire (UV grade, a-axis orientation,
specimen position #1) prior to and during the first HFIR irradiation cycle.
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Fig. 4. Electrical conductivity of Crystal Systems sapphire (regular grade, c-axis orientation,
specimen position #3) prior to, during and following the three HFIR irradiation cycles.
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Table 2. Summary of HFIR TRIST-ER1 electrical conductivity measurements at startup

Electrical Conductivity (S/m)
Position # and material In-core, reactor off 10% power 100% power
(10 Gy/s, 60°C) | (1-1.6 kGy/s, 170°C) | (10-16 kGy/s,450°C)
1. CSI sapphire,UV, a-axis 4x10° 4%x10° 1.2 x 107
2. CSl sapphire,UV, c-axis 3x10° 6x10° 3x107
3. CSl sapphire,regular, c-axis 2x10° 5x10°% 3x 107
4, CS| sapphire,regular, a-axis 1.5 % 107 9x10°% 4x107
5. Vitox (99.9% purity) (<7 x 10%)* (<4 x 107)* 1x10°
6. Kyocera A480 (99.9% purity) 3x107° 1 %107 1x10°
7. Wesgo AL300 (97% purity) 5x10™ 2x 107 5x107
8. Kyocera A479 (99.0% purity) 3x107 6x10° 3x107
9. Coors AD998 (99.8% purity) 3x10™ 1x 107 —
10. Wesgo AL995 (99.5% purity) 3x10™ 6x 10° 8x 107
11. Wesgo AL995 (99.5% purity) 4x10™ 4.5x10° 2x107
12. CSI sapphire,regular, c-axis 2x10° 6x10% 3x 107
18. Un. Carbide Cr-doped sapphire 1x107° 7x10% 2x107
14. Kyocera SA100, [1102] 3x10° 7 x10° 2x 107
15. Kyocera SA100, [1102] (<1 x107)* (<1 x10%)* (<3x10%)*
*values in parenthesis denote upper limits to bulk conductivity due to high surface leakage currents

Table 3. Summary of measured in-core conductivities (S/m) for the coax cables at the start
of the HFIR irradiation (from the negative quadrant of the ohmic check plots). The
data marked with an asterisk denote values that are a upper limit to the bulk

conductivity due to low (<1 MQ) surface leakage resistances (

measured with the reactor

tumed off)
HFIR | Preirradiation| 10% power, O dpa Full power, 0 dpa Full power, 1st cycle avg.
position | (10 Gy/s,50°C)| (1-1.6 kGy/s, 170°C)| (10-16 kGy/s, 440-500°C)| (10-16 kGv/s, 440-500°C)
1. 1{<1.5x10%* ~6x10° ~6x10° ~-6x10°
2. | («2x107)* ~1xx 10° ~4x10° ~2x10°
3. ~2x10° ~2x107 ~5x 107 ~2x10%
4. | (<5x10%)* ~4 x 107 ~3x10° —
5. | (<4x10%* (<2 x10%)* (<5 x10°)* (<5 x10°)*
6. l(<1.5x10%* ~2.5 x 107 ~2x10° —
7. ~2x10™° -8 x 10 ~5x 107 ~5x107
8. | («1x107)* ~4 x 107 ~8 x 107 ~4 %107
9. (<3x107)* ~2x107 ~5x107 ~4 x 107
10. | (<1x107)* ~1x107 ~1x10° —
11. | ~1.5x10° ~5x10°® ~5 x 107 ~2x 107
12, ~1x10% ~7x10% ~1x10° ~2x10°
13. | (<2x10%* ~2x 107 ~5x107 ~2x10°®
14, ~5x 107" ~5x10°® ~3x107 —
15. | (<5 x10°)* (<7 x10°)* (<1 x107%* (<3 x10%)*
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cables were comparable or somewhat higher than that measured for the alumina specimens. The
measured RIC values for the coaxial cables are an upper limit to the bulk conductivity, since
possible effects associated with surface leakage currents were not measured for the cables.
Figure 5 shows the time-dependent electrical conductivity of the coaxial cable for sample #3. The
apparent electrical conductivities measured with the reactor off were much higher than the
corresponding values for the Al,O, specimens, most likely because of surface leakage currents at
the cable termination. Anomalously high leakage currents were observed in coax cable #3 during
most of the shutdown period between HFIR cycles 345 and 346, suggesting that some
degradation (surface or bulk) may have occurred in the MgO insulation or glass seal. However,
measurements made several months following the completion of the third irradiation cycle
produced apparent conductivities similar to the preirradiation value.

Figure 6 shows the time dependent electrical conductivities for two polycrystalline alumina
specimens whose coaxial cables shorted during the second HFIR irradiation cycle. In both
specimens, the electrical conductivity was essentially constant during full-power irradiation with
values near 2 to 6 x 107 S/m. There was no evidence of degradation of the bulk conductivity of
either specimen prior to the shorting in the electrical cables. The cable for the Wesgo AL300
specimen shorted during an ohmic check measurement with an applied voltage of -100 V. The
electrical measurements made at +100 to -80 V in this measurement sequence did not indicate
any unusual behavior in either the coaxial cable or the alumina specimen.

Figures 7-12 show electrical conductivity vs. displacement damage dose plots for several of the
alumina specimens irradiated in the HFIR TRIST-ER1 experiment. The dose level was obtained by
using the following conversion from neutron fluence: 1 dpa = 1 x 10®® n/m? (E>0.1 MeV). Only
measurements made during full-power reactor operation are plotted in these figures in order to
maintain roughly constant dose rates. In several cases (e.g., Figs. 7,8), the electrical conductivity
increased slightly by a factor of 2 to 5 during the first few days of HFIR irradiation (up to ~0.1 dpa),
and this was followed by a gradual decrease in electrical conductivity at higher doses. None of the
polycrystalline alumina or high-purity sapphire specimens irradiated with a dc electric field of 200
V/mm exhibited a full-power electrical conductivity above ~10° S/m during this experiment,
despite the fact that several specimens achieved damage levels of nearly 3 dpa. Pronounced
RIED (c,>10"®° S/m) occurred for doses of less than 10™ dpa in several previous electron irradiation
studies performed on high-purity sapphire and Vitox polycrystalline alumina {3]. When corrections
for the high dose rate in the HFIR irradiation compared to the electron irradiations are taken into
account, pronounced RIED would have been predicted to occur at HFIR doses above ~0.01 dpa
according to extrapolations from the electron irradiation data base [3]. Therefore, it appears that
the as-yet uncertain physical mechanisms responsible for RIED during electron irradiation may not
be present during neutron irradiation up to relatively high doses.

As shown in Fig. 12, a large increase in the electrical conductivity of the 0.05% Cr-doped sapphire
(ruby) specimen occurred during the first three days of HFIR irradiation. The electrical conductivity
reached a peak value of ~2 x 10 S/m at a dose of ~0.1 dpa. Diagnostic measurements of the
surface leakage resistances between the center, guard and back electrodes showed that this
high apparent conductivity was not due to high surface leakage currents. The rapid increase in
electrical conductivity of this specimen is very similar to the RIED behavior reported in several
electron and ion irradiation studies [3,4,13-15]. However, continued irradiation to doses above
0.1 dpa resulted in a monotonic decrease in the electrical conductivity. The electrical conductivity
decreased to <10 S/m by the middle of the third HFIR irradiation cycle (~2 dpa), which is only
slightly larger than the initial RIC value for this specimen measured at the start of the first HFIR
irradiation cycle. This “healing” of the high electrical degradation suggests that a physical process
such as specimen microcracking [16] might have been responsible for the initial increase in
conductivity. If microcracking were responsible for the initial conductivity increase, oxidation of
the conducting layer in the crack could produce a subsequent decrease in conductivity.
Postirradiation microstructural examination of this specimen is planned to provide further insight
into possible physical mechanisms responsible for the initial increase and subsequent decrease
in electrical conductivity.



Fig. 5.

Electrical Conductivity (S/m)

Fig. 6.

197

10-4 L3 L] L L3 ¥ ¥ L) L3 T ¥ ¥ ¥ ¥ ¥ T L) L4 L] 1] L3 L) L4 ¥ L
cyde 344 cycle 345 Izde346 ' ' '

£ 10’ -
s ]
P oW 3
E 3
T 10 -
[=] e
< 3
& 8 1
3 Y
%

9 L
8 10 E
10'10.,n:l....l..-;l....l.-n-l.....
0 1000 2000 3000 4000 5000 6000
Elapsed time (h)

Electrical conductivity of the MgO insulation in the coaxial cable for subcapsule #3 prior to,
during and following the three HFIR irradiation cycles.

10 10°°
Coax failed after -1150 h
34 E ° 4
10 < 5 10°? ]
) 3
" : ]
10 K T 10’ v
5 3
10°° g 3
3 L (] 3
= 3
. A 3
. ° E ]
10" % Wesgo AL300 1 T
3 Coax cable shorted = 5 ¢] 1%
y during ohmic check at ~1130 h ; Kyocera A<i79 3
E T il - P TP | 1 [P B 10" B Ly ’ N ]
0 200 4°°Ha s;‘:oﬁm (h)8°° 000 1200 0 200 40 &0 800 1000 1200
P e Elapsed time (h)

Electrical conductivity of two polycrystalline alumina specimens (positions #7 and #8)
before and during the first two HFIR irradiation cycles. Cycle 344 started at ~200 h and
the reactor was shut down between 800 and 1100 h for normal core replacement
operations.



198

1210 e ——

[ < cycle 344 >leslo .
E 110 F Icyclécycle_'
) - 200 V/mm dc bias 345 3467
> , ! T“_r~450 C .
:E 810 N .
‘U‘ B -
< 7t ]
S 6107 ]
° [ -
o [ ]
T 4107 .
]
3 F ]
m 2107 F .

0 2313l [N R ET] | st x 1 ryrgl 2t 2 11332l :

0.001 0.01 0.1 1
Estimated damage level, dpa

Fig. 7. Dose dependent electrical conductivity of UV grade Crystal Systems sapphire (position
#2) during full-power HFIR irradiation.

410”7 prre——r—r—rrrrr———rrrrrr——T—T— - ——
» cycle 344 >le>le
2 35107 F 'cycideye
3 ,F 200 Vimm do bias 345 348
5 3WTF  T4s0%C
2 25107 F
12 L
= -7
8 2107 F
S ;
— 15107 F
« L
g -k
£ 1107F
2 :
H o 510°%F
0:||-- Lt s 21332l 1.3 1 2 reysl 'Y 1t 3 1 az:l

0.001 0.01 0.1 1
Estimated damage level, dpa

Fig. 8. Dose dependent electrical conductivity of regular grade Crystal Systems sapphire
(position #3) during full-power HFIR irradiation.



199

110" Frr———r—rrrrr————r T —

n cycle 344 >le>le 1

- [ Icyclécycle

@E, s107 L 345 34¢

% 6107 |- Coax cable shorted ]

g i )
&

<] .7 8 N

v 410" | .

'f-‘“ - -

12 L e

8 2107} 200 V/mm dc bids

3] i 'l'I ~450°C A

- 18 -4

0 ..u-l L2 3 v 1312l Lt 2231l P 1t 3131zl 1 i

0.001 0.01 0.1 1

Estimated damage level, dpa

Fig. 9. Dose dependent electrical conductivity of Vitox alumina (position #5) during full-power
HFIR irradiation.

351077 prrr———r——rrrrr—————rrrr S —

s cycle 344 15515;

g S107¢ 345 34p

2 25107 F 3

2 SF Erratic triax

3 2107 | cable behavior I

2 o :

S 15107 F 3
g ,F

£  1107F ;

o s | Irradiated without dc bias

B 510°F T ~450°C ]

0 :n.. Sl 2 22l 2t 2 2 121yl 2o 2.3 2 2313l 1 :

0.001 0.01 0.1 1

Estimated damage level, dpa

Fig. 10. Dose dependent electrical conductivity of Wesgo AL995 (position #11) during full-
power HFIR irradiation. The specimen was irradiated without dc bias.




200

51077 Frrr——r—r—rrrrr————rrrrr————rrrr—

- cycle 344 e o .

,g L Icyclelcycla
@ 41077 -_ 345 34%5
iy [ ]
> L -
£ 3107k N
= - 4
<= - 4
1< 3 r
) 7 F 4
o 2107 -
-(—(c = -
-~ [ ]
= [ / ]
o 1107[ -
= [ Irradiated without dc bias Coax cable shorted ]
X T. ~450°C J

e
0 Laisuat v sy aaasl ST T | 3
0.001 0.01 0.1 1

Estimated damage level, dpa

Fig. 11. Dose dependent electrical conductivity of regular grade Crystal Systems sapphire
(position #12) during full-power HFIR irradiation. The coaxial cable failed near the end of
the first HFIR irradiation cycle despite the fact that the specimen was irradiated without

dc bias.
0.001 prrr—— T T T
E < cycle 344 >l >l
*g X Icyclécyclg
5 0.0001 | 200 V/mm dc bias 345 348
° E T,-450°C 3
2 F ]
> - R
k> 10°° 3 E
= E E
< o ]
g - ]
o 10_6 3 =
3 : 3
E . coax shorte .
9 107 b during measurement .
10‘8 -....l P it 32 r1al Ittt 2232l 1 R R ET] | 1

0.001 0.01 0.1 1
Estimated damage level, dpa

Fig. 12. Dose dependent electrical conductivity of 0.05% Cr-doped sapphire (position #13)
during full-power HFIR irradiation.



Investigation of the dielectric breakdown strength of the HFIR TRIST-ER1 coaxial cables

A total of ten of the 15 coaxial cables in the HFIR TRIST-ER1 capsule failed by partial or full
electrical short during the 3 1/2 month irradiation. It is worth noting that two of the electrical shorits
in the coaxial cables occurred in unbiased specimens (cables for subcapsules 12 and 15, e.g.,
Fig. 10). This suggests that the cable failure was not associated with some type of RIED
phenomenon. The biased coaxial cables were subjected to a dc potential of 150 V during the
HFIR irradiation, which produced a maximum electric field of ~400 kV/m near the center
conductor. All of the HFIR cables (biased and unbiased) were subjected to periodic electric
measurements with potentials ranging from +100 V to -100 V (+150 V to -150 V in some cases).

The dielectric breakdown strength (DBS) of the MgO powder insulation used in the HFIR coaxial
cables is expected to be comparable to the DBS for monolithic MgO, which has been measured to
be ~100 MV/m at ~500°C and ~0.1 MV/m at 1200°C [17]. On the other hand, the dielectric
breakdown strength of glass decreases from a typical value of ~100 MV/m at room temperature to
<1 MV/m at temperatures above 200°C (depending on the particular grade of glass) [18]. The
HFIR coaxial cables were sealed with Ferro 7556 lead borosilicate glass, which has a softening
temperature of 330°C. The temperature-dependent dielectric breakdown strength of this grade
of glass was not available from the glass manufacturer.

Experimental tests were performed on six unirradiated control coaxial Ml cables from the HFIR
TRIST-ER1 experiment in order to measure the dielectric breakdown strength of the cables.
Since the dielectric breakdown strength of glass depends on both test temperature and the
duration of the applied electric field, several different types of tests were performed. Most of the
tests were performed at 200°C, which corresponds to the maximum expected operating
temperature of the coaxial cables during full-power HFIR irradiation. For short term tests of the
DBS, the voltage was applied for a time period of 0.5-1 min. If no shorting occurred, the voltage
was increased by 50 V and the test was repeated. Table 4 summarizes the results of the dielectric
breakdown tests. The DBS measured from short-term application of a constant-polarity voltage
ranged from >1100 V (the maximum voltage for the Keithley 237 power supply) at room
temperature to 850 V at 200°C. The DBS decreased to 500 V when the polarity of the applied
potential alternated from positive to negative in short term tests. The DBS was approximately 300
V when the voltage was applied for several hours at a given potential. The dielectric breakdown
was confirmed to occur in the glass seal region of the Ml cables in all of these tests.

The measured dielectric breakdown strength of the glass seals in the control MI cables for the
long term (>5 h) tests) is within a factor of two of the dc potential continuously applied to the 12
biased specimens in the HFIR TRIST-ER1 capsule. In addition, the measured DBS for the short
term tests with alternating polarity is only about a factor of 5 larger than the voltages applied to all
(biased and unbiased) of the HFIR specimens during ohmic check measurements. Therefore, it
seems reasonable to assume that the shorting of the HFIR coaxial cables may be due to
conventional dielectric breakdown in the glass seals (possibly assisted by some radiation-induced
degradation in the glass). Postirradiation examination of the coaxial cables from the HFIR TRIST-
ER1 experiment is planned in order to verify the cause of the shorting of the cables.

Table 4. Dielectric breakdown strength measurements on unirradiated HFIR coaxial MI cables.

Test Test condition Dielectric breakdown strength
20°C short term tests (<1 min.), constant polarity >1100 V (>2.8 MV/m)
200°C “ 850 V (2.2 MV/m)
200°C short term tests, alternating polarity ~500 V (1.3 MV/m)
200°C long term tests (>5 h), constant polarity 300 V (0.8 MV/m)
200°C long term tests, alternating polarity ~300 V (0.8 MV/m)
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Discussion and summary

Catastrophic radiation-induced electrical degradation (5,>10™* S/m) was not observed in any of the
HFIR-irradiated polycrystalline or high-purity sapphire specimens (~3 dpa maximum dose). As
shown in Fig. 13, the measured RIC values for alumina are in good agreement with previous
studies [2]. The quantitative level of RIC decreased slightly following irradiation in several of the
specimens, in agreement with previous irradiation studies performed without an applied electric
field during irradiation [19]. The decrease in conductivity has generally been attributed to
increased electron-hole trapping at radiation-produced defects.

Previous studies of the RIED phenomenon have either used irradiation sources with very high
jonizing radiation/dpa environments (electron and light ion irradiations) and/or were only
performed to relatively low doses (e.g., less than ~0.5 dpa for JMTR fission reactor studies) [2].
The electron irradiation studies indicated that RIED would be most pronounced in high-purity
single crystal specimens, and would be the least pronounced in low-purity polycrystal specimens
[3]. In the TRIST-ER1 experiment, two single crystal specimens of alumina were successfully
irradiated to the highest doses ever studied in an RIED experiment (>2 dpa). Previous RIED
studies on single crystal alumina were limited to a maximum dose of 0.01 dpa [2]. The electrical
conductivity of all specimens except for the Cr-doped sapphire (ruby) remained less than ~1 x 10°
S/m (i.e., at the normal RIC level) during extended full-power irradiation in HFIR. As discussed at a
recent IEA workshop [20], there are several possible explanations for the discrepancy between
the electron RIED studies and the present work. One possibility is that the large amount of
implanted charge associated with electron irradiation may somehow trigger the initiation of RIED.
Further work is needed to understand the physical mechanism(s) responsible for producing RIED
in electron-irradiated samples.

A moderate amount of RIED that apparently is not due to surface leakage currents was observed
in the Cr-doped sapphire specimen; the full-power conductivity increased by nearly 3 orders of
magnitude after the first few days of irradiation and then gradually decreased over the ensuing 3
months. Further work is needed to determine the cause of the high apparent bulk conductivity of
the ruby specimen which occurred at a dose of ~0.1 dpa.

Simple calculations suggest that the observed non-ohmic electrical behavior during HFIR
irradiation is due to preferential attraction of ionized electrons in the capsule gas to the unshielded
“low-side” electrical leads, but further analysis is needed to determine if this process can
quantitatively explain the observed experimental data..

Shorting of many of the coax cables in the HFIR TRIST-ER1 capsule is attributed to dielectric
breakdown of the glass used to seal the ends of the cables, based on tests performed on several
non-irradiated control coax cables at 200°C. The dielectric breakdown strength (DBS) decreased
with increasing temperature, and the breakdown was confirmed to occur in the glass terminations.

Disassembly of the HFIR TRIST-ER1 capsule is currently in progress. Several different post-
irradiation measurements are planned, including electrical resistivity vs. temperature for all 15
alumina specimens and examination of the shorted coaxial cables. Microstructural examination of
selected alumina specimens may also be performed.
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IRRADIATION SPECTRUM AND IONIZATION-INDUCED DIFFUSION
EFFECTS IN CERAMICS — S. J. Zinkle (Oak Ridge National Laboratory)

SUMMARY

There are two main components to the irradiation spectrum which need to be considered in
radiation effects studies on nonmetals, namely the primary knock-on atom energy spectrum
and ionizing radiation. The published low-temperature studies on AL,O, and MgO suggest
that the defect production is nearly independent of the average primary knock-on atom
energy, in sharp contrast to the situation for metals. On the other hand, ionizing radiation
has been shown to exert a pronounced influence on the microstructural evolution of both
semiconductors and insulators under certain conditions. Recent work on the microstructure
of ion-irradiated ceramics is summarized, which provides evidence for significant ionization-
induced diffusion. Polycrystaliine samples of MgO, Al,O,, and MgAl,O, were irradiated with
various ions ranging from 1 MeV H* to 4 MeV Zr* ions at temperatures between 25 and
650°C. Cross-section transmission electron microscopy was used to investigate the depth-
dependent microstructure of the irradiated specimens. Dislocation loop nucleation was
effectively suppressed in specimens irradiated with light ions, whereas the growth rate of
dislocation loops was enhanced. The sensitivity to irradiation spectrum is attributed to
ionization-induced diffusion. The interstitial migration energies in MgAl,O, and ALO, are
estimated to be <0.4 eV and <0.8 eV, respectively for irradiation conditions where
ionization-induced diffusion effects are expected to be negligible.

RESULTS AND DISCUSSION

Numerous microstructural studies of radiation effects in ceramics have been performed over
the past 35 years, utilizing a variety of irradiation sources including electrons, ions and
neutrons [1-3]. In order to make quantitative comparisons between data obtained with
different irradiation sources, the effects of irradiation spectrum (along with other important
experimental variables such as temperature and dose rate) need to be considered. Two
main components of the irradiation spectrum must be considered for nonmetals. First, the
energy spectrum of primary knock-on atoms (PKAs) produced by elastic collisions can affect
the efficiency of point defect production, in @ manner analogous to that commonly observed
in metals. Second, inelastic collisions (electronic ionization and subthreshold atomic
collisions) may affect point defect recombination and diffusion. As noted later in this paper,
ionization effects often appear io be more important than PKA spectrum effects in irradiated
ceramics.

Figure 1 compares measurements of the surviving defect fraction (displacement damage
efficiency) in Al,O; and Al as a function of the average PKA energy [4-9]. The data have
been normalized to the calculated displacements per atom (dpa) according to the Norgett-
Robinson-Torrens (NRT) modified Kinchin-Pease formula. Most of the data on ALO, were
obtained from optical absorption measurements of oxygen monovacancy (F center)
concentrations, and therefore are a lower limit to the total surviving defect fraction. Further
details are discussed elsewhere [10]. The data for Al show a monotonic decrease in
surviving defect fraction with increasing PKA energy, which is similar to the behavior
observed in numerous other metals. Considerable scatter exists in the corresponding Al,O,
data, but the measurements do not exhibit any apparent dependence on PKA energy. As
reviewed elsewhere, the surviving defect fraction data for MgO also appear to be insensitive
to PKA energy, with an average value of ~30% [10]. There are several possible
explanations for the weak dependence of the surviving defect fraction of PKA energy in
MgO and Al,O;. Some studies suggest that the spontaneous recombination volume for
close Frenkel pairs in these materials may be much larger than typical values in metals
[11,12]. This would produce efficient recombination of point defects produced by low
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Fig. 1. Comparison of the defect production efficiency in Al,O, [4-7] and Al [9].

energy PKAs, since their average separation distance could be comparable to the
spontaneous recombination distance. However, molecular dynamics calculations on MgO
indicate that the spontaneous recombination volume is only slightly larger than typical values -
for metals [13]. It has also been noted that the low atomic mass and high melting point of
Al,O, would inhibit the formation of the dense displacement cascades which are responsible
for the decrease in displacement damage efficiency in metals at high PKA energies [7).
Rigorous analysis of the experimental data base is hampered by a lack of information on
interstitial migration energies in MgO and Al,O,[10]. Several studies suggest that interstitials
in Al,O, may be mobile at temperatures below 80 K (corresponding to migration energies of
0.2 to 0.8 eV) [4,14], whereas other authors have concluded that interstitial migration only
occurs at temperatures above 300 K with migration energies as high as 1.8 eV [7,15]. All of
the Al,O; data in Fig. 1 at PKA energies <10 keV are from Agnew [7], who performed
irradiations at ~80 K. If interstitials in Al,O, are mobile at 80 K, point defect recombination
could explain the low measured values of the surviving defect fraction in Al,O, compared to
the Al data. The Al data were obtained at temperatures <10 K, where interstitials are
immobile.

Another possible explanation for the low measured surviving defect fractions in MgO and
Al O, at low PKA energies is associated with ionization-induced migration and recombination
of point defects [16-18]. It is worth noting that typical low-PKA energy irradiation sources
such as electrons and light ions produce high amounts of ionization per dpa. Therefore, if
ionization-induced diffusion processes are operating, the relative importance of ionization-
induced point defect recombination would be highest for the irradiation sources which were
used to generate the low-PKA energy data.
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Measurements of the dislocation loop size and density were performed on cross-section
TEM specimens of MgAlO,, Al,O; and MgO following ion irradiation at 650°C. Quantitative
measurements were typically obtained at one or two depths in regions that were at least 0.3
um from the irradiated surface and implanted ion region. Both MgO and AlLO; were found
to be relatively insensitive to variations in the ion mass for ions heavier than He. However,

dramatic decreases in the midrange dislocation loop density occurred in MgO and ALO, for
helium ion and proton irradiations, respectively. Figures 3 and 4 summarize the loop
density and size measurements as a function of the ENSP ratio for the 3 ceramlcs lrradlated
with different MeV ions at 650°C at damage rates between 10° and 10 dpal/s.

Measurements were typically obtained at several depths (with corresponding different
ENSP ratios) for each type of ion, as labeled in Figs. 3 and 4. A sharp decrease in the loop
density occurred in MgAl,O, for ENSP ratios greater than ~10. The corresponding critical
ENSP ratios for MgO and Al,O; were ~500 and ~1500, respectively. Further work is
needed to establish the effect of temperature and dose rate on these critical ENSP values.
The loop density and size were only weakly dependent on the ENSP ratio below the critical
value. It is noteworthy that the loop size increases significantly in the same position where
the loop density sharply decreases. The decrease in loop density and concomitant
increase in loop size (coarsening) above a critical ENSP ratio is indicative of enhanced point
defect diffusion, according to standard chemical rate theory. The increase in loop size
associated with the decrease in loop density indicates that ionization-induced diffusion is
the principle mechanism responsible for the irradiation spectrum effect. However, it is also
possible that ionization-enhanced point defect recombination may be contributing to the
observed sensitivity to irradiation spectrum.

The dislocation loop data for spinel exhibits a transition from a high density of small loops to
a low density of large loops for ENSP ratios of ~2 to ~20 for different ions, suggesting that
there may be an underlying PKA spectrum effect. However, most of the scatter in the
spinel data disappears if the loop parameters are plotted vs. the ratio of the total ionization
per unit damage energy (TI-DE). An analysis of the data plotted in Figs. 3 and 4 indicates
that the critical TI-DE ratio for spinel is ~15, corresponding to ~60 electron-hole pairs per
dpa. The corresponding critical TI-DE ratios for MgO and Al,O; are ~1000 and 2000,

respectively (~4000 and ~10* electron-hole pairs per dpa).
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In summary, it appears that the observed irradiation spectrum effect on the microstructure
of ion irradiated oxide insulators is primarily associated with ionization-induced diffusion
processes. Both vacancy and interstitial diffusion appear to be promoted by ionizing
radiation. However, the possibility that PKA energy spectrum and ionization-enhanced
point defect recombination processes may be exerting some influence on the
microstructural evolution cannot be discounted. A brief overview of ionization-induced
point defect diffusion processes is given in the following section.

As discussed elsewhere, very little is known about the interstitial migration energies in
AlL,O; and MgAl,O, [10]. Several radiation effects studies on Al,O, have suggested that
interstitial migration does not occur until temperatures of ~300 and 700 K for the oxygen
and aluminum sublattices, respectively [7,19], which corresponds to an activation energy
of ~1.6 eV for the slower defect (Al in this case). Conversely, Kingery [4] concluded that
interstitial migration occurred in Al,O; with a range of activation energies between 0.2 and
0.8 eV. A rough estimate of the migration energy of the rate-determining (slower)

interstitial for the cation and anion sublattices can be determined from measurements of -

the width of the denuded zone adjacent to internal sinks such as grain boundaries in
irradiated materials. As shown elsewhere [20], the width of the loop denuded zone (L)
adjacent to a point defect sink can be derived from simple chemical rate theory equations in
the limiting case of high sink densities (C;>10"/m?) to be

__DCrC

P @

where P is the displacement damage rate, D; is the interstitial diffusivity, and C&* is the
threshold matrix interstitial concentration to produce observable dislocation loop
nucleation. Chemical rate theory models for metals have found that C&*~10"“/atom [21].

In this simple analysis, it is assumed that the presence of a denuded zone is indicative of an
insufficient interstitial concentration on both the anion and cation sublattices (i.e., it is
assumed that the increased sink strength associated with cluster nucleation by the slower-
moving interstitial species would lead to capture of the faster-moving interstitial species and
subsequent stoichiometric interstitial loop formation). Using this assumption, the interstitial
diffusivity in Eq. 2 is associated with the slower-moving interstitial species. Based on
microstructural measurements [20,22] of the midrange loop sink strength and the grain
boundary denuded zone width of 15 nm for ALQ, irradiated with 2-MeV Al' ions at 650°C,
the estimated interstitial diffusivity is ~10™° m?/s. This corresponds to a migration energy of
~0.8 eV, assuming typical values for the pre-exponential factor (Eq. 1). It should be noted
that impurity trapping effects may have reduced the effective interstitial mobility in the
denuded zone width measurements. Therefore, the migration energy of ~0.8 eV is likely
an upper limit to the intrinsic (impurity-free) value in Al,O,. This estimate of the interstitial
migration energy is subject to considerable uncertainty, particularly since the value of Cf™
is not reliably known. However, the migration energy of <0.8 eV for the slower-moving
interstitial species appears to be in reasonable agreement with the measurement by
Kingery [4]. Further support that the migration energy for the slower-moving anion or
cation interstitial is ~0.5-1 eV in Al,O, comes from TEM observations that faulted interstitial
dislocation loops were readily formed during 4 MeV Ar* ion irradiation at 300 K, whereas
resolvable loops were not detected in specimens irradiated at 200 K to the same dose of
10 dpa [23,24].

The migration energy for the slowest interstitial species in MgAl,O, can be estimated using
the same technique. For example, using the measured loop sink strength and the grain
boundary denuded zone width of 250 nm [20] for spinel irradiated with 2-MeV Al" ions
under identical conditions to that used for the alumina specimen, the estimated diffusivity is
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~10®° m?/s. This corresponds to a migration energy of ~0.4 €V. Once again, this is likely an
upper limit to the intrinsic migration energy of the slowest interstitial species, since impurity
trapping effects may have reduced the effective interstitial mobility in the experimental
measurements. There are no known measurements of interstitial migration energies in
spinel with which this estimate can be compared.

Summary of lonization-Induced Diffusion Processes

The pronounced coarsening in the dislocation loop microstructure above a critical value of
the ENSP ratio, along with the absence of dislocation loops in ionization-rich irradiation
environments, suggest that the observed irradiation spectrum dependence in the three
oxide ceramics (Figs. 3,4) may be primarily associated with ionization-induced diffusion
effects. According to simple chemical rate theory, the steady state conceniration of point
defects (C;,) is proportional to P/(D,C,) and P/(DiCs) for vacancies and interstitials,
respectively for sink-dominant conditions, where C, is the sink strength and P is the
displacement damage rate [25,26]. The correspondlng steady state concentrations for
point defect recombination-dominant conditions are proportional to (P/D,)"? and (PD/D2)"?
for vacancies and interstitials, respectively. Therefore, for both sink- and recombination-
dominant conditions, the matrix point defect concentrations are reduced for high
diffusivities. If the point defect concentratlon falls below the critical level needed to
produce significant loop nucleation (~10"%/atom for interstitials), then dislocation loops
would not be observed in the irradiated region.

Several different mechanisms for enhanced point defect diffusion associated with ionizing
radiation have been proposed for nonmetals [16,17,27,28]. The “electrostriction”
mechanism is based on the possibility that a high concentration of electron-hole pairs in the
conduction band may alter the bond lengths (local laitice parameter) and consequently the
point defect migration energy. The “energy release” mechanism assumes that electron-
hole pair recombination (or energy released by de-excitation of an excited state) may
provide sufficient thermal energy to induce point defect migration. These two diffusion
mechanisms are discussed in detail elsewhere [16,17,27,28] and will not be considered
further. The “normal ionization-enhanced diffusion” mechanism (more appropriately called
“normal IID”) is based on the concept that a point defect in an ionized charge state may
have a significantly lower migration energy compared to a non-ionized defect. A final
intriguing diffusion mechanism is the “Bourgoin-Corbett” (bistable defect) mechanism. In
this mechanism, athermal point defect migration is possible if the stable site for the ionized
charge state corresponds to the migration saddle point for the non-ionized defect charge
state, and vice versa.

The bistable defect configuration has been reported for Si and Ge interstitials [17]. Recent
calculations for oxygen interstitial migration in MgO indicate that the ground state lattice
position is (111) dumbbell and the O lattice position is the cube centered site, with the
lowest energy saddle point for the O% interstitial being the (111) dumbbell [29]. Therefore,
ionization-induced athermal migration via the Bourgoin-Corbett mechanism appears to be
possible for the MgO oxygen interstitial. Corresponding calculations for the Mg sublattice
in MgO or for the point defects in Al,O, or MgAILO, are not available. Oxygen vacancy
migration in MgO or Al,O; via the Bourgoin-Corbett mechanism does not appear to be
possible, since quantum chemical calculations indicate that non-ionized and ionized
vacancies occupy the same lattice site in these materials [30,31]. A simple estimate of the
magnitude of point defect diffusion possible via the Bourgoin-Corbett mechanism can be
obtained by assuming that the rate-limiting step is ionization of the point defect (i.e., by
assuming that the time for the ionized defect to reacquire a free electron and return to the
ground state is negligible) and by assuming that point defect ionization by capture of
migrating holes is negligible. Assuming random-walk diffusion in a simple cubic lattice, the
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diffusion coefficient can be written as D~1/6 a° T, where T is the jump frequency (point
defect ionization frequency) and a is the jump distance associated with the two hops by
the ionized and ground state defect (roughly equal to the lattice parameter). The atomic
ionization frequency in MgO for a typical medium-mass ion beam current of ~1 pA/em? (~1
MGy/s ionizing dose rate) is I'~0.01 ionizations/atom-s, assuming a bandgap energy of 10
eV. The resultant diffusion coefficient for this ionizing dose rate is D~2 x 10% m?s, which
would produce a minuscule random-walk diffusion distance of ~1 nmin 1 hour.

From this simple calculation, it appears that the Bourgoin-Corbett bistable defect
mechanism would generally produce negligible amounts of long-range interstitial migration
in MgO for most experimental irradiation conditions. On the other hand, this athermal
defect migration mechanism would be an efficient method for correlated “close-pair” point
defect recombination. This IID mechanism also offers a possible explanation for the
observed amorphization resistance of irradiated MgO at low temperatures, since it is
unlikely that the critical levels of atomic disordering (chemical mixing) necessary to induce
amorphization could be achieved if close-pair point defect recombination occurred readily.
This mechanism may also be responsible for the observed sublinear accumulation rate of
oxygen vacancies (F centers) in MgO irradiated at 4 K with 2.2 MeV electrons [12]. Since
the maximum irradiation dose of <0.001 dpa was too low for saturation of the defect density
to occur, the sublinear accumulation rate suggests that athermal impurity or oxygen
interstitial migration (with resultant uncorrelated point defect recombination) may have
occurred.

Several studies have obtained evidence that ionized point defects in semiconductors
[16,17] and insulators [29] may have a lower migration energy than non-ionized defects, as
proposed by the “normal IID” mechanism. The calculations for MgO indicate that the
migration energies for ionized oxygen interstitials and vacancies may be 40 to 80% of the
ground state migration energies [29,30]. A key uncertainty for quantification of the amount
of diffusion possible via this mechanism is the lifetime of the ionized point defect. If the
point defect rapidly reacquires an electron during migration through the lattice then, by
analogy with the preceding Bourgoin-Corbett mechanism calculation, the “normal 1ID”
mechanism would not produce a significant contribution to long-range diffusion. lonized
point defect lifetimes of >1 us would generally be necessary to produce significant long-
range diffusion for typical ion irradiation conditions in ceramic insulators.

CONCLUSIONS

Published surviving defect fraction (production efficiency) measurements for MgO and
Al,O, show a surprisingly weak dependence on PKA energy, with a typical value of ~30%
of the modified Kinchin-Pease displacements for PKA energies between ~0.1 and 100
keV. It is possible that ionization-induced diffusion processes associated with the
jonization-rich low PKA energy irradiations (electrons, light ions) may have caused
correlated (and uncorrelated) point defect recombination and thereby produced an
underestimate of the “intrinsic” stable defect production rate at low PKA energies.

Significant irradiation spectrum effects have been observed in dislocation loop
microstructures of ion-irradiated MgO, Al,O, and MgALO,. Loop formation is inhibited for
irradiation with light ions. The sensitivity to irradiation spectrum appears to be primarily
associated with ionization-induced diffusion effects, although PKA spectrum and
ionization-enhanced point defect recombination effects may also be playing a role.
Additional data obtained at different temperatures and dose rates, along with rate theory
modeling, are needed in order to better understand the physical processes responsible for
the observed dependence of the microstructure on irradiation spectrum.
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The rate-limiting interstitial migration energies for Al,O, and MgAl,O, are estimated to be
~0.8 eV and ~0.4 eV, respectively for irradiation conditions where ionization-induced
diffusion should not have a strong influence. lonization-induced diffusion is expected to
reduce these migration energies, but calculated values for the migration energies of
ionized point defects are not available for either of these two materials.
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DEFECT PRODUCTION IN CERAMICS* — S.J. Zinkle (Oak Ridge National Laboratory) and
C. Kinoshita (Kyushu University)

Extended Abstract

A review is given of several important defect production and accumulation parameters for
irradiated ceramics. Materials covered in this review include alumina, magnesia, spinel, silicon
carbide, silicon nitride, aluminum nitride and diamond. Whereas threshold displacement energies
for many ceramics are known within a reasonable level of uncertainty (with notable exceptions
being AIN and SizN,), relatively little information exists on the equally important parameters of
surviving defect fraction (defect production efficiency) and point defect migration energies for
most ceramics. Very little fundamental displacement damage information is available for nitride
ceramics. The role of subthreshold irradiation on defect migration and microstructural evolution is
aiso briefly discussed.

Based on a review of published experimental measurements, the threshold displacement
energies for SiC, diamond and alumina (oxygen sublattice} should be revised downward from
previously recommended values (cf. Table 1). Additional E; measurements on BeO, MgALO, and
SiC are needed to supplement the existing data base. Furthermore, experimental E,
measurements are particularly needed for AIN and Si;N,, where no data currently exist.

Considerable uncertainty exists regarding the quantitative values of point defect migration
enthalpies in ceramics. Some of this uncertainty is likely associated with ever-present impurity
trapping effects, which increase the apparent migration energy. On the other hand, radiation
induced diffusion processes such as ionization induced diffusion or subthreshold elastic
collisions may produce low apparent migration energies during irradiation. The available data
(Table 2) indicate that interstitials are mobile in MgO and Al,O, at temperatures well below room
temperature, whereas vacancies become mobile above ~200°C in both materials. The significant
interstitial mobility at room temperature has not been taken into account in numerous published
radiation effects studies on Al,O; and MgO. Further experimental radiation effects studies at liquid
helium temperatures (combined with isochronal annealing) would be valuable in determining the
interstitial migration energies for all ceramic materials.

Very few reliable measurements of the surviving defect fraction (displacement damage efficiency)
exist for ceramics. Most of the published work was performed at room temperature, and the data
analysis did not account for likely correlated and uncorrelated recombination of point defects.
Therefore, the reported values are typically an underestimate of the surviving defect fraction. The
limited number of cryogenic irradiation studies on MgO and Al,O, suggest that the surviving
defect fraction is ~0.3 for both materials over a wide range of PKA energies (0.1-100 keV). This
apparent independence on PKA energy is in sharp contrast to work performed on light metals
such as aluminum, where the surviving defect fraction (relative to the NRT calculated
displacements) varies from ~1 to ~0.5 as the PKA energy increases from ~0.1 to ~50 keV.
Additional experimental work is needed to evaluate the importance of correlated and uncorrelated
point defect recombination effects (in conjunction with ionization induced diffusion) on the
measured defect production rates in ceramics.

There is considerable evidence that the irradiation spectrum (particularly ionizing radiation) can
have a pronounced effect on the microstructural evolution in ceramics and semiconductors.
Recent work on MgO, Al,O, and MgAl,O, suggests that a dramatic transition in the microstructural

*Extended abstract of paper to be published in Journal of Nuclear Materials (proceedings of the
International Workshop on Defect Production, Accumulation and Materials Performance in
Irradiation Environment, Davos, Switzerland, October 2-8, 1996).
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evolution occurs at a certain ratio of the electronic to nuclear stopping power. The observed
microstructure in these materials also appears to be sensitive to the magnitude of the ionizing
radiation dose rate. On the other hand, ionizing radiation does not appear to have a pronounced
influence on the microstructure of some ceramics such as SiC. Further work is needed to quantify
the role of ionizing dose rate and PKA spectrum on the microstructural evolution of ceramics.

Table 1. Recommended threshold displacement energies in ceramics

Material | Threshold displacement energy Comments
ALO, E4l~20eV, E9=50 eV previous “standard” value for EQ was 76 eV
MgO EYt=55eV, E9=55eV good agreement among 5 studies
CaO E9=60 eV only 1 known measurement
MgALO, E9=60 eV only 1 known measurement
ZnO EZx~50eV, EQ=55eV moderate uncertainty in EZ"
BeO EEe~25eV, E9~70eV? large uncertainty in data
uo, EY=40ev, E9=20eV only 1 known measurement
SiC Efi~40eV?, E$=20eV large uncertainty in E§i
graphite E§=30 eV extensive data base
diamond E$=40 eV 4 known measurements

Table 2. Summary of experimental and calculated
point_defect migration energies in MgO and ALO,

Material Point defect Migration energy
MgO Mg vacancy 2.0-2.3 eV
“ O vacancy 2.0-25 eV
“ Mg, O interstitials 0.5-1.5 eV
“ Mg, O interstitials <0.2 eV
AlLO, Al vacancy 1.8-2.1 eV (<1 eV)
“ O vacancy 1.8-2 eV (1.1 eV)
“ Al, O interstitials 0.2-0.8 eV
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7.0 SOLID BREEDING MATERIALS

No contributions.
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8.0 RADIATION EFFECTS, MECHANISTIC STUDIES,
AND EXPERIMENTAL METHODS
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EFFECTS OF IN-CASCADE DEFECT CLUSTERING ON NEAR-TERM DEFECT EVOLUTION -
H.L. Heinisch (Pacific Northwest National Laboratory)®

OBJECTIVE

The objective of this work is to determine the energy and temperature dependence of

- defect production and microstructure evolution for the development of fission-fusion

correlations.
SUMMARY

The effects of in-cascade defect clustering on the nature of the subsequent defect
population are being studied using stochastic annealing simulations applied to cascades
generated in molecular dynamics (MD) simulations. The results of the simulations illustrate
the strong influence of the defect configuration existing in the primary damage state on
subsequent defect evolution. The large differences in mobility and stability of vacancy and
interstitial defects and the rapid one-dimensional diffusion of small, glissile interstitial loops
produced directly in cascades have been shown to be significant factors affecting the
evolution of the defect distribution. In recent work, the effects of initial cluster sizes
appear to be extremely important.

PROGRESS AND STATUS
introduction

The production of defect clusters directly in cascades in copper is well established, both
in atomic-scale MD computer simulations [1,2] and experimentally in results of diffuse x-
ray scattering experiments [3]. The consequences of intracascade clustering of self-
interstitial atoms (SlAs) and vacancies, and of the thermal stability of these clusters, have
been specifically addressed in the recently proposed "Production Bias Model” (PBM) [4].
The PBM has been further developed to account for the very important consequences of
one-dimensional transport of small, glissile SIA clusters [5,6] and of the continuous
transformation of larger sessile SIA clusters into glissile ones due to their interactions with
single vacancies[7]. The PBM or any other such model can predict the global behavior of
the system over macroscopic sizes and times. However, it has the limitation of not being
able to deal explicitly with the problem of temporal and spatial fluctuations in the defect
cluster production and size distributions occurring continuously under cascade damage
conditions. At present, these cascade phenomena are dealt with by assuming some global
average values for the relevant parameters. Clearly, accurate and reliable predictions from
the PBM or other such models are possible only if physically realistic values for their input
parameters can be obtained either experimentally (unlikely} or from atomic-scale models
that include explicit temporal and spatial information. The determination of parameters for
PBM from results of these models is, therefore, of crucial importance.

‘Pacific 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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Even after the longest practical MD simulation, the defect clusters of a single cascade
remain spatially localized in a "metastable” state far from the spatial and temporal
uniformity required for the global picture to which rate theory may be applied. Atomic
scale stochastic annealing simulation provides the necessary link between the localized,
short-term, atomistic view of individual MD cascades and the spatially averaged global
view required for the application of rate theory. In the present work, stochastic annealing
simulations are being done on individual, isolated cascades, as well as on simulated
irradiations represented by continuous introduction of new cascades into an annealing
volume with periodic boundaries. Preliminary results of the effects of clustering are
presented here.

Clusters of Self-interstitial Atoms

Self-interstitial atoms form small clusters in cascades, with size up to n=14 SiAs observed
in x-ray scattering experiments [3]. In MD simulations, SIA clusters up to aboutsizen=15
are observed [11, and small (n =4-6) clusters have been observed to form initially sessile
loop configurations that unfault to glissile loops on (110) planes within picoseconds after
the cascade occurs [2]. In earlier annealing simulations performed in the present program
[8], it was assumed that SIA clusters up to n=9 spontaneously become glissile loops,
while larger clusters become sessile loops requiring greater energy to unfault. Little is
known about the kinetics and energetics of SIA loops in copper, but MD-based studies are
in progress elsewhere. The consequences of changing the assumptions of the earlier
annealing simulations are being determined to study the effects of defect cluster
properties.

In earlier work [8], cascades in copper generated with MD at 25 keV [1] were annealed as
individual, isolated cascades as a function of temperature. Even at temperatures above
0.3 T,, (melting temperature), where all vacancy clusters dissociate, the SIA clusters with
n>9, which were assumed sessile, remained essentially intact in the cascade region,
unaffected by the dissipation of the local vacancy concentration. In recent annealing
simulations using lower energy cascades of 5-10 keV [2], which have no clusters/loops
larger than n=9, all SIA clusters escape the cascade region, except for a very few cases
where clusters coalesce to form sessile clusters. Thus, with the present model (SIA loops
up to n=9 being glissile), there is a significant energy dependence in the annealing stage
of cascades that is manifested at relatively high cascade energy. If the maximum
allowable size of glissile SIA loops is increased in the model, all SIA loops escape the
cascade region at all energies, as expected. Clearly, more details of loop formation are
needed.

Defect evolution during irradiation is being studied by performing annealing simulations on
fluxes of recoils represented by cascades of various energies placed randomly in space and
time into a large, periodic volume. Dose rates and total doses are well below where
cascade overlap would be expected. A very low sink density is represented by absorption
of mobile defects that have traveled at least several microns, which is simulated by their
wrapping around the periodic boundaries a limiting number of times. Using 5-25 keV
cascades in the approximate ratios representing a fast reactor irradiation, and with the
present n=9 glissile SIA loop limit, the net vacancy population initially dominates at 400
K. However, during the simulation the population of large sessile SIA clusters eventually
builds to become quite dominant. Reduction of large sessile loops to glissile size by
absorption of vacancies does not occur under the conditions studied. To achieve a
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vacancy super saturation, it is probably necessary to let SIA clusters much larger than
n=9 be glissile or easily become glissile.

Vacancy Clusters

Vacancy clustering is observed in MD simulations [1,2] usualliy as somewhat organized
agglomerations of vacancies. The very stable stacking fault tetrahedra (SFT) have not
* been observed to form during the time that can be followed by MD simulations. At
temperatures well above 0.3 T, the amount of vacancy clustering in cascades is not
particularly important, since clusters are quite unstable at those temperatures. At lower
temperatures, the vacancy cluster distribution in cascades can have an effect on the
fraction of vacancies that escape from the cascades. Figure 1 shows the fractions of
escaping vacancies as a function of temperature for cascades of various energies. The 25
keV cascades, containing some larger, more stable vacancy clusters, display a different
temperature dependence than the lower energy cascades, which contain only a few small
clusters that easily dissociate at lower temperatures. Thus, the clustering behavior of
vacancies in cascades also results in a recoil energy dependence. However, when the
potential formation of more stable vacancy configurations (e.g. SFT) is taken into account,
the effect may be somewhat different from that displayed in Fig. 1.
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Figure 1. The fractions of vacancies escaping from the cascades during annealing as a
function of annealing temperature. The fractions are relative to the initial number of
vacancies at the end of the MD simulation in each cascade.
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CONCLUSIONS

The preliminary results in this study indicate that defect evolution beyond the primary
damage state modeled by MD simulations is sensitive to the characteristics of cluster
formation in cascades. To make models more realistic, it is necessary to know more
details about the production, migration and interaction of both SIA and vacancy clusters.
More MD cascades are needed to get good statistics on cluster production. MD studies
are needed to determine the characteristics of loop formation, especially sessile-glissile
transformations, migration energies, glide direction changes and loop interaction
characteristics. In the absence of this information, stochastic annealing simulations will
be used to explore the consequences of variation in the relevant parameters.

FUTURE WORK

The effects of glissile SIA loop migration characteristics are being investigated in annealing
simulations. Thermally-activated and interaction-stimulated changes in glide direction are
being incorporated into the model along with sessile-glissile transformations. This work
will be reported on at ICFRM-8.
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INFLUENCE OF SUBCASCADE FORMATION ON DISPLACEMENT DAMAGE AT
HIGH PKA ENERGIES — R. E. Stoller (Oak Ridge National Laboratory) and L. R. Greenwood
(Pacific Northwest National Laboratory)

(Summary of a paper presented at 1997 TMS Symposium on Materials for Spallation Neutron
Sources, submitted for publication to TMS)

Extended Abstract

The design of first generation fusion reactors will have to be rely on radiation effects data
obtained from experiments conducted in fission reactors. Two issues must be addressed to use
this data with confidence. The first is differences in the neutron energy spectrum, and the
second is differences in nuclear transmutation rates. Differences in the neutron energy spectra
are reflected in the energy spectra of the primary knockon atoms (PKA). The issue of PKA
energy effects has been addressed through the use of displacement cascade simulations using
the method of molecular dynamics (MD). Although MD simulations can provide a detailed picture
of the formation and evolution of displacement cascades, they impose a substantial
computational burden. However, recent advances in computing equipment permit the simulation
of high energy displacement events involving more than one-million atoms [1-3]; the results
presented here encompass MD cascade simulation energies from near the displacement
threshold to as high as 40 keV. Two parameters have been extracted from the MD simulations:
the number of point defects that remain after the displacement event is completed and the
fraction of the surviving interstitials that are contained in clusters. The MD values have been
normalized to the number of atomic displacements calculated with the secondary displacement
model by Norgett, Robinson, and Torrens (NRT) [4].

The energy dependence of the two MD defect parameters was used to evaluate the effects of
neutron energy spectrum. Simple, energy-dependent functional fits to the MD results were
obtained, and the SPECOMP and SPECTER codes [5,6] were used to compute effective cross
sections for point defect survival and point defect clustering. PKA spectra for iron obtained from
SPECTER were then used to weight these effective cross sections in order to calculate
spectrum-averaged values. In order to provide a broad comparison, values were obtained for
several irradiation sites. These include: the 1/4-thickness position in the pressure vessel of a
typical commercial pressurized water reactor (PWR), the peripheral target position (PTP) and a
removable beryllium reflector position (RB*) of the HFIR, a midcore and below-core position (BC)
in the FFTF, the first wall spectrum of Starfire [7], and the radiation effects facility in the intense
pulsed neutron source (IPNS REF) in the Argonne National Laboratory [8,9]. Since the IPNS is a
spallation neutron source with neutron energies up to the proton beam energy of 450 MeV, it
produces PKA with even higher energies than does DT fusion.

The primary results of these calculations are summarized in Fig. 1. The PKA-spectrum-averaged
defect survival fraction is shown in Fig. 1a, and the interstitial clustering fraction in Fig. 1b. In both
cases, the effective production cross section has been divided by the NRT dpa cross section.
The lowest point defect survival fraction is obtained in the Starfire FW as a result of the 14.1 MeV
source term. However, the defect survival fractions shown in Fig. 1a are not simply determined by
how hard the initial neutron energy spectrum is. For example, the survival fractions for IPNS and
both FFTF sites are greater than any of the water moderated fission reactor spectra. An
examination of the PKA spectra indicates that the results shown in Fig. 1a and 1b are generally
dominated by PKA below 100 keV. Thus, average behavior is controlled by the details of the
spectra in the low to intermediate energy region. Here the differences between the fission and
Starfire PKA spectra are greater than those between fission and IPNS.  Similarly, the average
interstitial clustering fraction shown in Fig. 1b is only weakly dependent on the initial neutron
energy spectrum. The average clustering fraction tracks the defect survival fraction (since only
defects that survive can cluster), but the differences among the various environments are
reduced because the energy dependence of interstitial clustering is opposite to that of defect
survival [1-3].
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Although the values shown in Fig. 1a and 1b for the Starfire first wall lie at the lower limit of all the
sites illustrated, these results suggest that the nature of the displacement damage formed in a DT
fusion reactor first wall should not be significantly different from that obtained in fission reactors.
The average defect survival fraction is about 0.20 to 0.30 and the interstitial clustering fraction is
about 0.10 to 0.15 for all the cases shown. [n this case, the primary uncertainty regarding the use
of such data is the impact of differences in transmutation production rates between the two
environments.
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dpa) for various irradiation environments; defect survival ratio is shown in (a) and the
interstitial clustering fraction is shown in (b).
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9.0 DOSIMETRY, DAMAGE PARAMETERS,
AND ACTIVATION CALCULATIONS
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ANALYSIS OF THE DHCE EXPERIMENT IN THE POSITION A10 OF THE ATR REACTOR*
I.C.Gomes, D. L. Smith, and H. Tsai, (Argonne National Laboratory)

OBJECTIVE

The objective of this work was to assess the suitability of the neutron flux spectrum of the A-10
irradiation position of the ATR reactor for a DHCE (Dynamic Helium Charging Experiment)
experiment using Eu,0; thermal neutron filter. The amount of tritium leaking from the capsule
and the initial tritium charge to a reference capsule was calculated as well as the helium to dpa

ratio during irradiation. i

SUMMARY

Calculations were performed to assess the possibility of performing DHCE experiments in
mixed spectrum fission reactors. Calculated values of key parameters were compared with
limit values for each quantity. The values calculated were: He-4 production from the °Li(n,t)*He
reaction, tritium leakage, required tritium concentration in lithium, initial tritium charge per
capsule, and helium to dpa ratio after 10 dpa of irradiation.

INTRODUCTION

In DHCE experiment the helium production induced by high energy neutrons from a fusion
environment is simulated by the use of the decay of tritium to *He. Tritium is charged to a
mother alloy at a level that after the diffusion during the irradiation due the temperature
increase, the amount of tritium inside the vanadium samples are such that the correct amount
of *He is produced at the same time that atomic displacements take place.

One aspect of having *He instead of *He is the high *He(n,p)°H cross section. Figure 1 shows
the cross section of that reaction. As can be seen the cross section has a 1/E behavior and it
is as high as 5,000 barns in the thermal region. This fact implies that in a thermal neutron rich
environment the produced *He would be burmed and the helium_production could not be
simulated by the DHCE experiment. Then, the requirement of eliminating the thermal and as
much as possible of the epithermal neutron flux is an imperative for the success of a DHCE
experiment in a mixed spectrum fission reactor.

Another aspect that can be a limiting factor for the success of a DHCE experiment is the
solubility limit of tritium in lithium or other thermal bonding material. This limitation comes from
the fact that the distribution of tritium atoms between the thermal bonding material and the
vanadium samples only applies for free atoms and when the tritium concentration is below the
saturation limit.

In terms of helium production in the lithium due to the ®Li(n,t)*He reaction, there is the pressure
limitation inside the capsule. The pressure inside for a typical irradiation capsule has to stay
below roughly 20 atm. Then, the lithium enrichment has to stay below some limiting number to
avoid excessive gas production inside the capsule and the excessive build-up of pressure.

The analysis of the tritium leakage becomes important because of reductions in available
tritium for decay and possible restrictions associated with tritium contamination in the reactor.

*Work supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-38.
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Relative to the transport of the DHCE capsules, a large tritium inventory inside the capsule
creates problems for transporting the capsule and it may resuit in significative cost impact for
the experiment. Then, the assessment of the required tritium inventory per capsule is an
important issue.

Finally, a DHCE experiment must be desighed to simulate the helium production in a fusion
environment, which is roughly constant with the irradiation time. Then, the helium to dpa rate
profile must be roughly constant during the irradiation.

Cross Section: [n,p] for He—3 and [n,t] for Li—6
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Figure 1. *He(n,p)*H and °Li(n,t)*He cross sections as a function of the incident neutron.
RESULTS AND DISCUSSION

Following are the aspects analyzed and the conclusion obtained from the calculations
performed to assess a few parameters of a DHCE experiment in the position A-10 of the
Advanced Test Reactor (ATR).

A- Total Helium production in Lithium below the equivalent maximum pressure inside the
capsule.

The first part of the calculation was to define the maximum lithium enrichment that would
produce a pressure inside the capsule below the 20 atm limit. The assumption assumed was
conservative by nature, since it is considered that all *“He produced would be in gas phase and
as such contributing for the pressure build-up inside the capsule.
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Assuming a gas plenum volume inside the capsule of 6 cm?® (if this volume is reduced to 3 cm®
the maximum number of helium atoms is reduced by a half) the maximum number of helium
atoms that can be generated from the °Li(n, o) 3H reaction is:

Temp = 400°C => Ny, = 1.31x10%' *He atoms in the gas phase inside the capsule.
Temp = 425°C => N, = 1.26x10%' *He atoms in the gas phase inside the capsule.
Temp = 500°C => Ny, = 1.14x10* “He atoms in the gas phase inside the capsule.
Temp = 600°C => Ny, = 1.01x10?' “*He atoms in the gas phase inside the capsule.

The “He production rate from °Li inside the capsule, for a fixed irradiation facility and position,
is basically dependent only on the neutron flux spectrum and intensity. For a mixed-spectrum
reactor such as ATR the use of thermal neutron absorber to filter the neutrons is an imperative.
Then, the *He production rate will basically depend on the filter material and its thickness.
Table 1 presents the maximum °Li enrichment for a 2.9cm® volume of lithium inside the
capsule, to keep the pressure below 20 atm. after 10 dpa in the A-10 position of ATR, for a few
filter materials and thicknesses analyzed. It can be noted that the Eu,0, filter (50% density)
has a superior performance compared to other filter materials analyzed. The fact that a higher
enrichment can be allowed indicates that a lower *He burn-up is also achieved.

Table 1. Maximum allowable °Li enrichment to maintain the pressure inside the capsule below
20 atm for a gas plenum volume of 6 cm°.

Temp=400°C | Temp=425°C | Temp=500°C | Temp=600°C

3 mm thick Eu,0O4 122 % 11.8% 10.6% 9.5%

1 mm thick Eu,05 6.85% 6.6% 6.0% 5.3%

3 mm thick Gd-nat 4.75% 4.6% 4.1% 3.6%
0.8mm thick Eu,0,

+ 0.2 mm thick Gd 7.2% 6.9% 6.25% 5.5%
2 mm thick Gd-nat +

1 mm thick Hf-nat 5.9% 5.7% 5.2% 4.6%
2 mm thick Eu,04 +

1 mm thick Hf-nat 7.6% 7.4% 6.7% 5.9%

B- Acceptable helium to dpa ratio.

The helium to dpa ratio that can be obtained using Eu,O; filter with 50% density (in powder
form) and the maximum °Li enrichment shown in Table 1 is dependent on the distribution
coefficient (weight per cent of tritium in vanadium divided by the weight per cent of tritium in
lithium) and on the irradiation temperature. Table 1 presents, for the cases considered (Eu,04
filter with 3 and 1 mm thickness and TZM capsule walls with 1 and 2.5 mm, respectively), the
helium to dpa ratios after 10 dpa of irradiation. These values are calculated considering an
initial tritium charge equivalent to a tritium concentration in the vanadium samples of 1500
appm. It can be noted that although the helium to dpa ratio is not exactly 5, values relatively
close to the target values can be obtained. The cause for the decrease in the helium to dpa
ratio for high temperature irradiation is the increase in the tritium leakage from the capsule. A
way to reduce the leakage is to increase the thickness of the TZM capsule wall or using other
means to reduce the hydrogen permeability of the capsule walls.
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Table 2. Estimated helium to dpa ratio after 10 dpa’s of irradiation in the position A-10 of the
ATR reactor using Eu,0; thermal neutron filter.

3 mm thick Eu,0; filter with 1 mm TZM capsule wall.
Distribution Coeff. Temp=400°C Temp=500°C | Temp=600°C

0.0200 7.4 6.8 4.3
0.0100 6.4 5.9 3.7
0.0050 5.9 5.5 3.5
0.0033 5.7 5.4 34
0.0020 5.6 5.3 3.3

1 mm thick Eu,0; filter with 2.5 mm TZM capsule wall.
Distribution Coeff. Temp=400°C Temp=500°C | Temp=600°C

0.0200 6.2 5.9 4.7
0.0100 5.3 5.1 4.1
0.0050 4.9 4.8 3.9
0.0033 4.8 4.6 3.8
0.0020 4.7 4.6 3.7

C- Total amount of tritium dissolved in Lithium below the solubility limit.

The maximum calculated amount of tritum (in atom percent) dissolved in lithium during
irradiation for a 10 dpa’s irradiation campaign is presented in Table 3. These values are
calculated considering the maximum allowable enrichment and as such do not depend on the
filter material used.

Table 3. Maximum amount of tritium (in atom percent) dissolved in lithium during irradiation.

Distribution Coeff. Temp=400°C | Temp=500°C | Temp=600°C
0.0200 2.4% 2.2% 1.6%
0.0100 4.0% 3.6% | 3.1%
0.0050 7.0% 6.3% 6.3%
0.0033 10.% 9.4% 9.4%
0.0020 16.% 15.7% 15.7%

*Distribution coefficient is defined as the weight fraction of tritium in Vanadium divided by the
weight fraction of tritium dissolved in Lithium.

The values in italic in the above table indicate that the initial concentration of tritium in lithium is
larger in the beginning of the life and as such is tabulated as the constraint value. These
values can be compared with the solubility limit of tritium in lithium.

D- Tritium leakage rate below the acceptable limits.
Finally, concerning the leakage term. The amount of tritium to be released from the capsules

during a continuos 10 dpa irradiation campaign (considering the 1-week/40days shut-down
periods) is shown in Table 4 in Curies for a Lithium volume inside the capsule of 2.9 cm®.
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Table 4. Tritium leakage from the DHCE capsule (in Curies) during the an irradiation campaign

of 10 dpa’s.

3 mm thick Eu,0; filter with 1 mm TZM capsule wall.

Distribution Coeff. Temp=400°C Temp=500°C | Temp=600°C | Initial Charge
0.0200 0.9 16. 100. 117.
0.0100 1.5 26. 165. 218.
0.0050 2.7 48. 297. 422,
0.0033 3.8 69. 430. 625.
0.0020 6.2 111. 695. 1032.
1 mm thick Eu,0O; filter with 2.5 mm TZM capsule wall.
Distribution Coeff. Temp=400°C Temp=500°C | Temp=600°C | Initial Charge
0.0200 0.8 6.5 52. 117.
0.0100 1.3 10.8 86. 218.
0.0050 2.4 19.6 157. 422,
0.0033 3.5 28.4 227. 625.
0.0020 5.6 45.6 371. 1032.
CONCLUSION

The values calculated tend to indicate that is possible to perform a DHCE experiment in the
ATR A-10 position and to expect reasonable helium to dpa ratios during the irradiation.

FUTURE WORK

To perform a more detailed analysis of the parameters of the experiment and to compare the
values obtained with other limiting values.
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NEUTRONICS ANALYSIS OF THE DHCE EXPERIMENT IN ATR-ITV*, |.C.Gomes, D.L. Smith,
and H.Tsai (Argonne National Laboratory)

OBJECTIVE

The object of this analysis was to assess the suitability of the irradiation test vehicle (1TV), under
design, for Dynamic Helium Charging Experiment (DHCE) with vanadium alloys. To achieve
this goal a preliminary analysis of the irradiation conditions inside the vehicle, reaction rates,
tritium leakage, among others have to be calculated. The objective is to calculate the helium to
dpa ratio and analyze its range of variation and stability during a given irradiation period.

SUMMARY

The preliminary analysis of the DHCE experiment in the 1TV of ATR was performed and its was
concluded that such a vehicle is suitable for this kind of experiment. It is recommended to place
an extra filter material in the thermocouple sleeve (such as B-10), to improve the helium to dpa
ratio profile during irradiation. Also, it was concluded that a preliminary estimation of period of
time for replacement of the external filter would be around 5 dpa’s.

INTRODUCTION

The DHCE irradiation experiment was conceived to simulate Helium production due to neutron
interaction in a fusion environment through the tritium decay to Helium-3. The experiment
consists in charging a mother alloy with tritum at a concentration that after diffusion into
vanadium alloy specimens produces a net build-up of helium in the samples compatible with the
helium to dpa ratio of a fusion environment. The use of lithium as thermal bonding in the
experiment allows an extra production of trittum during irradiation.

The analysis of such an experiment is complex in nature due to the large number of intervening
variables. For example, the net build-up of helium-3 is a function of neutron flux intensity,
neutron flux spectrum, tritium leakage rate from the capsule, initial tritium charge, the
distribution coefficient of tritium atoms between samples, thermal bonding material, and capsule
walls. Also, the fritium concentration inside any of the component materials (mainly in the
lithium bonding) has to be below saturation otherwise chemical compounds are created and the
distribution of the atoms among the material regions would not follow the theoretical distribution
coefficient.

From a neutronics point-of-view the characterization of the thermal and epithermal neutron ﬂux
is very important in this analysis because of the very high cross section of the *He(n,p) °H
reactlon in those energy regions. Despite the lithium thermal bonding producing tritium through
the ®Li(n, o) *H reaction, the cross section for the *He(n,p) ®H is between 5 and 10 times larger
for almost all neutron energies. This indicates that the reac’uon rate for both reactions should be
reduced to a minimum to allow a reasonable growth of the *He concentration in the sample.

Another factor that is very important in the balance for the net *He production is the tritium
leakage from the capsule. A large leakage rate means that a Iarge fraction of the initial and
produced *H is going to leak out of the capsule reducing the °H inventory and the *He
generation rate.

*Work supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-103-Eng-38.
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This paper presents a brief summary of the analysis performed for a DHCE experiment in the
ATR (Advanced Test Reactor). The calculations are based on the current design of the 1TV
(Irradiation Test Vehicle) to be placed in the central flux trap of the reactor.

RESULTS AND DISCUSSION

Results of analyses conducted include neutron filtering, filter depletion, tritium leakage, and
distribution coefficient. Results and discussions for each of these areas are presented.

1. Neutron Filtering.

The large thermal/epithermal neutron interaction cross section of the *He makes the use of
thermal neutron absorbers, an imperative for DHCE experiments performed in mixed spectrum
fission reactors. ATR is among the available mixed spectrum reactors suitable for fusion
materials irradiation that can provide a relatively large fast to thermal neutron flux ratio. Despite
this favorable characteristic, the requirement for the use of an effective thermal neutron filter is
essential. :

The current design of the ITV calls for a replaceable external neutron filter 2.6mm thick made of
borated aluminum. The boron concentration in the aluminum is about 4.3% by weight and
100% B-10 is used instead of natural boron. The diameter of the region inside the filter is about
7.4cm. Three holes drilled in an aluminum filler of this region contain the irradiation capsules,
temperature control gas lines and thermocouple leads. A small water annulus is used as a
coolant outside each of the irradiation capsules. The combination of the filing material,
samples, and cooling water provides a potential for attenuating neutrons and producing an
increase in the thermal and epithermal components of the flux inside the filter region. As an
option for enhancing the filter performance the possibility of borating the thermocouple sleeves
is also being considered. Since the thermocouple sleeves are a semi-permanent component of
the irradiation vehicle, the depletion of the boron in this component has to be kept as low as
possible. This is achieved by replacing the external filter periodically.

Figure 1 displays a comparison of the different filter configurations. These results are for a
400°C irradiation, which implies that the tritium leakage is small. The curve labeled “filtert”
represents the configuration where only the outside filter is used, the curve “filter2” represents a
configuration that both, outside filter and borated thermocouple sleeve is used, and the curve
“no depl” represents that case that the depletion of the external filter is not accounted. The
results shown are for natural lithium, initial tritium charge equivalent to 1500 appm in the
vanadium sample, temperature of irradiation 400°C, and distribution coefficient between the
lithium and vanadium samples of 100 (in weight percent - weight per cent of tritium in lithium
over weight per cent of tritum in vanadium). As can be seen, the helium to dpa ratio is
maintained within an acceptable range. The performance of the configuration with outside and
inside filter has a fairly good performance. The results indicate that using inside and outside
filter the outside filter can be replaced after 5 dpa is reached without much of an impact to the
helium to dpa ratio. The configuration with only outside filter suffers a clear reduction of
performance above 5dpa, indicating the need for replacement of the external filter above this
level.
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Figure 1. Calculated evolution of the helium to dpa ratio during irradiation of vanadium alloys in
a DHCE experiment in the ITV position of ATR. The values plotied are for a temperature of
400°C, a weight distribution coefficient of 100, and lithium thermal bonding with natural
enrichment.

2. Filter Depletion.

The depletion of the thermal neutron absorbing atoms of the filter material is an important
parameter to be analyzed in the design of an experiment. During irradiation the number of
absorbing atoms is reduced and the effectiveness of the filter decreases. As indicated in Figure
1, the filter depletion was taken into account and the neutron flux, at the sample position, was
calculated each cycle to reflect the new filter atomic composition. Except for small local
variations the neutron flux represents fairly well what would be expected during the irradiation
length of an experiment.

3. Tritium Leakage

The permeation of tritium through the subcapsule wall is a function of the tritium concentration
inside the capsule and the leakage coefficient. An equation that describes the variation of the
number of tritium atoms inside the capsule as a function of the time can be written as follows:

dNy/dt = -L N, M

where Ny is the number of tritium atoms at the time t and L the leakage coefficient. The leakage
coefficient is a function of the diffusion coefficient of tritium in the capsule material, distribution
coefficient of tritium between capsule material and lithium, surface area of the capsule in contact
with lithium, among others. A way to represent this coefficient is given as follows:

L =DK% (QUQ.) (S/ dV)) 2)
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where D° is the diffusion coefficient of tritium in the capsule material, K%, the distribution
coefficient of tritium between the capsule and lithium (in atomic percent), Q, the atomic volume
of lithium, Q. the atomic volume of the capsule material, S the surface area of the capsule, “d”
the capsule wall thickness, and V, the volume of lithium in the capsule. This formulation is
basically theoretical and does not take in account the effects of the surface, this means that the
tritium is considered to be free to leak out of the surface. The diffusion coefficient of tritium is
strongly dependent on the temperature, which makes the leakage coefficient also strongly
dependent on the temperature. It is well known that a thin oxide (or other compound) layer can
have a strong effect in inhibiting the tritium leakage. Also, desorption of tritium at low pressures
was not considered in this calculation. In the analysis performed, the leakage coefficient was
assumed to be diffusion controlled, without taking credit for the possible improvements
represented by the use of surface barriers for the tritium.

Figure 2 displays a comparison of the helfium to dpa ratio for different temperatures considering
all other variables constant. The results presented are for the configuration with only outside
filter, for a distribution coefficient of 100, natural lithium enrichment, and initial tritium charge
equivalent to 1500 appm in the vanadium samples. The values presented in this plot are
calculated based on the diffusion controlled leakage, without any credit for the use of some kind
of auxiliary tritium barrier or for H desorption rate control. As can be seen, for 600°C the helium
to dpa ratio decreases considerably over the irradiation time, being at 5 dpa roughly 4 and at 10
dpa roughly 2. In this case filter replacement would not improve the performance. The possible
solution is to have a more effective filter associated with a higher lithium enrichment, to reduce
the leakage through the use of a tritium barrier in the outside capsule wall, or to include possible
benefits of disorption controlled permeation.
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Figure 2. Calculated helium to dpa ratio during the irradiation for different irradiation
temperatures. The lithium thermal bonding has natural enrichment, only outside filter is used,
and initial tritium concentration is equivalent to an equilibrium tritum concentration in the
vanadium samples of 1500 appm.
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4. Distribution Coefficient

Distribution coefficient is defined as the ratio of the equilibrium concentration of an element able
to diffuse through two media that are in contact. In this case the term distribution coefficient is
used to represent the ratio of the tritum concentration in lithium to that in vanadium. This
quantity is given the symbol WDC (weight distribution coefficient) or ADC (atomic distribution
coefficient). The quantity which is the inverse (concentration of tritium in vanadium over
concentration in lithium) is given the symbol K,, or K,, depending on being weight or atomic
distribution coefficient, respectively.

In this analysis the WDC was let to vary from 50 to 500. Studies performed by Park et.al. [1]
indicated that this value should be in the range of roughly 100-150 depending on temperature
and alloy composition.

Figure 3 and 4 show a comparison of the estimated helium to dpa values for a 500°C irradiation,
with natural lithium. Figure 3 displays calculated values using only outside filter and Figure 4
using inside and outside filter. Figure 3 presents the worst scenario where only outside filter is
used and the filter is not replaced for the full length of the irradiation. As it was shown in Figure
4, the use of inside and outside filter improves considerably the overall performance of the
configuration. Important information that can be extracted from these plots is that the
distribution coefficient has some impact on the helium to dpa profile during the irradiation but its
impact is not as large as the temperature.
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Figure 3. Calculated values of the helium to dpa ratio during irradiation of vanadium alloys in
the ITV position of ATR. The temperature of irradiation is 500°C, the lithium thermal bounding
has natural enrichment, only outside filter is used, and initial tritium concentration is equivalent
to an equilibrium tritium concentration in the vanadium samples of 1500 appm.
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Figure 4. Calculated values of the helium to dpa ratio during irradiation of vanadium alloys in
the ITV position of ATR. The temperature of irradiation is 500°C, the lithium thermal bounding
has natural enrichment, outside and inside filter is used, and initial tritium concentration is
equivalent to an equilibrium tritium concentration in the vanadium samples of 1500 appm.

FUTURE WORK

The future activities in the analysis of the DHCE experiment in the ITV include refinement of the
current geometric module of the irradiation train, inclusion of the axial profile of the neutron flux
into the model with, if possible, the use of the full model of the ATR core to better represent local
and global variations of the neutron flux, interaction with the ITV designers to achieve the design
goals of developing an operational vehicle suitable for fusion materials irradiation. Also,
calculations for the total tritium charge for each capsule (as soon as a final design of the
capsule is available), the total tritium inventory and estimated tritium leakage, as well as other
parameters of the experiment are to be performed to support the design of a DHCE experiment
in the ITV position of ATR.

REFERENCES

(1] J.-H. Park, R. Erck, S. Crossley and F. Deleglise, Fusion Materials Semiannual Progress
Report for ending period December 31, 1996, DOE/ER-0313/21, April 1997, pp. 45-51.
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10.0 MATERIALS ENGINEERING AND DESIGN REQUIREMENTS

No contributions.
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11.0 IRRADIATION FACILITIES, TEST MATRICES,
AND EXPERIMENTAL METHODS
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PROGRESS REPORT ON THE VARYING TEMPERATURE EXPERIMENT

A. L. Qualls, M. T. Hurst, D. G. Raby, D. W. Sparks (Oak Ridge National Laboratory), and T. Muroga
(National Institute for Fusion Science, Japan)

OBJECTIVE

The purpose of this experiment is to determine the effects of temperature variation during irradiation on
microstructure and mechanical properties of potential fusion reactor structural materials.

INTRODUCTION

A capsule has been designed that permits four specimen sets to be irradiated in an RB¥ location in the High
Flux Isotope reactor (HFIR) with distinct temperature histories. During the reporting period critical
component prototyping was completed. The results have lead to some design and operational changes from
that previously reported. The primary design changes are 1) compression seals in the specimen holes of the
beryllium holders, and 2) oxide-dispersion strengthened aluminum alloy (DISPAL) specimen sleeves in all
holders.

Details of the capsule design are presented in the previous issue of this publication'. Four, axially displaced
temperature zones are independently controlled. Holder temperatures are monitored by thermocouples and
controlled by a combination of adjustable temperature control gas mixtures and auxiliary heaters. The high
temperature holders are located in the center of the experimental region, which is centered on the reactor mid-
plane, and the low temperature holders are located at the ends of the experimental region. The zones are to
operate as follows:

A) low temperature, steady temperature zone (350°C),
B) high temperature, steady temperature zone (500°C),
O high temperature, variable temperature zone (300-500°C),
D) low temperature, variable temperature zone (200-350°C).

Specimens will be irradiated to 5 to 10 dpa (depending on material and location). Specimen temperatures are
controlled whenever the reactor is greater than a low power limit, tentatively set at 8.5 MW in order to reduce
the exposure levels at improper temperature to below 10 dpa. The four zones are essentially identical. The
primary differences in zones are 1) the amount of heat generated within them due to neutron and gamma
heating, 2) the temperature at which they operate, and 3) the material of which they are made. The high
temperature holders are made of a structural grade beryllium alloy (Brush Wellman S-200F), and the low
temperature holders are made of 6061-T6 aluminum alloy.

Identical specimen sets are contained in corresponding steady and variable temperature zones (the high
temperature and low temperature sets are different). The temperatures of the variable temperature zones are
maintained at their respective low value for 10% of the total fluence, and then increased to match that of the
corresponding steady temperature zones.

PROTOTYPE TESTING

A prototype capstle containing a single temperature zone was fabricated and operated. The gas flows,
temperature control gas gaps, and heater arrangement within the prototype were similar to that of the Low-
Temperature, Variable Temperature (LTVT) holder. The gas gap was set to produce a holder temperature
of 165°C when the heat produced within the holder equals that expected in the LTVT holder during irradiation
in an RB¥¥ position of HFIR.
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The questions to be addressed by the prototype were:
1) what are the operational limits of the heaters, and are they adequate to properly control the experiment,

2) will the proposed mixing of the temperature control gas provide adequate time response to prevent
specimen over-temperature as the reactor power is increased,

3) what are the end loss effects of the stainless steel separation pieces, and how does that affect the achievable
temperature range of the holder, and

4) is the response time of the proposed heater controllers suitable for the application.

Issues 1 and 2 were addressed and reported on during the previous reporting period. The dual element heaters
used for temperature control can operate safely with 9 amps of current passing through both elements or 15
amps passing through only one of the elements, before reaching a limiting sheath temperature of 1000°C in
the section of the heater directly above the holder. Mixing the temperature control gases inside the capsule
results in adequate temperature response to gas flow adjustments to prevent specimen over temperature during
typical reactor power increases. The purpose of the final phase of testing was: 1) to test heater controllers,
2) verify the thermal models used in the design of the holders, and 3) verify that the heaters can meet the
requirements of the experiment.

Heater Controllers

A software based, temperature control loop was developed to control the temperature of the prototype holder
by issuing a demand for heater current based on holder temperature. Phase angle fired, silicon rectified
controllers (SRC) were selected for heater control because phase angle firing results in a lower element
temperature for a given heat output and reduces the temperature oscillations within an element compared to
burst firing SRC controllers or ON-OFF controllers. The effect of which is longer heater lifetime.

Phase angle fired controllers regulate the point in each AC voltage sine wave at which the current is allowed
to pass to the heaters. If 100% of the heater power is demanded, the full sine wave passes through the heaters.
As less power is demanded, the controller delays the passing of the current until the phase angle corresponds
to the demanded power percentage.

Estimate of holder heat loss

The thermal characteristics of the holder and separation piece assembly were tested to determine parasitic heat
losses. A quick comparison of the potential heat loss paths from the holder suggests that no more than 25
watts out of 1450 watts should be lost across the separation pieces of the LTVT holder in the actual capsule.
To test heat loss from the prototype, a known amount of heat was added to the holders and the temperature
was monitored. The flow rate of argon through the temperature control gas gaps was scanned and the
resulting temperature was recorded.

The thermal conductivity of the temperature control gas mixture is calculated from the relative flow rates of
helium and argon through the system, and the average temperature of the holder and housing tube. The
calculated thermal conductivity is very sensitive to the percentage of helium in the gas mixture. The measured
helium flow rate through capsule during the experiment was 10 standard cubic centimeters per minute (sccm).
The experimentally measured temperatures are higher than the predicted temperatures if a flow rate of 10
sccm of helium is assumed through the temperature control gas gap. This implies that the actual helium flow
through the gas gap was less than the measured helium flow rate through the experiment. The flow rate
instrumentation was calibrated for air and a factor was used to correct for the use of helium, and the flow rate
measurement was made at 10% of the full scale reading of the instrument, where the accuracy is reduced.
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Also, the prototype capsule had some leakage out of a temporary top seal, the affect of which on the gas
mixture is not exactly known. So it is reasonable to assume that the helium flow rate through the gas gap was
lower than the measured flow rate through the experiment. It is also probable that the flow rate of helium
through the gas gap was reduced as the argon flow was increased. There is, therefore, a degree of uncertainty
associated the calculation of the thermal conductivity of the control gas mixture.

A correction must be made to the helium flow rate in order for the experimentally measured data to have a
reasonable fit to the predicted data. The assumed flow rate of helium was reduced until acceptable agreement
was achieved between the predicted and measured temperatures at the low temperatures, where parasitic heat
loss should be small and the gas mixture was mostly helium. There is a degree of subjectiveness in
determining the fit, however the best results are obtained for assumed helium flow rates of 4 to 5 sccm.

With the low temperature data corrected by assuming a reduced helium flow, the measured temperature
deviates from the flow-corrected, predicted temperatures at higher temperatures. This deviation is assumed
to be due to parasitic heat loss from the ends of the holder. The magnitude of the parasitic heat loss is
estimated by assuming that it is proportional to the temperature of the holder. The value of the proportionality
constant is determined by adjusting it until the experimental data has reasonable agreement with the predicted
temperature over the entire temperature range.

Figure 1 shows the measured data, the predicted temperature assuming the measured helium flow (10 sccm),
the predicted temperature assuming the reduced helium flow (4 sccm), and the predicted temperature
assuming reduced helium flow and corrected for parasitic heat loss. The required parasitic heat loss factor
increases as the assumed helium flow is reduced. For an assumed flow of 4 sccm to 5 sccm, the required
values of the proportionality constant suggests that over 80% to 90% of the heat loss will occur across the
temperature control gas gap in the prototype when the temperature difference between the holder and the
housing tube is 270°C.

The parasitic losses in the capsule are expected to be lower than that of the prototype due primarily to the use
of thinner-walled separation pieces and increased gap between the separation piece and the 1.D. of the housing
tube. For the LTVT holder the upper separation piece is a heat source instead a heat sink. The heaters and
TCATs are also a heat source, but the heat conducted through them is expected to be negligible.
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Fig. 1. Temperature of the holders as a function of argon flow compared to the expected value.

Holder Temperature Range

With the parasitic losses from the capsule conservatively estimated, the expected temperature range of holders
can be calculated. The gas mixing scheme used in the capsule does not allow pure argon to flow through the
gas gaps of the holders without turning off the helium purge flow. This limits the minimal thermal
conductivity in the temperature control gas gap to below that which could be produced by flowing pure argon
in the gaps. This, in addition to parasitic heat losses limits the achievable temperature range of a holder.

Figure 2 shows: 1) the expected temperature range for the LTVT holder (designed to operate at 165°C when
the temperature control gas is pure helium and 1450 watts are generated within the holder) as a function of
heat generated within the holder, if pure argon can be input into the gas gaps and there were no parasitic heat
losses, and 2) the expected temperature range if parasitic heat losses are assumed equal to the largest value
estimated in the prototype experiment (helium flow = 4 sccm) and the gas mixture is assumed to vary from
pure helium to a 95% argon-5% helivm mixture.

The achievable temperature range of the LTVT holder with parasitic losses and 5% helium content is very
close to required temperature range of 165°C to 330°C. If the parasitic heat loss is higher than expected or
the heat generated in the holder due to nuclear interactions is lower than expected, anxiliary heat from the
heaters could be required to elevate specimen temperatures to the desired high temperatures.

The losses assumed for this calculation are larger than those expected in the capsule, and the helium purge
can be terminated when high power is not being demanded from the heaters if needed. It is expected that the
required high temperature in the LTVT holder can be achieved without the use of auxiliary heat. Because of



247

the location of the LTVT, the heat generated within it will increase as the reactor cycle progresses, making
it easier to maintain temperature.
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Fig. 2. Predicted temperature range of the LTVT holder.
Heater Performance

The maximum heat output from the heaters is dependent on the design temperature of the holder. In order
to have a margin for error, holders are designed to operate below the required temperature. If more heat is
generated within the holders than anticipated, the specimens can still be controlled at the desired temperature.
Increasing the margin for error (lowering the design temperature) increases auxiliary heat requirements when
the reactor is operating at reduced power. The maximum heat requirements will occur if a large margin for
error is assumed, and 1) the actual heat generated is less than anticipated, and 2) parasitic heat losses are
larger than expected.

The design temperature of each holder is set to limit the maximum credible auxiliary heat requirement to less
than that produced when 9 amps pass through the nine elements in each holder. The estimated heat required
to maintain specimen temperature in each of the four holders as a function of argon flow through the gas gaps
(along with an assumed helium flow rate of 3 sccm) is shown in Fig. 3. This calculation assumes the parasitic
heat loss implied by an assumed flow of 4 sccm of helium through the gas gap of the prototype holder.
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The maximum required heat input is estimated to be 1200 watts, to maintain a temperature of 350°C in the
LTST holder if it is designed to operate at 235°C at EOC with pure helium as the temperature control gas.
At 10% power, approximately 220 watts will be generated in the LTST holder due to neutron and gamma
interactions. To maintain the desired specimen temperature, 980 watts of auxiliary heat must be added to the
holder when 70 sccm of argon and 3 sccm of helium is flowing through the gas gap. If the 980 watts are

evenly distributed over the 9 heaters in the holder (average element resistance is 1.35 ohms), then 9 amps will
be required through each heater element.

100 T T T T T
95— . —
90 {~ : _
85

so-
51—

70— :
65 i
60— :
Argon Flow :
1
1

55~
(scem)

sl

45

q0f

35

30
25 3
20
154~ ™
10+ .
s

| | 1
0 250 500 750 1000

1250 1500 1750 2000
— LTST Heat (watts) required to maintain specimen temperature
""" HTST

-~ HIVT

- LTVT

2250 2500

Fig. 3. The estimated heat required to maintain specimen temperature in each of the four holders as a function
of argon flow through the gas gaps. A constant helium flow rate is assumed.

The maximum current requirement of 9 amps through the heater elements is the limit established during
prototype testing as the operating limit. The 9 amp limit was set to limit sheath temperature to 1000°C in the
region between holders, because melting of the sheath at this location was the predominant form of heater
failure during testing. The melting temperature of the sheath material (304 stainless steel) however, is >
1450°C, and dual-element heaters have been operated at > 12 amps through both elements in steady state, and
> 15 amps through only one of the elements without failure. If four of the original nine elements in a holder
are operational, specimen temperatures can be elevated and controlled in the LTST whenever the reactor

power is above 10% of full power, even if parasitic heat loss in the capsule holders are as high as the most
conservative estimate of the heat losses from the prototype holder.
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Heater element lifetime for mineral insulated heaters is limited by wire oxidation, which occurs at a rate
proportional to temperature. To ensure a lifetime of at least one year, it is recommended that the element
temperature be limited to 870°C. The temperature of a heater element when 9 amps are passing through it,
while it is operating in a 500°C holder is estimated to be below 800°C, however, the temperature of the
extension wire in the region directly above the holder is known to be >1000°C when 9 amps are passed
through both elements. This is an important reason for limiting the current through the heaters. While it is
possible to operate at higher power output, doing so will reduce heater lifetime.

During a typical startup, reactor power is increased to approximately 10% of full power and held for 15-20
minutes for instrumentation checks. Specimen temperatures will be elevated and controlled during this
period. The heaters will be required to operate at the highest power for approximately 150 minutes over the
course of the entire 10-cycle experiment, if all start-ups proceed smoothly. The prototype heaters were
operated at 9 amps through both elements longer than the total time expected to be required during the
experiment, and were cycled to >9 amps many times more than the 10 cycles required during the experiment.
If the current to the heaters can be limited to 9 amps, heater failure due to wire oxidation or melting of the
sheath is unlikely.

The effects of transmutations in heater elements and extension wire are not precisely known. While heaters
have been irradiated at higher temperatures, the linear power output from those heaters was not as high as the
heaters used in this experiment, and heaters have never been operated at ORNL to the fluence that will be
encountered in this experiment. These unknown factors provide added incentive for minimizing the heat
demanded from the heaters.

Based on the measured resistances across sections of the (shortened) prototype heaters, the total resistance
of a full length capsule heater is estimated to be 4.5 ohms. Three elements in series will produce a total loop
resistance of approximately 13.5 ohms. A 110 VAC controller could only pass approximately 8 amps through
a series of three heaters. Therefore, while a 110 VAC controller was used to test the prototypes, a 208 VAC
controller, capable of outputting over 15 amps through three heaters, will be used for capsule operation.

CAPSULE CONTROL

Controller Response

To test the response of the control loop, the system was allowed to equilibrate and then was perturbed by
changing operating conditions. The response of the controller for the control heaters and the temperature
deviation from the set point temperature to a series of perturbations is shown in Fig. 4. The temperature set
point is 175°C, and the helium flow rate and heat output from a secondary set of heaters were held constant
during the experiment. Initially, the controller output is limited by the control computer even though holder
temperature is below the set point temperature of 175°C. The argon flow is increased and the temperature
increases. Upon the detection of increasing temperatures, the demanded current to the heaters is reduced.
This is followed by a series of small argon flow increases, which result in small oscillations in holder
temperature. At approximately 12:23, the coolant flow past the capsule is terminated and the holder
temperature increases. The control heater output is reduced to zero, which reduces the holder temperature.
(For operation in the actual capsule, a temperature deviation of this magnitude would result in an automatic
reduction in the argon flow rate and termination of current to all heaters in the holder.) Coolant flow is
resumed, and the controller returns the holder to the proper temperature after slightly overshooting the set
point temperature. The final perturbations are large changes in the argon flow rate, which are designed to
simulate changes in reactor power. The largest increase is estimated to simulate a reactor power increase of
10%. The resulting increase in holder temperature is approximately 5°C.

The controllers must respond quickly enough to compensate for expected reactor power increases of 20% of
full reactor power (18 MW), and gas mixture adjustments will be made to keep heater outputs within
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acceptable limits. Reactor power will be increasing as gas mixture adjustments are made. Some temperature
deviation is unavoidable during these transitions. Because reactor power increases are usually limited to 20%
of full power (< 18 MW) and settling time is allowed between steps, the temperature deviations are expected
to be < 10°C.

System response to a series of perturbations

- argon flow (sccm)
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Fig. 4. System response to a series of perturbations.

Automated Contro| During Start-ups

Gas mixture adjustments will be controlled automatically during a reactor startup. Before startup, the
experiment operator will input values into a “setout” table that specifies the argon flow and set point
temperature for each zone as a function of reactor power. The flow rates are set to allow the control heaters
to operate within a defined power range while maintaining the specified specimen temperatures.

The inputs to this table will be determined during the start-up of the first cycle of operation, which will be
strictly specified and monitored. Reactor power levels are either input to the system by the experiment
operator or read by the control computer from an on-line database containing real-time reactor conditions.
When the reactor power exceeds the power limit for which a temperature set point above ambient coolant
temperature (50°C) is specified, temperature control begins automatically. As the reactor power exceeds the
values in the setout table, the argon is reduced to the value listed in the table.

By the time the reactor reaches 90% of full power, essentially all of the argon will be removed from the
system. At full reactor power, the experiment operator will manually adjust the flow of neon or argon to each
temperature zone until the power output of the control heaters falls between the upper and lower alarm limits
if required. Once this is done, the capsule can be operated automatically without operator supervision.

The capsule will remain in this configuration until it is time to increase the temperatures in the variable
temperature zones (about 2 days). Before the transition, the operator will gradually eliminate the neon or
argon from the steady temperature zones, increasing the current demand to the heaters in those zones. The
purpose of this is to provide additional adjustment capability in those zones in the event that some of the argon
added to the variable temperature zones leaks into the steady temperature zones.
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At the time of the transition, the operator will increase the temperature control set points and the argon flow
rates of the varying temperature zones. If the change of gas mixtures or temperatures in the variable
temperature zones causes an increase in the temperature of the steady temperature zones, the control heater
output for those zones will automatically compensate. After the transition, the operator will again manually
adjust the neon or argon flow rates to all zones in order to force the control heater outputs between the alarm
limits,

Heater Failure

If all three heater zones in a holder were to fail (power failure to control cabinet, for example), the
temperature of the specimens would be temporarily reduced to the value dictated by the gas mixture, which
is approximately 5°C below set point temperature. The capsule could then be controlled with automated gas

mixture adjustments as is routinely done in instrumented RBsr capsules.

Reactor Power Reduction or Unscheduled Shutdown

If the reactor must be operated at a reduced power level, the control heaters will attempt to compensate with
increased heater output. However, once the control heater output from more than one zone exceeds a
specified upper value (that is, once the reactor power falls below a certain level), the computer will turn off
all heaters and allow the temperature of the specimens to fall below the setpoint value, activating the low
temperature alarms. The control system is assuming that the reactor has shutdown and is attempting to
prevent holding the specimens at elevated temperatures when they are not being irradiated. Reactor operators
will be instructed to shutdown the reactor. If the reactor must be operated at reduced power levels, the
experiment operator can manually reset the setout table to accommodate.

WELDING MOCK-UP

The specimens will be sealed in a static helium environment. The required seal was to be accomplished by
laser welding a cap into the tops of the specimen holders after the specimens have been loaded. Testing of
this sealing method was done for both aluminum and beryllium. An acceptable welding procedure was
developed for the aluminum holder, but leak tight seals could not consistently be produced in the beryllium
mock-ups with the available equipment, time and resources.

A mechanical seal was designed to facilitate seals in the beryllium holders. The specimen holes are threaded,
and threaded, copper-beryllium alloy caps compress a titanium sealing disk between the polished base of the
cap and a polished surface inside the specimen hole, as shown in Fig. 5. Titanium was selected as the gasket
material because it will act as an oxygen getter in the event that a small amount of leakage does occur. Mock-
ups of the mechanical seal are being fabricated and will be tested before the design is finalized.
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Fig. 5. Detail of the sealing caps to be used in the beryllium (high temperature holders).
MATERIAL CHANGE

The specimen sleeves were changed to DISPAL in both holders to reduce the expense associated with making
identical sets out of different materials, and making and handling a large number of beryllium components.
The DISPAL can be used at temperatures up to 500°C, and is therefore acceptable for use in all four holders.
It will also prevent the specimens from being in direct contact with beryllium.

SCHEDULE

Fabrication of the capsule housing components and the heaters and thermometry has begun. The holders will
be fabricated as soon as the mechanical sealing technique has been verified. Specimens are scheduled for
delivery to ORNL in August 1997. Capsule assembly is scheduled for July - October. The control hardware
is scheduled for completion by October 1997, and the assembled capsule will be connected to the control
system in December 1997. Irradiation is scheduled to begin after the irradiation of RB-11J and RB-127 is
complete, in February or March 1998.
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THE MONBUSHO/U.S. SHIELDED HFIR IRRADIATION EXPERIMENT: HFIR-MFE-
RB-11J AND 12J (P3-2 AND P3-3) — M. L. Grossbeck, K. E. Lenox, and M. A. Janney
(Oak Ridge National Laboratory), T. Muroga (National Institute for Fusion Science),

D. W. Heatherly and K. R. Thoms (Oak Ridge National Laboratory)

SUMMARY

This experiment is a joint project between the Japanese Monbusho, the Japan Atomic Energy
Research Institute, and the U.S. Fusion Energy Sciences Program. lt is the first of a series of
experiments using europium oxide as a thermal neutron shield to minimize transmutations in
vanadium alloys and ferritic/martensitic steels. The europium oxide shields were developed
using ceramic processing techniques culminating in cold pressing and sintering. This
experiment, which is a prototype for future fast neutron experiments in the HFIR, contains
approximately 3200 specimens of 18 different types. The experiment began operating at 300
and 500°C in February 1997 and is projected to attain its goal fluence of ~5 dpa in February 1998.

PROGRESS AND STATUS

Introduction

This experiment is a low exposure irradiation containing a large variety of specimens primarily for
microstructural analysis and mechanical properties of a wide variety of materials. It consists of two
irradiation vehicles, one at 300°C (HFIR-MFE-RB-11J) and the other at 500°C (HFIR-MFE-RB-
12J). Vanadium transmutes to chromium by thermal neutron absorption with an absorption cross
section of 80 barns. As a result, initially pure vanadium will contain 10% Cr after an exposure of

5 dpa in a HFIR reflector position. For the low activation ferritic-martensitic steels, transmutation
of tantalum and tungsten, which have thermal absorption cross-sections of 25 and 19 barns,
respectively, could significantly perturb alloy composition. To minimize these transmutation
effects, a europium oxide shield was developed for this experiment that reduces the thermal flux
by a factor of about 100.

To maintain controlied specimen temperatures and minimize radiative heat transfer, the
specimens are held in carefully designed racks of aluminum alloy. The specimens had to be
machined to close tolerances in order to fit into the racks and to achieve good thermal contact.
Twenty-one thermocouples are positioned along the length of each capsule, some near the
centerline, and the remainder toward the periphery of the holders. Temperature is maintained by
surrounding the specimen chamber with an annulus of inert gas which can be varied in
composition from pure helium to neon or argon, or a mixture of helium and one of the other
gases. An automatic computer-controlled system uses an average thermocouple temperature for
control and adjusts the gas mixture to maintain the design temperature.

Experiment Goals

The irradiation vehicles contain many varied experiments for fusion materials research. Only a few
examples will be stated. Pressurized tubes of low Cr-Ti-vanadium alloys are being irradiated for
the first time to evaluate irradiation creep in this alloy class. Pressurized tubes of ferritic/
martensitic alloys are also included to evaluate the newer low-activation ferritic/martensitic steels.
A large portion of the space is devoted to ceramic materials, including ceramic/metallic braze
joints. Advanced SiC/SiC fiber composites using low-oxygen SiC are being irradiated to study
irradiation-induced densification. Alumina and silicon nitride bend bars of different thicknesses
are included to study size effects on fracture of irradiated ceramics. There is also a series of TEM
disks with varying minor element chemistry to study the effects of transmutation on
microstructure. Mechanical test samples of tensile, compact tension, and Charpy bars as well as
bend bars are included to evaluate mechanical properties of several classes of alloys and
ceramics. Table 1 presents the specimen loading by material and type of specimen.
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Specimen_Loading Configuration

The specimens are loaded into round holes and square or rectangular slots along the longitudinal
axes of the capsules. Figure 1 shows the center sections of the capsules identifying the holes
and slots. The upper and lower sections of each capsule are shown in Fig. 2. In HFIR-MFE-RB-
114, which will be referred to as 11J, the upper and lower sections contain disc compact tension
specimens (DCT). In HFIR-MFE-RB-12J, which will be referred to as 12J, the upper and lower
sections contain Charpy v-notch specimens (CVN), bend bar specimens (BB), and DCT
specimens. The overall geometry of the specimens is shown in Table 2.

Table 2. Specimen Types and Overall Sizes
(The experimenter is the person who may be contacted to obtain drawings.)

Overall Dimensions
Specimen Type Designation (mm) Experimenter
Trans. Elect. Micros.
TEM 3 x 0.15-0.25

Tensile SS8J 16x4x0.25 Kohno

Tensile 8S-3 25 x 4.95 x 0.76 Grossbeck
Pressurized Tube 22.4 x 4.57 dia Kohno
Compact Tension DCT 9.6 dia x 3.93 Kimura

Compact Tension DCT 12.5 dia x 4.62 Grossbeck
Charpy 1.5 CVN 20x1.5x%x1.5 Kohno

Charpy CVN 25 x 3.33 Grossbeck
Bend Bar BB1 15x2x2 Satou
Bend Bar BB2 15x2x1 Satou
Bend Bar , BB3 15x2x0.5 Satou
Bend Bar BB4 15%x2x0.25 Satou
Bend Bar BBS 9.0x1.4%0.6 Satou
Bend Bar BB6 25x4x2 Satou
Bend Bar BB7 10x1x0.7 Satou
Bend Bar BB8 25x3x2.5 Snead
Fiber Tube SiC Tube 48 x 2 dia Satou
Thermal Cond. T™ 10diax2 Satou

The specimen loading for the upper and lower sections of 11J is shown in Table 3. Tables 4 and
5 contain the specimen loading for 12J. Since specimens are loaded side by side in a given slot,
two columns are allotted for each row (slot). As can be seen in Fig. 1, there is an inner and an
outer specimen holder in the center section of each capsule. The two holders are separate and
fit concentrically together very tightly so as not to impede radial heat transfer. The specimen
loading for the 11J inner holder is given in Table 6. The specimens are listed top to bottom as
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>/ \/’\ /X TE 88

TE 15-21 1C

(B) HFIR-MFE-RB-12J

Fig. 1. Cross section through the central portion of the irradiation capsules indicating the
designations for the holes and slots.
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(B) HFIR-MFE-RB-12J

Fig. 2. Cross section through the end sections of the irradiation capsules.
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they are loaded in the capsules. As with the previous tables, specimens loaded side by side
appear in adjacent columns under the same row number. Table 7 shows the loading for the outer
holder of 11J. In cases where more than one type of specimen is loaded into one slot, all types
are listed at the column head. The loadings for the inner and outer central holders for 12J appear
in Tables 8 and 9, respectively.

As can be seen in Tables 7 and 9, the TEM specimens are in the outer holders of each capsule,
all in one hole in each capsule. The TEM specimens are loaded in tubes with welded end caps
and placed into the holes provided. The tubes are of various lengths up to 25 mm in length.
Most of the tubes are aluminum with slots for ease of disassembly, but some are zirconium and
are completely sealed for protection of vanadium alloys. The loading of the tubes is shown in
Tables 10 and 11 for 11J and 12J, respectively. The Zr tubes are indicated below the tube
designation. Tubes 1-1 and 2-1 contain radioactive specimens from a previous irradiation in the
FFTF. The specimens are listed in the order loaded so that the bottom specimen is listed first.
Multiple coiumns are used simply to accommodate the large number of specimens; all are loaded
one on top of the other.

Thermal Neutron Shield

Development of the thermal neutron shield presented the most difficult challenge of the
irradiation experiment. The first task was to select the absorber material for the shield. Most
available thermal absorbers can be excluded. Hafnium has been used as a thermal neutron shield
in flux tailoring experiments in the HFIR,1 but in the space available, only a factor of ten
attenuation can be achieved. Gadolinium and cadmium have such high cross sections that they
burn too fast to achieve the required exposure. Boron can be made to last for the duration of the
experiment, in this case about one year, especially since it may be enriched in the 19B isotope.
However, since the absorption reactions are (n, o), helium will collect in the shield container and
produce a gas pressure of about 70 MPa, 10,000 psi, in the duration of the irradiation. This would
necessitate using precious space for thick container walls. Europium can be used because the
two isotopes initially present transmute into five additional isotopes of Eu and five isotopes of Gd,
many of which have cross sections greater than 1000 bams. Thus each initial atom of Eu can
ultimately absorb several neutrons.

Having chosen Eu for the absorber, many restrictions involving practicality and reactor safety must
be considered. Europium is a very reactive metal necessitating glove box handling. Because of
the reactivity and the fact that the atomic density of monoclinic Eu,O3 is 30% higher than Eu
metal, europium oxide was selected as the absorber material. Europium oxide reacts with water to
form a hydroxide which causes disintegration of the physical structure and swelling of about a
factor of two. In the case of a leak in the can containing the shield, Eu,O3 could escape, and the
can could swell and prevent removal from the reactor.

For the first line of defense, a shield can was designed such that two independent welds would
have to fail in order to produce a leak. The design of the welds is illustrated in Fig. 3. In the event
of a leak, a packed powder of Eu,03 (which could easily be packed to 50% of theoretical density)
would allow percolation of water and swelling in a matter of a few days at 70°C. To provide a
second line of defense, the Eu,03 was sintered to 92% of theoretical density to reduce
percolation of water. In addition, the Eu,O3 was coated with aluminum to provide a water resistant
coating.

A shield 413 mm in length was required to cover the specimen region of the capsule, but in order
to reduce the shield to manageable sections, rings 25 to 50 mm in length were fabricated. The
thickness of the rings was 1.85 mm and the outside diameter was 48.3 mm. A step 0.76 mm in
length and of half the wall thickness was machined on each end in order to avoid neutron
streaming through the cracks between the rings when stacked together. Several completed
rings are shown in Fig. 4.
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The rings were fabricated by cold pressing and sintering. Cubic Eu,O5 powder was isopressed
and calcined at 1800°C to transform it to the more dense monoclinic phase. Following crushing,
grinding, and milling operations, a binder was introduced to facilitate die pressing. The powder
was then pressed in a steel die at 310 MPa, resulting in a compact of 65% of theoretical density.
The binder was then burned out at 1300°C in an air atmosphere. The rings were then sintered at
1730°C for one hour in an argon-4%H atmosphere. The final shape was machined to a tolerance
of 0.03 mm.* Coating with aluminum was done by plasma sputtering to produce a coating 2-4 um
in thickness. Since the coating produced by this technique was porous, it was sintered in a
vacuum at 576°C, 0.9 of the melting point of aluminum, for 4 hours.

The rings were then fitted together on the inner wall of the shield can to form the cylindrical shield
pictured in Fig. 5. The ends of the capsules were shielded with sections of a HFIR control plate
containing Eu,O3 in an Al matrix. Space was not a constraint so that two such 25 mm plates were
used and were placed in the specimen chamber which had a monitored containment. In the case
of a leak, a high moisture level in the purge gas could be detected within a few minutes.

Thermal Performance

The temperature distribution in the capsules was examined carefully during the first cycle of
operation. The temperature distributions are shown in Figs. 6 and 7 for 11J and 12J,
respectively. The temperatures plotted are thermocouple temperatures. Specimen
temperatures are higher according to heat conduction from the particular specimen and to local
nuclear heating, which depends upon axial position and shielding. Calculated corrections to
thermocouple temperatures are given in Figs. 6 and 7. It is apparent that the end regions are
cooler than expected in both capsules. In 11J, the ends were about 50°C lower than the design
temperature, and in 12J the end regions were about 150°C below the design temperature.

Itis believed that the low temperatures are the result of two causes: end losses and centering pad
losses. A few specimens in the outer middle region are also affected by centering pad losses.
Centering pads are used to maintain the position of the specimen holder in the capsule and to
maintain the gap needed for the flow of the control gas. However, the centering pads also
provide a pathway for heat loss. The localized temperature depression is approximately 20°C
(8%) in 11J and 50°C (6%) in 12J. The centering pads affect only those specimens that are near
centering pad locations, along with all the upper and lower regions.

The majority of the specimens in both capsules is operating within the desired temperature
bands: 20 C for both the 300 and 500°C capsules. The average of the central thermocouples
was chosen for the control temperature in both capsules. The end regions are considered to be
at 250 and 350°C for 11J and 12J, respectively. As with any irradiation experiment that does not
contain liquid metal, variations between specimens are expected.

Conclusions

Two unique first of a kind irradiation experiments have begun irradiation in the HFIR. The newly
developed europium oxide thermal shields permit fast reactor irradiations in the HFIR including, if
desired, irradiation at temperatures as low as 60°C. The experiments contain a very large number
of specimens of alloys and ceramics of many specimen configurations.

The temperatures at the ends of the capsules were slightly lower than the design temperatures,
but this is not unexpected in an experiment of such a new design. The low temperatures are
attributed to undesirable heat conduction through centering pads. The design will be modified in
future irradiation experiments to alleviate this condition. The experiment will serve as a prototype
for other collaborative HFIR experiments between Japan and the U.S.

*Machining was performed by Chand Associated, Inc., Wo~rcester, MA.
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NEUTRON IRRADIATION OF V-Cr-Ti ALLOYS IN THE BOR-60 FAST REACTOR:
DESCRIPTION OF THE FUSION-1 EXPERIMENT — A. F. Rowcliffe (Oak Ridge National
Laboratory), H. C. Tsai and D. L. Smith (Argonne National Laboratory), and V. Kazakov, and V.
Chakin (RIAR, Dimitrovgrad)

SUMMARY

The FUSION-1 irradiation capsule was inserted in Row 5 of the BOR-60 fast reactor in June 1995.
The capsule contains a collaborative RF/U.S. experiment to investigate the irradiation performance
of V-Cr-Ti alloys in the temperature range 310 to 350°C. This report describes the capsule layout,
specimen fabrication history, and the detailed test matrix for the U.S. specimens. A description of
the operating history and neutronics will be presented in the next semiannual report.

INTRODUCTION

Low activation alloys based on the V-Cr-Ti system are the primary option for the first wall and
blanket structure for liquid metal-cooled fusion reactor systems. A promising combination of
fabricability, strength, ductility, and toughness has been identified within the composition range
V-(4-5)Cr-(4-5)Ti. Initial results from fast reactor irradiation experiments conducted over the range
420-600°C indicated very little change in the ductile-to-brittle transition temperature (DBTT) fora
V-4Cr-4Ti alloy irradiated to neutron doses in the range 24-36 dpa. However, large upward shifts in
DBTT have been reported for a similar alloy irradiated at lower temperatures [1].

This paper describes the construction and operation of a collaborative RF/U.S. irradiation
experiment in the BOR-60 reactor designed to investigate the irradiation performance of vanadium
alloys in the temperature range 310-350°C for neutron doses in the range 15-20 dpa. The capsule
design and specimen fabrication history are described, and details of the specimen test matrix are
provided. The operating history, neutronics, and experiment disassembly will be provided in the
next semiannual report.

CAPSULE CONSTRUCTION

The layout of the capsule is shown in Fig. 1. The experiment is contained inside a cylindrical tube
measuring 41 mm ID x 1 mm thick, which is housed inside a hexagonal duct measuring 44 mm
flat-to-flat. The space between the outer duct and inner tube is filled with argon to provide thermal
insulation against neighboring fuel assemblies. The experimental capsule is a stainless steel
cylindrical tube measuring 36 mm ID x 2 mm thick filled with 7Li of 99.9% purity. The outside of the
capsule is in contact with flowing sodium. Both U.S. and RF specimens are supported on a set of
10 tiers with the U.S. specimens occupying the lower six, as shown in Fig. 2. Each of the U.S. tiers
has an upper and a lower bulkhead. There are three holes at the periphery of the bulkheads and
connecting rods through these three holes join the six tiers together to form an assembly. The
connecting rods are welded to the bulkheads at the top and bottom ends and the assembly placed
over the bottom end plug of the capsule.

Within each US. tier, the tensile (SS-3), Charpy (CVN), and disk compact tension (DCT) specimens
are separated from each other by coil-shaped 0.4-0.5 mm dia molybdenum wires. The TEM disks
are contained in perforated stainless steel tubes. The $S-3 and CVN specimens are held upright
and bundled into groups with 0.2 mm dia nichrome wires. The DCTs are stacked and aligned with
free-standing stainless steel rods through the pull holes. All specimens are tied with nichrome
wires around the three connecting rods to form a bundle; this arrangement prevents the
specimens from slipping off the edge of the bulkheads.

After loading the specimens, the capsule was shipped to the Institute of Physics and Power
Engineering at Obninsk for Li-filling and final weld closure. The 7Li was first purified by distillation
and Zr-gettering using the equipment shown in Fig. 3. This process lowered the nitrogen content
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from 200 to <3 wppm and reduced the carbon content to ~30 wppm. To reduce the probability of
forming cavities, the capsule was mechanically vibrated during Li-filling at 250-300°C using the
arrangement shown in Fig. 4. Vibration was continued for about 15 min and the vacuum was
maintained at better than 104 torr. Following x-radiography, the capsule was shipped back to
RIAR, assembled, and inserted in the G-23 Cell of Row 5 of the BOR-60 reactor on June 27, 1995.

U.S. ALLOYS AND SPECIMEN FABRICATION HISTORY

The primary focus of the U.S. experiment was on the fracture behavior of the 500 kg heat of V-4Cr-
4Ti, heat no. 832665. In addition, specimens were also prepared form eight experimental heats
with small variations in Cr and Ti concentrations. The chemical analyses of these alloys are
presented in Tables 1 and 2. The loading list and specimen identification codes are presented in
Tables 3 and 4.

The fabrication histories of the various types of plate supplied by Teledyne Wah Chang, Albany for
the 500 kg heat of V-4Cr-4Ti and for the 30 kg heat of compositional variants are summarized in
Tables 5 and 6, respectively. Details of the fabrication history of the various sets of specimens are
presented in Tables 7, 8, 9, and 10.

FUTURE WORK

The Fusion-1 capsule was successfully disassembled at RIAR and the specimens will be shipped
back to the U.S. for postirradiation testing. A report on the operating history and neutronics will be
presented in the next semiannual report.
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Table 1. Chemical Analyses of 500 kq Heat (832665) of V-4C4-4Ti (wt. ppm)

GDMS GDMS GDMS ICP-Emission Ingot
Element Evans Evans ORNL ORNL Wah Chang

Ag 0.11 0.045

Al 450 260 <200 185
As <1.5 <1.3 <3
Au <.059 <.065 <6 int 7
B 4.1 3.3
Ba <.23 <.29
Be <0.021 <.0017

Bi <.0075 <.0061

Br <.14 <.092

C <260 <140 <310 86
Ca <.32 <.20
Cd <.19 <.13
Ce 0.017 0.021

Cl <.087 <.050 <2
Co 0.31 0.28

Cr %3.0 3.5 %3.0 %3.1 %3.77
Cs <.024 <.013 <10
Cu 0.8 0.88 <50
F <.081 <0.66
Fe 210 200 256 220
Ca 1.3 1.5
Ge <.030 <.030

Hf 8.4 8.3 10.8
Hg <.045 <.025

] <0.18 <.015

In 0.075 0.057

Ir <.0030 <.0032

K <.051 <.021
La <.00079 <.00064

Li <.0017 <.0014
Mg 0.25 .093
Mn 0.21 0.21
Mo 310 320 244 310
N <200 <84 <4 85
Na 0.016 0.0083
Nb <59 <63 <80 60
Nd <.0077 0.0092

Ni 9.5 9.7 <12

0 <610 <320 <190 310
Os <.0088 <.0072

P 37 29 <61 <30
Pb <.0075 <.0061
Pd <.13 0.14

Pt <.28 <.19
Rb <.20 <.22
Re <.0037 <.0044
Rh <2.3 <2.9
Ru <1.4 <1.3 <7
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Table 1. Chemical Analyses of 500 kg Heat (832665) of V-4C4-4Ti (wt. ppm)
GDMS GDMS GDMS ICP-emission Ingot
Element Evans Evans ORNL ORNL Wah Chang |

S 18 15 40 <10
Sb 0.17 0.17

Sc <.012 0.011

Se <1.7 <.28

Si 890 680 %0.1 <0.3 780
Sn 0.26 0.22

Sr <56 <61 <60

Ta <18 <20 <3. int

Te <0.86 <.079

Ti %4 .1 %4.0 %5.3 %4.1 %3.92
Th 0.013 0.0029

U 0.085 0.082

\' bal bal bal

w 25 25 22.8

Y <3.8 <4.5 <7

Zn 0.11 0.12

Zr <42 <50 <65
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Table 2. Chemical Analyses of T Series 15 kg Heats (wt. ppm)

V-3Cr-3Ti V-4Cr-4Ti-Si V-6Cr-3Ti V-6Cr-6Ti V-5Cr-5Ti
(Heat T91) (Heat T89) (Heat T92) (Heat T90) (Heat T87)
Element | Ind.* | TWCA*| Ind.** | TWCA*| Ind.** | TWCA*| Ind.** TWCA | Ind.** | TWCA*

B 3.8 3.5 3.4 3.9 <5
C <140 120 <120 112 <92 105 <120 104 109
N <5.5 62 <1.8 79 <1.8 95 <4.5 85 90
O <270 230 <270 270 <200 280 <260 250 380
Al 240 200 270 200 300 255 270 235 160
Si 1200 940 1100 1050 1000 950 1400 960 545
P 26 <50 24 <50 22 <50 24 <50 <30
S 27 12 23 10 21 12 20 10 <20
Ti 3.1% | 83.02% | 5.3% | 4.14% | 3.0% | 2.94% | 4.6% | 5.98% 5.06%
\' 94% bal. 90% bal. 91% bal. 91% bal. bal.
Cr 3.0% | 2.85% | 4.9% 3.7% 6.2% | 591% | 4.3% | 5.74% 4.94%

Mn 1.1 1.9 1.7 1.7

Fe 110 130 140 170 140 165 120 195 160
Ni 7.6 12 8.3 10

Cu 79 83 50 83 130 140 48 55 67

Zn 5.3 4.7 4.5 4.0

CGa 3.9 5.9 7.6 5.0

As 1.7 2.4 1.4 2.0

Sr <76 <120 <70 <110

Y <5.9 <9.3 <6.1 <8.6

Zr <48 <63 <56 <66

Nb £55 <50 £56 <50 £50 <50 £54 <50 <100

Mo 380 360 380 340 515
Rh 0.024 0.016 0.02 0.0083

Ru 0.22 0.18 0.25 0.252

Hf 0.45 0.12 0.45 0.82

Ta <9.7 <5.2 <9.0 <98 <36
W 32 32 32 " 18 <5

“Teledyne Wah Chang analysis
**Analysis obtained by ORNL from an independent vendor
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Table 3. Loading List and ldentification Codes for Specimens Prepared at ORNL
Specimen Final Heat Identification No. of
Alloy Type Treatment Codes Specimens
V-4Cr-4Ti DCT 1000°C/2 h WCO01-WC10 10
832665 DCT 950°C/2 h WC16-WC18 3
PCVN 1000°C/2 h wB32, WB35-43 10
PCVN 950°C/2 h WB61-WB63 3
MCVN 1000°C/2 h WB72-WB77 6
S$8-3 1000°C/2 h WEO01-WE12 12
TEM 1000°C/1 h WG15-WG24 10
TEM 950°C/1 h WG31-WG40 10
SS8-3 1050°C/1 h WE21-WE25 5
TEM 1050°C/1h WG26-WG30 5
GTA Weld DCT 950°C/2 h WEO01-WE04 4
V-4Cr-4Ti MCVN as machined WD36-WD38 3
832665 MCVN 950°C/2 h WD26-WD31 6
8S-3 as machined WF08-WF11 4
SS8-3 950°C/2 h WF01-WF04 4
EB Weld DCT 950°C/2 h WE11-WE14 4
V-4Cr-4Ti MCVN 950°C/2 h WD51-WD56 6
832665 $6-3 950°C/2 h WF16-WF19 4
V-4Cr-4Ti-Si DCT 1050°C/2 h YAO01 1
T-89 SS-3 1050°C/2 h YC01-YCO03 3
TEM 1050°C/1 h YDO01-YD10 10
V-3Cr-3Ti DCT 1050°C/2 h XA01 1
T-91 S$8-3 1050°C/2 h XC01-XC03 3
TEM 1050°C/1 h XD01-XD10 10
V-6Cr-3Ti DCT 1050°C/2 h ZA01 "1
T-92 8S-3 1050°C/2 h ZC01-ZC0o3 3
TEM 1050°C/1 h ZD01-ZD10 10
V-6Cr-6Ti DCT 1050°C/2 h UAO1 1
T-90 SS-3 1050°C/2 h UC01-UC03 3
TEM 1050°C/1 h UD01-UD10 10
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Table 4. Loading List and ldentification Codes for Specimens Prepared at ANL

Specimen Final Heat Identification No. of
Alloy Type Treatment Codes Specimens
V-4Cr-4Ti MCVN 30 1000°C/2 h BL71W: 28, 29, 31, 35 4
832665 MCVN 30 950°C/2 h BL71W: 44, 47, 48, 53 4
PCVN 30 1000°C/2 h BL71W: 19, 24, 28, 32 4
SS-3 1000°C/1 h 71 6
S8S-3 1000°C/2 h 71 2H 6
8S-3 950°C/2 h 71: A-L 12
TEM 1000°C/2 h 71 10
TEM 950°C/2 h 71/2 10
V-4Cr-4Ti MCVN 30 400°C/1 h BL71: AO01-A05 5
832665 DCT-A 400°C/1 h BL71: A12, A14, A15 3
Laser Weld SS-3 400°C/1 h 71LZ 4
V-5Cr-5Tij MCVN 30 1000°C/1 h BL72: A,B,C,D 4
T87 S8S-3 1000°C/1 h 72 8
TEM 1000°C/1 h 72 10
V-4Cr-4Ti MCVN 30 1000°C/1 h 47: 086, 07, 08 3
BL47 PCVN 45 1000°C/1 h 47: 1-5 5
DCT-B 1000°C/1 h 47: 07, 08 2
TEM 1000°C/1 h 47 10
V-4Cr-4Ti-B MCVN 30 1000°C/1 h 70: A,B,C,D 4
BL70 DCT-A 1000°C/1 h 70 2
8S8-3 1000°C/1 h 70 8
TEM 1000°C/1 h 70 10
V-4Cr-4Ti-RF 8S8-3 1000°C/1 h 69 2
BL69 TEM 1000°C/1 h 69 10
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Table 5. Fabrication History for V-4Cr-4Ti Heat 832665: Plate_Material

Cast ingot
d

S.S. jacket/extrude at 1150°C
t0 63.5 ’ihick bar

Vacuum anneal, 1050 to 1070°C,2 h
Cross roll at 400°C in multiple steps to plate thicknesses of
12.7, 6.35, 3.81, and 1.02 mm:
vacuum annealing at 1050 to 107010 for 2 hr after each 50% reduction
Cold roll 3.81 mm plate to 1.02 mm plate

Plate Identification for ORNL Specimens, V-4Cr-4Ti (832665)

ORNL L.D. Manufacturers 1.D. Thickness (mm) Condition
L150 Plate B 3.81 1050°C, 2 h
(TWCA)
M150 Plate A 3.81 1050°C, 2 h
(TWCA)
P250 Unannealed 6.35 50% warm-rolled
N40 — 1.02 50% cold-rolied

Table 6. Fabrication History for Compositional Variants T89, T80, T91, T92

Cast ingot (1¢ 1.7 mm dia)
S.S. jacket/extrudei at 1175 to 1190°C
Vacuum anneaied 1075°C, 2 h
Cross-rolled at 400°C in multiple steps to 6.35, 3.81 mm thick
with vacuum anneals, 1050 to 1075°C, 2 h
after each 50% reduction
Cross-rolled at RT to 1.02 and 0.76 mm thick

with vacuum anneals at ~1060°C, 2 h
after each 50% reduction
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Table 7. Fabrication Summary for ORNL Specimens from V-4Cr-4Ti (832665)

Specimen identification
Type Fabrication Procedure Code
MCVN Plate M150 (TWCA, annealed, 1050°C) WB series
PCVN Machined L-T orientation

Vacuum annealed 1000°C, 2 h
Pre-cracked (UCSB)

DCT Plate M150 (TWCA, annealed) WC series
Machined T-L orientation

Vacuum annealed, 1000° or 950°C, 2 h
Pre-cracked, side-grooved

SS-3 Plate N40 (50% C.R., 1.02 mm) WE series
Vacuum annealed, 950°C, 2 h
Warm-rolled to 0.76 mm (25%)

Vacuum annealed, 950°C 2 h
Machined

Vacuum annealed, 1000 or 1050°C, 2 h

TEM Plate N40 (50% C.R., 1.02 mm) WG series
Vacuum annealed, 1000°C, 1 h

Cold-rolled to 0.46 mm (55%)

Vacuum annealed, 1000°C, 1 h

Cold-rolled to 0.26 mm

Punch disks

Vacuum annealed, 1050, 1000, or 950°C for 1 h
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Table 8. Fabrication Summary for V-4Cr-4Ti GTA Weld Specimens

Specimen
Type

Fabrication Procedure

{dentification
Code

DCT

50% warm-rolled plate
P250; 6.35 mm

Full penetration weld No. GTA 9

Machined notch for crack propagation
in fusion zone parallel to weld axis

Vacuum annealed 950°C, 2 h
Pre-cracked; side-grooved

Vacuum annealed, 400°C, 1 h

WE series

MCVN

50% warm-rolled plate
P250; 6.35 mm

Full penetration weld No. GTA 8

Machined notch for crack propagation
in fusion zone parallel to weld axis

Vacuum annealed, 950°C, 2 h

WD series

§8-3

50% warm-rolled plate
P250; 6.35 mm

Full penetration weld No. GTA 8

Machined perpendicular to weld axis
with fusion zone in center of gage

WF series
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Table 9. Fabrication Summary for V-4Cr-4Ti EB Weld Specimens

Specimen
Type

Fabrication Procedure

Identification
Code

DCT

50% warm-roiled plate
P250; 6.35 mm

Full penetration weld No. EBW 9

Machined for crack propagation
in weld zone parallel to weld axis

Vacuum annealed, 950°C, 2 h

Pre-cracked: side-grooved

WE series

MCVN

50% warm-rolled plate
P250; 6.35 mm

Full penetration weld No. EBW 9

Machined for crack propagation
in weld zone parallel to weld axis

Vacuum annealed, 950°C, 2 h

WD series

8§8-3

50% warm-rolled plate
P250; 6.35 mm

Full penetration weld No. EBW 9

Machined perpendicular to weld axis
with fusion zone in center of gage

Vacuum annealed ,950°C, 2 h

WF series
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Table 10. Fabrication History for ORNL Specimens from Heats T89, 90, 91, 92

Specimen Identification
Type Fabrication Procedure Code
DCT 50% warm-rolled plate UA, YA, XA, ZA series
P250; 6.35 mm
Machined T-L orientation
Vacuum annealed, 1050°C, 2 h
Fatigue pre-cracked; side-grooved
SS8-3 50% cold-rolled sheet; 0.76 mm UG, YC, XC, ZC series
Machined L direction
Vacuum annealed, 1050, 2h
TEM 50% cold-rolled sheet; 0.76 mm UD, YD, XD, ZD series

Vacuum annealed, 1000°C, 1 h
Cold-rolled to 0.25 mm
Punched disks

Vacuum annealed, 1050°C, 1 h
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Design Considerations of the Irradiation Test Vehicle for the Advanced Test
Reactor’ H. Tsai, I. C. Gomes, and D. L. Smith (Argonne National Laboratory), A. J. Palmer, S. J.
Hafer, and F. W. Ingram (Lockheed Martin Idaho Technologies Company), M. L. Hamilton (Pacific
Northwest National Laboratory), K. R. Thoms (Oak Ridge National Laboratory), and F. W. Wiffen
(U.S. Department of Energy)

Summary

An irradiation test vehicle (ITV) for the Advanced Test Reactor (ATR) is being jointly developed by
the Lockheed Martin Idaho Technologies Company (LMIT) and the U.S. Fusion Program. The
vehicle is intended for neutron irradiation testing of candidate structural materials, including
vanadium-based alloys, silicon carbide composites, and low-activation steels. |t could possibly be
used for U.S./Japanese collaboration in the Jupiter Program. The first test train is scheduled to be
completed by September 1998. In this report, we present the functional requirements for the
vehicle and a preliminary design that satisfies these requirements.

Objective

With the demise of fast reactors in the U.S., water-cooled mixed-spectrum reactors, such as the
High Flux Isotope Reactor and the ATR, are increasingly being relied upon for irradiation testing of
fusion structural materials. Because thermal neutrons are largely absent in the first-wall and
blanket regions of a fusion reactor, the challenge of using a mixed-spectrum reactor for testing
fusion materials lies mainly in curtailing the undesirable side effects of thermal neutrons (e.9.,
atypical transmutation). The ATR-ITV project is an effort to create a versatile test vehicle in the
ATR that would be suitable for a wide range of neutron damage studies of various candidate
fusion materials.

ITV Functional Requirements

The following functional requirements were identified by the fusion program and provided to LMIT
to guide the vehicle design effort.

1. Thermal Neutron Filtering

The neutron flux in the test volume shall be hardened to limit the thermally-dominant V(n,y)Cr
transmutation in vanadium-based alloys to <0.5wt.% Cr during the irradiation. In addition, the
filtered neutron spectrum shall permit the conduct of dynamic helium charging experiments
(DHCE)* with vanadium alloys. The thermal neutron filter shall be external and replaceable to
maintain a high-quality neutron environment throughout the irradiation.

" Work Supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-
38.

T The purpose of the DHCE is to study the concurrent effects of neutron damage and helium generation, as
they would occur in a fusion reactor. In the experiments, tritium would be precharged in the lithium bond of
the specimen capsules. During the irradiation, the tritium would diffuse from the lithium into the specimens
and some would decay in-situ into *He. The challenge for the DHCE in a mixed-spectrum reactor is to prevent
the back conversion of *He into °H through the (n,p) reactions, which have a high cross-section for thermal
neutrons.
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2. Multiple Test Temperatures and Active Temperature Control

The vehicle shall contain multiple specimen capsules each capable of operating at different
temperatures. The range of test temperatures will be =250-750°C, depending on test
material requirements. The temperature of each capsule shall be monitored on a real-time
basis; it should be controllable by the blending of two gases (of differing thermal
conductivities) in a radial gap that govemns the dissipation of heat from the capsule.

3. High Neutron Damage Rate

The ITV shall be located in a high fast-flux region of the ATR so that a high damage rate, =10
dpa in vanadium per calendar year, can be attained.

4, |rradiation Duration

Except for possible interruption for replacement of the thermal neutron filter, the TV shall be
capable of continuous operation to up to =30 dpa. (The fluence requirement for the first test
train may be only =10 dpa.)

5. Accommodation of Liquid Metal Specimen Bonds

Capsules that contain vanadium alloy specimens may require lithium or sodium bonding for
reasons of heat transfer, impurity control, and the DHCE. Capsules that contain other types of
test materials may require helium bonding.

Description of the Preliminary ITV Design

Although the detailed design for the ITV has not yet been finalized, communications between the
LMIT designers and the fusion program participants thus far have produced the following
generally-agreed-upon design guidelines. These guidelines are consistent with the above
functional requirements, based on the results of preliminary calculations.

The vehicle would occupy the ATR's central fiux trap, which has a diameter of 81.5 mmand a
height of 1219 mm. Three 31-mm-diam. stainless-steel in-pile tubes that contain axially stacked
specimen capsules would be located side by side in the flux trap. The tubes would have
independent instrumentation and each could be inserted and removed without affecting the
other two. Each tube would form its own pressure boundary.

A single, replaceable thermal neutron filter would encompass all three in-pile tubes. An aluminum

filler block, to minimize the amount of water inside the filtered volume, would occupy the interstitial

space between the three in-pile tubes. With an estimated fast flux of =1.6 x 10" nfcm?/s (E > 1.0
- MeV) in the central flux trap, the goal fluence rate of 10 dpa/y (vanadium) appears attainable.

The thermal neutron filter would be a cylindrical sleeve made of Al - 4.3% B alloy. Because the
fitter would be on the outside of the in-pile tubes, replacement of the filter sleeve would be
possible. Based on results of preliminary analyses [1], and assuming that the sleeve is replaced
every =5 dpa, the vanadium-to-chromium transmutation would be insignificant and a viable DHCE
would be feasible.
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Each in-pile tube would contain approximately five stacked specimen capsules. A thermocouple
sleeve, extending from the top to the bottom, would separate the specimen capsules from the in-
pile tube. Holes in this sleeve would accommodate the thermocouples that extend from the top
of the vehicle to each capsule. The sleeve would also form one side of the radial gas gap to
control capsule temperature. Channels machined in the in-pile tubes would allow the flow of gap-
gas along the length of the capsule. Piston rings would be used to separate the gas flow in
individual capsules. The gap gas would be a blend of helium and neon, continuously adjusted on
the basis of real-time temperature data, to maintain a constant temperature in the capsule.

Each capsule would have two Type-K (chromel-alumel) thermocouples entering through the top
end cap. The capsules would have a stainless steel construction, except those for the DHCE. To
minimize tritium permeation loss through the capsule wall, the DHCE capsules would be made of a
molybdenum-based alloy, TZM. Alternatively, the DHCE capsules could be made of stainless
steel and contain liquid-metal-bonded subcapsules made of TZM.

The usable test volume per in-pile tube depends strongly on the size of the thermocouples that
are used. (The size of the thermocouple affects the thickness of the thermocouple sleeve inside
the in-pile tube.) Assuming that the diameter of the thermocouples is 2.38 mm, the useable
volume per in-pile tube would be =200 ml.

Future Activities
Detailed design of the ITV will be finalized. Procurement and construction of the vehicle hardware
will begin. Testing of ex-reactor components, such as the temperature control modules and gas

analyzers, will continue. A proposal for collaboration will be presented to the Jupiter Program
participants.

References

1. 1 C. Gomes, H. Tsai, and D. L. Smith, “Neutronic Analysis of the DHCE Experiment in ATR-
ITV,” this report.
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Status of ATR-A1 Irradiation Experiment on Vanadium Alloys and Low-Activation
Steels’ H. Tsai, R. V. Strain, . Gomes and D. L. Smith (Argonne National Laboratory),
L. R. Greenwood (Pacific Northwest National Laboratory), H. Matsui (Tohoku University, Japan)

Summary

The ATR-A1 irradiation experiment in the Advanced Test Reactor (ATR) was a collaborative
U.S./Japan effort to study the effects of neutron damage on vanadium alloys at low temperature.
The experiment also contained a limited quantity of low-activation ferritic steel specimens from
Japan as part of the collaboration agreement. Irradiation was completed in 1996 after attaining the
target exposure of =4.7 dpa in vanadium. The irradiated capsule was disassembled in this
reporting period, and all specimens and monitors were successfully retrieved.

Objective

The main objective of the experiment was to obtain mechanical property data, including in-reactor
creep, on vanadium alloys irradiated at two low temperatures (=200 and 300°C). The objective of
the present task is to receive the iradiated capsule from ATR and to complete the capsule
disassembly and specimen retrieval at ANL.

Summary Description of Experiment

The irradiation vehicle was a drop-in capsule consisting of 15 lithium-filled subcapsules in 4 gas-
bonded segments, as shown in Fig. 1. The blend of the gas in the gas bond and the width of the
bond determined the temperature of the specimens in the subcapsules. The materials for both
the capsule and subcapsule components were Type 304 stainless steel. A gadolinium filter set
consisting of a tube, a top end disk, and a bottom end disk, was incorporated inside each
subcapsule to mitigate transmutations from the thermal neutron flux.

Fig. 1. Schematic Drawing of ATR-A1 Capsule Showing Capsule Segments and Subcapsule
Locations
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* Work supported by Office of Fusion Energy, U.S. Department of Energy, under Contract W-31-109-Eng-38.
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The specimens included in the experiment are tensile, Charpy, compact tension, transmission
electron microscopy disks, and creep (pressurized tubes). The configurations of the specimens
are shown in Table 1. Flux dosimeters and melt-wire temperature monitors were incorporated in
selected subcapsules, and their descriptions are shown in Tables 2 and 3, respectively. The
loading of specimens in the subcapsules is summarized in Table 4 and the detailed listing of the
specimens is shown in Appendix 1.

Table 1.  Complement of Specimens in the ATR-A1 Experiment

Nominal
Type Material Origin Dimensions (mm) Approx. Wt. (g)
v Ee
SS8-3 Tensile \ us 2541x4.95wx0.76 1 0.33 -
MT Tensile V, Fe JP, US 16.01x4.0wx0.251 0.06 0.09
1/3 CVN \ us 2541x3.33wx3.33% 1.7 -
1.5 CVN V, Fe JP, US 2001x1.5wx1.5t 0.26 0.35
DCT-A \ us, JP 9.60dx3.56t 1.3 -
Creep \Y us, JP 25.41x4.570Dx4.06 1D 0.65 -
TEM V, Fe us, JP 3.0dx0.251 0.01 0.01
Table 2.  Description of Flux Dosimeters
Material Reactions Half-life Energy Range (MeV)
Spectral Set (6 Materials)
Fe *®Fe (n,y) *Fe 45d 3.6x10%-05
%Fe (n,p) **Mn 312d 23-6.7
Ti “Ti (n,p) “Sc 84d 3.7-9.0
Nb BNb (n,y) **Nb 20,300 y 4.0x10%-0.4
®Nb (n,n) =¥Nb 16y 0.55 -4.5
Cu ®Cu (n,0) ®Co 53y 5.0-10.0
Mn-20%Cu *Mn (n,2n) **Mn 312d 12.0 - 15.0
0.1%Co-Al %9Co (n,y) ®Co 53y 1.4x10%-0.19
Gradient Set (2 Materials)
Fe %Fe (n,y) *Fe 45d 3.6x10%~0.5
%Fe (n,p) %Mn 312d 23-6.7

0.1%Co-Al ¥Co (n,y) ®Co 53y 1.4x10%-0.19
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Table3.  Description of Temperature (Melt-Wire) Monitors

Monitors Melt Materials Melting Temp. (°C)
MWO1 63Sn/37Pb 183
Se 221
Mwo2 S 232
MWO4 4
Bi 271
MWO8 o 232
i 271
MWO9 Pb 327
MW10
Zn 420

Status of Specimen Retrieval

Shipment of Irradiated Capsule to ANL

A dry cask from ANL was used to ship the capsule from the ATR complex to ANL-E for
disassembly. Loading of the capsule into the cask required the capsule to be out of the ATR water
pool, i.e., without shielding, for =1 min while being inserted into the cask. Because of the high
radioactivity of the capsule, =80 R/h at 1 min ai, extensive preparation was required. Thorough
planning allowed this task to be accomplished at ATR without significant difficulties. The loaded
cask was immediately shipped to ANL-E and was received in January 1997.

Disassembly of Capsule Segments

The capsule segments were disassembled in an alpha-free cell at ANL-E. To minimize the spread
of loose contamination, a tubing cutter, instead of a saw, was used to remove the top and bottom
end caps of the four capsule segments. After the cutting, a small hydraulic ram mounted on a
platform (Fig. 2) was used to push the subcapsules out of the opened capsule tubes. (The ram
provided the necessary force to overcome the resistance from the cutting burr and the tight fit
between the subcapsule spacer pads and the capsule tube.) In this manner, all subcapsules from
the four segments were successfully retrieved.

The subcapsules were individually surveyed for their gamma activity after retrieval. The peak
readings were substantial, =50-60 R/h at a distance of =35 cm for the midplane subcapsules. The
distribution profile among the subcapsules appeared to follow approximately the reactor axal
power profile, i.e., immaterial of the specimen loading inside. This result suggested that the bulk
of the induced activity was due to the activation of the subcapsule hardware and the Gd filter.

Di bly of sules
The subcapsules were disassembled in the same alpha-free cell. The task consisted of removal of

the top and bottom end caps, dissolving the bond lithium with ammonia, and cleaning the
specimens with alcohol.
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pressurization, a rupture of the creep specimen would result in an increase in the subcapsule
plenum pressure from the nominal =1 atm to =5-10 atm.) The results showed all punctured
subcapsules to have the normal plenum pressure, thus confirming all of the pressurized creep
specimens were intact.

As in the case of the capsule segments, the top and bottom end plugs of the subcapsules were
removed with a tubing cutter, with the assistance of a hydraulic ram in a setup similar to that shown
in Fig. 2.

Fig. 2. Capsule Disassembly Fixture and A Retrieved Subcapsule

Dissolution of lithium with ammonia and cleaning of the retrieved specimens with alcohol was
performed according to established procedures and no significant difficulties were encountered.
The possibly fragile creep specimens were the first to be retrieved and were immediately put away
to prevent possible damage from contact with the other specimens. ’

Additional gamma surveys were performed on the disassembled subcapsule components, and
the results confirmed that much of the high activities noted before were due to the subcapsule
hardware and the Gd filter. Gamma scans of the subcapsule hardware revealed the expected
peaks of ®Co, **Mn from activation of the stainless steels and '®Tb, *Gd, and '*Eu from the
activation of the Gd. The scans also revealed the presence of ®Ta, probably from the Ta impurity
(<=60 wppm) in the gadolinium filter. (¥Ta produces energetic gammas and can be a significant
dose contributor within few years after the irradiation, as in the case of ATR-A1.) Gamma scanning
of the specimens was limited to only one compact tension specimen (BL-47 material), due to the
concern over alpha contamination. (The scanner is located in the alpha-side of the hot cell.) In
that scan, gamma peaks suggesting *™Nb, **Mn, and "Ta were detected. (This specimen was
subsequently retrieved from the alpha-cell contamination-free.)
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Status of Re;riévgd Specimens

The retrieved specimens and monitors were transferred from the high-background disassembly
cell to a low-background B-y cell and the inventory of the specimens has been completed.

All mechanical testing specimens and monitors were accounted for. Except for a slight bend in a
tensile specimen, all appear to be in good condition. The counts of the TEM disks were in good
agreement with the loading data, except possibly for a few missing disks from subcapsule AS10.

A thorough and accurate radiation survey of the separated-specimens has been conducted. The
results, summarized in Table 5, indicate greater activation of the steel specimens (subcapsules
AS3 and AS16) than the vanadium alloys. This was probably due to the inclusion of austenitic
stainless steel specimens and the substantial contents of Ta and Nb in some of the ferritic alloys.
For the vanadium alloys, the survey results show that as a whole, the Monbusho vanadium alloys
seem to have greater activation than the U.S. vanadium alloys.

Future Activities

Disposition of the specimens will be determined. The specimens will be packaged and shipped to
the collaborating laboratories. The flux dosimeters will be counted and calculations will be
performed to determine the displacement damage in the specimens. The temperature monitors
(melt wires) will be examined by radiography and possibly metallography.
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Table 4. ATR-A1 Specimen and Monitor Loading Diagram

Subcap. Test us JP
No. Temp. Matl Tier DCT 1/3CVN SS3TS MTTS Creep TEM TMir F.Mtr DCT 15CVYN MTTS TEM Creep
AS1 Low v Top - - 2 - A5 - - Gr.(2) - 4 4 - -
Bot - 3 1 - - - - - - 2 4 - -
AS3 Low v - 9 - - - - - MWO1 - 3 - - - -
AS4 Low Fe Top - - - - - - MWOo2 - - 12 12 - -
Bot - - - - - - - - - 12 15 126 -
AS5 Low \ Top - - 2 - - - - - - 4 4 - J3
Bot - 3 1 2 - 65 - - - 2 2 - -
ASE Low v Top - - 2 - A2 - - - - 4 4 - -
Bot - 3 1 4 - 50 - - - 2 - - -
AS8 Low v Top - - 2 - A3 - MWo4 - - 4 4 - -
Bot - 3 1 - - - - - - 2 4 64 -
AS9 High v Top - - 2 - A1l - - - - 4 4 - -
Bot - 244 1 - - 41 - - - 2 4 - -
*1.5CVN
AS10 High v Top - - 2 - A10 - - Sp.(6) - 4 4 - -
Bot - 3 1 - - 50 - - - 2 4 - -
AS11  High V  Top - - 2 - A7 - Mwos - - 4 4 - -
Bot - 3 1 4 - 24 - - - 2 - - -
AS12  High v Top - - 2 - A1l - - Gr.(2) - 4 4 - -
Bot - 3 1 - - - - - - 2 4 41 -
AS14 High v Top - - 2 - - - MWO9 - - 4 4 - J2
Bot - 3 1 - - - - - - 2 3 23 -
AS16 High Fe Top - - - - - - - Gr.(2) - 12 12 - -
Bot - - - - - - - - - 12 15 126 -
AS7 High v Bot - 3 1 2 - - - - - - - - -
AS13  High V - 10 - - - - - MWI0 - 3 - - - -
AS17 Low \" Top - - 2 - A4 - - Sp.(6) - 4 4 - -
Bot — 3 - - - - - - 2 4 - -
Total
Low Temp., V 9 15 15 6 4 115 3 30 34 64 1
High Temp., V 10 21 16 6 4 115 3 30 35 64 1
Low Temp., Fe 0 o] o] 0 0 [¢] [} 24 27 126 0
High Temp., Fe 0 0 0 0 0 0 o] 24 27 126 0
Creep Specimen Hoop Stress Loading
High. T Low T.
At 0 MPa A5 0MPa
A10 100 MPa A4 100 MPa
A7 150 Mpa A2 150 Mpa
A1l 200 MPa A3 200 MPa
J2 200 MPa J3 200 MPa
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Table 5. Summary of Radiation Survey of ATR-A1 Specimens
(Full Scale Reading 2000 mR/h)
Gamma Activity Gamma Activity
(mR/h) (mR/h)
Sub- @ @ Sub- @ @
cap Content Contact ~10cm cap Content Contact ~10cm
AS1 3CVN+3TS(US) 78 16 AS11 3CVN+7TS (US) 410 60
6 CVN+8TS (JP) 585 75 6 CVN+4TS (JP) 1510 210
Creep A5 (US) 14 7 Creep A7 (US) 45 1
2 Flux Monitors 52 12 TEM (US) 80 15
Temp. Monitors 22 9
AS3 9DCT (US) 210 40
3DCT (JP) >2000 290 AS12 3CVN+3TS (US) 360 55
Temp. Monitors 150 28 6 CVN+8TS (JP) 900 120
Creep A11 (US) 54 16
AS4  Femitic (all, JP)* >>2000 >>2000 TEM (JP) 410 48
Temp. Monitors 275 35 2 Flux Monitors 185 28
AS5 3CVN+5TS(US) 270 42 AS14 3CVN+3TS (US) 300 50
6 CVN +6 TS (JP) >2000 283 6CVN+7 TS (JP) >2000 360
Creep J3 (JP) >2000 300 Creep J2 (JP) >2000 380
TEM (US) 55 16 TEM (JP) 425 53
Temp. Monitors 80 15
AS6 3CVN+7TS(US) 350 52
6 CVN +4 TS (JP) 1140 160 AS16 Ferrtic (all, JP)* >>2000 >>2000
Creep A2 (US) 40 10 2 Flux Monitors 190 24
TEM (US) 48 11
AS7 3CVN+3TS(US) 165 35
AS8 3CVN+3TS(US) 260 60
6 CVN +8TS (JP) 1480 210 AS13 10DCT (US) 1760 269
Creep A3 (US) 46 14 3DCT (JP) >>2000 590
TEM (JP) 720 100 Temp. Monitors 385 56
Temp. Monitors 280 45
AS17 3CVN+3TS (US) 152 25
AS9 6CVN+3TS(US) 520 75 6 CVN+8TS (JP) 575 70
6CVN+8TS (JP) 1410 190 Creep A4 (US) 22 8
Creep A1 (US) 60 12 6 Fiux Monitors 95 17
TEM (US) 91 17
AS10 3CVN+3TS(US) 295 51
6 CVN+8TS (JP) 1910 268
Creep A10 (US) 60 15
TEM (US) 113 24
6 Flux Monitors 235 36

*Reading = 2000 mR/h at 45 cm.
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Appendix 1 Listing of Specimens in the ATR-A1 Experiment
Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat {g) Subcap.
Subcapsule AS1
A5 ANT, Creep 832665 0.650 AS1
AJXO0 Abe 1.5CVN V-5Cr-5TI-18iAlY 0.265 AS1
AJX1 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.265 AS1
AJX2 Abe 1.5CVN V-5Cr-5TI-1SiAly 0.265 AS]1
AJX3 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.265 AS1
AJX4 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.265 AS1
AJZO0 Abe 1.5CVN V-5Cr-5TI-1S8iAlY 0.265 AS1
QcCos8 ORNL CVNM 832665 1.660 AS1
71 ANL CVNM30 832665 1.662 AS1
47 ANL CVNM45 BL-47 1.680 AS1
47 ANL SS-3 TS BL-47 0.318 AS1
71 ANIL, SS-3 TS 832665 0.318 AS1l
72 ANT, SS-3 TS T87 0.318 AS1
AJAO Abe MT TS V-5Cr-5TI-~18iAlY 0..059 AS1
AJAl Abe MT TS V-5Cr-5TI-1SiAly 0.059 AS1
AJA2 Abe MT TS V-5Cr-5TI-18iAlY 0.059 AS1
AJA3 Abe MT TS V-5Cr-5TI-18iAalY 0.059% AS1
AJBO Abe MT TS V-5Cr-5TI-1SiAlyY 0.059 AS1
AJB1 Abe MT TS V-5Cr-5TI-1SiAlY 0.059 AS1
AJB2 Abe MT TS V-5Cr-5TI-18iAlY 0.059 AS1
AJB3 Abe MT TS V-5Cr-5TI-1SiAlY 0.059 ASl
Subcapsule AS3
-- Matsui DCT-A V-3Fe-4Ti 1.253 AS3
47 ANL DCT-A BL-47 1.255 AS3
47 ANL DCT-A BL-47 1.255 AS3
71 ANL DCT-A 832665 1.223 AS3
71 ANL DCT~A 832665 1.223 AS3
71 ANL DCT-A 832665 1.223 AS3
72 ANL, DCT-A T87 1.245 AS3
72 ANL DCT-A T87 1.245 AS3
M Matsui DCT-A V-3Fe-4Ti 1.253 AS3
M Matsui DCT-A V-3Fe-4Ti 1.253 AS3
QAQ0S ORNL DCT-A 832665 1.375 AS3
QAO6 ORNL DCT-A 832665 1.375 AS3
Subcapsule AS4
G2F1 A.Ximura 1.5CVN NLM-E 0.334 AS4
G2F2 A.Kimura 1.5CVN NLM-E 0.334 As4
G2F3 A.Kimura 1.5CVN NLM-E 0.334 AS4
G2F4 A.Kimura 1.5CVN NLM-E 0.334 AS4
G2F5 A.Kimura 1.5CVN NLM-E 0.334 AS4
G2F6 A.Kimura 1.5CVN NLM-E 0.334 AS4
G2F7 A.Kimura 1.5CVN NLM-E 0.334 AS4
G2F8 A.Ximura 1.5CVN NLM-E 0.334 AS4
LFO1 Kohno 1.5CVN JLF1 0.353 AS4
LFO02 Kohno 1.5CVN JLF1 0.353 AS4
LFO3 Kohno 1.5CVN JLEFL 0.353 AS4
LF04 Kohno 1.5CVN JLF1 0.353 AS4
LFO5 Kohno 1.5CVN JLF1 0.353 AS4
LFO06 Kohno 1.5CVN JLF1 0.353 AS4
LF07 Kohno 1.5CVN JLF1 0.353 AS4
LFO8 Kohno 1.5CVN JLF1 0.353 AS4
LHO1 Kohno 1.5CVN F82H 0.335 AS4
LHO2 Kohno 1.5CVN F82H 0.335 AS4
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (a) Subcap
LHO3 Kohno 1.5CVN F82H 0.335 AS4
LHO04 Kohno 1.5CVN F82H 0.335 AS4
LHO5 Kohno 1.5CVN F82H 0.335 AS4
LHO6 Kohno 1.5CVN F82H 0.335 AS4
LHO7 Kohno 1.5CVN F82H 0.335 AS4
LHOS8 Kohno 1.5CVN F82H 0.335 AS4
G211 A.Kimura MT TS JLM-1 0.092 AS4
G212 A.Kimura MT TS JLM-1 0.092 AS4
G213 A.Kimura MT TS JLM-1 0.092 AS4
G214 A.Kimura MT TS JLM-1 0.092 AS4
G2D1 A.Kimura MT TS NLM-D 0.082 AS4
G2D2 A.Kimura MT TS NLM-D 0.092 AS4
G2D3 A.Kimura MT TS NLM-D 0.092 AS4
G2D4 A.Kimura MT TS NIM-D 0.082 AS4
G2F1 A.Kimura MT TS NLM-E 0.092 AS4
G2F2 A.Kimura MT TS NLM-E 0.092 AS4
G2F3 A.Kimura MT TS NLM-E 0.082 AS4
G2F4 A.Kimura MT TS NLM-E 0.092 AS4
LBO1 Kohno MT TS JLF1B 0.031 AS4
LBO2 Kohno MT TS JLF1B 0.031 AS4
1,BO3 Kohno MT TS JLF1B 0.031 AS4
LFO1 Kohno MT TS JLF1 0.031 AS4
LFO02 Kohno MT TS JLF1 0.031 AS4
LFO03 Kohno MT TS JLF1 0.031 AS4
LF04 Kohno MT TS JLF1 0.031 AS4
LHO1 Kohno MT TS F82H 0.031 AS4
LHO2 Kohno MT TS F82H 0.031 AS4
LHO3 Kohno MT TS F82H 0.031 AS4
LHO04 Kohno MT TS F82H 0.031 AS4
IM10 Kohno MT TS JLF1Mnl 0.031 AS4
M1l Kohno MT TS JLF1Mnl 0.031 AS4
IM20 Kohno MT TS JLFMn2 0.031 AS4
ILM21 Kohno MT TS JLFMn2 0.031 AS4
G211 A.Kimura TEM JLM-1 0.008 AS4
G212 A.Kimura TEM JLM-1 0.008 AS4
G213 A.Kimura TEM JLM-1 0.008 AS4
G214 A.Kimura TEM JLM-1 0.008 AS4
G241 A.Kimura TEM NLM-D 0.008 AS4
G242 A.Kimura TEM NIL.M-D 0.008 AS4
G243 A.Kimura TEM NIM-D 0.008 AS4
G244 A.Kimura TEM NLM-D 0.008 AS4
G271 A.Kimura TEM NLM-E 0.008 AS4
G272 A.Kimura TEM NLM-E 0.008 AS4
G273 A.Kimura TEM NLM-E 0.008 AS4
G274 A.Kimura TEM NLM-E 0.008 AS4
LBO1 Kohno TEM JLF1B 0.010 AS4
LB02 Kohno TEM JLF1B 0.010 AS4
LB03 Kohno TEM JLF1B 0.010 AS4
LB04 Kohno TEM JLF1B 0.010 AsS4
LBO5 Kohno TEM JLF1B 0.010 AS4
LBO0O6 Kohno TEM JLF1B 0.010 AS4
LBO7 Kohno TEM JLF1B 0.010 AS4
LBO8 Kohno TEM JLF1B 0.010 AS4
LF01 Kohno TEM JLF1l 0.010 AS4
LF02 Kohno TEM JLF1 0.010 AS4
LF03 Kohno TEM JLF1 0.010 AS4
LF04 Kohno TEM JLF1 0.010 AS4
LFO05 Kohno TEM JLF1 0.010 AS4
LF06 Kohno TEM JLF1 0.010 AS4
LFO07 Kohno TEM JLF1 0.010 AS4
LFO08 Kohno TEM JLF1 0.010 AS4
LHO1 Kohno TEM F82H 0.010 AS4
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (g) Subcap
LHO2 Kohno TEM F82H 0.010 AS4
LHO3 Kohno TEM F82H 0.010 AS4
LHO4 Kohno TEM F82H 0.010 AS4
LHOS Kohno TEM F82H 0.010 AS4
LHO6 Kohno TEM F82H 0.010 AS4
LHO7 Kohno TEM F82H 0.010 AS4
LHO08 Kohno TEM F82H 0.010 AS4
M1l Kohno TEM JLF1Mnl 0.010 AS4
ILM12 Kohno TEM JLF1Mnl 0.010 AS4
LM13 Kohno TEM JLF1Mnl 0.010 AS4
LM14 Kohno TEM JLF1Mnl 0.010 AS4
ILM15 Kohno TEM JLF1Mnl 0.010 AS4
IMie Kohno TEM JLF1Mnl 0.010 AS4
LM17 Kohno TEM JLFMnl 0.010 AS4
LM18 Kohno TEM JLFMnl 0.010 AS4
M21 Kohno TEM JLFMn2 0.010 AS4
LM22 Kohno TEM JLFMn2 0.010 AS4
LM23 Kohno TEM JLFMn2 0.010 AS4
M24 Kohno TEM JLFMn2 0.010 AS4
LM25 Kohno TEM JLFMn2 0.010 AS4
IM26 Kohno TEM JLFMn2 0.010 AS4
LM27 Kohno TEM JLFMn2 0.010 AS4
M28 Kohno TEM JLFMn2 0.010 AS4
TR17 Ohnuki TEM 316L 0.011 AS4
TR18 Ohnuki TEM 316L 0.011 AS4
TR19 Ohnuki TEM 316~0.3Ti 0.011 AS4
TR20 Ohnuki TEM 316~0.3T1i 0.011 AS4
TR21 Ohnuki TEM 316~-0.32r 0.011 AS4
TR22 Ohnuki TEM 316-0.3Z2r 0.0112 AS4
TR23 Ohnuki TEM 316-0.3HE 0.011 AS4
TR24 Ohnuki TEM 316~0.3Hf 0.011 AS4
TR25 Ohnuki TEM 316-0.3Nb 0.011 AS4
TR26 Ohnuki TEM 316-0.3Nb 0.011 AS4
TR27 Ohnuki TEM 316L/CW 0.011 AS4
TR28 Ohnuki TEM 316L/CW 0.011 AS4
TR29 Ohnuki TEM 316L/CW 0.011 AS4
TR30 Ohnuki TEM 316-0.3Ti/CW 0.011 AS4
TR31 Ohnuki TEM 316-0.3Ti/CW 0.011 AS4
TR32 Ohnuki TEM 316-0.3Ti/CW 0.011 AS4
TR33 Ohnuki TEM 316-0.32r/CW 0.011 AS4
TR34 Ohnuki TEM 316-0.32r/CW 0.011 AS4
TR35 Ohnuki TEM 316-0.32x/CW 0.011 AS4
YAO1l Yoshida TEM FeCrNi (1) 0.010 AS4
YAQ2 Yoshida TEM FeCrNi (1) 0.010 AS4
YAO03 Yoshida TEM FeCrNi (2) 0.010 AS4
YAO4 Yoshida TEM FeCrNi (2) 0.010 AS4
YAOQS Yoshida TEM FeCrNi (3) 0.010 AS4
YAO6 Yoshida TEM FeCrNi (3) 0.010 AS4
YAO7 Yoshida TEM FeCrNi (4) 0.010 AS4
YAO0S8 Yoshida TEM FeCrNi (4) 0.010 AS4
Ya09 Yoshida TEM FeCrNi (5) 0.010 AS4
YAL0 Yoshida TEM FeCxrNi (5) 0.010 AS4
YAll Yoshida TEM FeCrNi (6) 0.010 AS4
YA12 Yoshida TEM FeCrNi (6) 0.010 AS4
YA13 Yoshida TEM FeCrNi (7) 0.010 AS4
YAl4 Yoshida TEM FeCrNi (7) 0.010 AS4
YA15 Yoshida TEM FeCrNi (8) 0.010 AS4
YAleé Yoshida TEM FeCrNi (8) 0.010 AS4
YA17 Yoshida TEM FeCrNi (9) 0.010 AS4
YAl8 Yoshida TEM FeCrNi (9) 0.010 AS4
YAlS Yoshida TEM FeCrNi (10) 0.010 AS4
YA20 Yoshida TEM FeCrNi (10) 0.010 AS4
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat {g) Subcap.
YA21 Yoshida TEM FeCrNi (11) 0.010 AS4
YA22 Yoshida TEM FeCrNi (11) 0.010 AS4
G215 A.XKimura TEM JLM-1 0.010 AS4
G216 A.Kimura TEM JILM-1 0.010 AS4
G217 A.Kimura TEM JLM-1 0.010 AS4
G218 A.Kimura TEM JLM-1 0.010 AS4
G219 A.Kimura TEM JLM-1 0.010 AS4
G220 A.Kimura TEM JLM-1 0.010 AS4
G221 A.Ximura TEM JLM-1 0.010 AS4
G222 A.Kimura TEM JLM-1 0.010 AS4
G223 A.Kimura TEM JLM-1 0.010 AS4
G224 A.Kimura TEM JLM-1 0.010 AS4
G225 A.Kimura TEM JLM-1 0.010 AS4
G245 A.Kimura TEM NLM-D 0.010 AS4
G246 A.Kimura TEM NLM-D 0.010 AS4
G247 A.Kimura TEM NLM-D 0.010 AS4
G248 A.Kimura TEM NLM-D 0.010 AS4
G249 A.Ximura TEM NLM-D 0.010 AS4
G250 A.Kimura TEM NLM-D 0.010 AS4
G251 A.Kimura TEM NIM-D 0.010 AS4
G252 A.Kimura TEM NLM-D 0.010 AS4
G253 A.Kimura TEM NLM-D 0.010 AS4
G254 A.Kimura TEM NLM-D 0.010 AS4
G255 A.Kimura TEM NLM-D 0.010 AS4
G275 A.Kimura TEM NLM-E 0.010 AS4
G276 A.Kimura TEM NLM-E 0.010 AS4
G277 A.Kimura TEM NLM-E 0.010 AS4
G278 A.Kimura TEM NLM-E 0.010 AS4
G279 A.Kimura TEM NLM-E 0.010 AS4
G280 A.Kimura TEM NLM-E 0.010 AS4
G281 A.Kimura TEM NLM-E 0.010 AS4
G282 A.Kimura TEM NLM-E 0.010 AS4
G283 A.Kimura TEM NLM-E 0.010 AS4
G284 A.Kimura TEM NLM-E 0.010 AS4
G285 A.Kimura TEM NLM-E 0.010 AS4
Subcapsule ASS5

J3 Monbusho Creep V-3Fe-4TI-0.1Si 0.650 ASs
1XR5 Matsui 1.5CVN V-4Cr-4TI-0.1Si 0.264 ASS
95F1 Matsui 1.5CVN V-3Fe-4TI-0.181 0.264 ASS
95F2 Matsui 1.5CVN V-3Fe-4TI-0.181 0.264 ASS
95F3 Matsui 1.5CVN V-3Fe-4TI-0.1Si 0.264 ASS
95F4 Matsui 1.5CVN V-3Fe-4TI-0.181 0.264 ASS
95F5 Matsui 1.5CVN V-3Fe-4TI-0.181i 0.264 ASS

71 ANI: CVNM30 832665 1.662 AS5
71E ANL CVNM-Weld 832665 1.660 ASS
71E ANL CVNM-Weld 832665 1.660 ASS
Xcos ORNL Ss-3 TS TO1 0.340 ASS
Xcoo° ORNL SS-3 TS T91l 0.340 ASS
ZC09 ORNL S$s-3 TS T92 0.345 ASS
AJDS8 Abe MT TS V-5Cr-5TI-1SiAlY 0.05° ASS
P140 PNL MT TS T91 0.075 ASS
Pl1l41 PNL MT TS T91 0.075 ASS
XF21 Matsui MT TS V-3Fe-4TI-0.1Si 0.051 ASS
XF22 Matsuli MT TS V-3Fe-4TI-0.1Si 0.051 ASS
XF23 Matsuli MT TS V-3Fe-4TI-0.1Si 0.051 ASS
XF24 Matsul MT TS V-3Fe-4TI-0.181 0.051 ASS5
XRXS5 Matsui MT TS V-4Cr-4TI-0.1Si 0.051 ASS5

47 ANL TEM BL-47 0.012 ASS

47 ANIL TEM BL-47 0.012 ASS

47 ANL TEM BL-47 0.012 ASS
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat {(g) Subcap
47 ANL TEM BL-47 0.012 ASS5
47 AN, TEM BL-47 0.012 ASS5
47 ANL TEM BL-47 0.012 ASS5
47 ANL TEM BL-47 0.012 ASS
47 ANT, TEM BL-47 0.012 AS5
47 ANI, TEM BL-47 0.012 ASS5
47 ANL TEM BL-47 0.012 ASS
70 ANI, TEM BL-70 0.012 ASS
70 ANL TEM BL-70 - 0.012 ASS
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 ASS5
70 ANL TEM BL-70 0.012 ASS5
70 ANL, TEM BL-70 0.012 ASS5
70 ANL, TEM BL-70 0.012 ASS
71 ANL TEM 832665 0.012 ASS5
71 ANL TEM 832665 0.012 ASS5
71 ANL TEM 832665 0.012 AS5
71 ANL TEM 832665 0.012 ASS5
71 ANL TEM 832665 0.012 ASS5
71 ANIL, TEM 832665 0.012 ASS5
71 ANL TEM 832665 0.012 ASS
71 ANL TEM 832665 0.012 ASS5
71 ANTL, TEM 832665 0.012 ASS
71 ANI, TEM 832665 0.012 ASS5
72 ANL TEM T87 0.012 ASS
72 ANL TEM T87 0.012 ASS5
72 ANL TEM T87 0.012 ASS
72 ANL TEM T87 0.012 ASS
72 ANL TEM T87 0.012 ASS
72 ANL TEM T87 0.012 ASS
72 ANL TEM T87 0.012 ASS5
72 ANL TEM T87 0.012 ASS5
72 ANL TEM T87 0.012 ASS5
72 ANL TEM T87 0.012 ASS
P10S PNL TEM T91 0.013 ASS
P112 PNL TEM To91 0.013 ASS5
P113 PNL TEM T91 0.013 ASS
Pl116 PNL TEM T91 0.013 ASS5
P117 PNL TEM T91 0.013 ASS
P125 PNL TEM T91 0.013 ASS
P203 PNL TEM T92 0.013 ASS
P218 PNL TEM T92 0.013 ASS5
P224 PNL TEM T92 0.013 ASS
P225 PNL TEM T92 0.013 ASS
b226 PNL TEM T92 0.013 ASS
p228 PNL TEM TS2 0.013 ASS
P702 PNL TEM T87 0.013 AS5
P703 DNL TEM T87 0.013 ASS
P706 PNL TEM T87 0.013 ASS5
p723 PNL TEM T87 0.013 ASS
P728 PNL TEM T87 0.013 AS5
P732 PNL TEM T87 0.013 ASS5
pP80o3 PNL TEM 832665 0.013 ASS
Pgo4 PNL TEM 832665 0.013 ASS
P816 PNL TEM 832665 0.013 ASS
P827 PNL TEM 832665 0.013 ASS
Pg34 PNL TEM 832665 0.013 ASS5
P837 PNL TEM 832665 0.013 ASS5
LZ ANI, TEM-1LZ 832665 0.012 ASS
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (g) Subcap.
Subcapsule AS6

A2 ANL Creep 832665 0.650 AS6
1XR1 Matsui 1.5CVN V-4Cr-4TI-0.181i 0.264 AS6
1XR2 Matsui 1.5CVN V-4Cr-4TI-0.183 0.264 AS6
1XR3 Matsui 1.5CVN V-4Cr-4TI-0.1S1i 0.264 AS6
1XR4 Matsui 1.5CVN V-4Cr-4TI-0.18i 0.264 AS6
95R5 Matsui 1.5CVN V-4Cr-4TI-0.181i 0.264 AS6
AN12 Matsui 1.5CVN V-4Cr4Ti/832665 0.264 AS6
71 ANL CVNM30 832665 1.662 AS6
BL71W-39 ANL CVNM30 832665 1.662 AS6
BL71W-54 ANL CVNM30 832665 1.662 AS6
Ucos8 ORNL §5-3 TS T90 0.345 ASe
uco9 ORNL S8-3 TS TS0 0.345 AS6
ZC08 ORNL SS-3 TS T92 0.345 Ase6
P747 PNL MT TS T87 0.075 ASe6
P753 PNL MT TS T87 0.075 AS6
P845 PNL MT TS 832665 0.075 ASe
P853 PNL MT TS 832665 0.075 AS6
XFX1 Matsui MT TS V-3Fe-4TI-0.181 0.051 ASse6
XFX2 Matsul MT TS V-3Fe-4TI-0.181i 0.051 AS6
XFX3 Matsui MT TS V-3Fe-4TI-0.181 0.051 ASe
XFX4 Matsui MT TS V-3Fe-4TI-0.1S1i 0.051 AS6
ET1ll1 ORNL: TEM T89 0.010 AS6
ET12 ORNL TEM T89S 0.010 AS6
ET13 ORNL: TEM T89 0.010 AS6
ET14 ORNL TEM T89 0.010 AS6
ET15 ORNL TEM T89 0.010 AS6
ET16 ORNL TEM T89 0.010 AS6
ET17 ORNL TEM T89 0.010 AS6
ET18 ORNLs TEM T89 0.010 AS6
ET19 ORNL: TEM T89 0.010 Ase
ET20 ORNL TEM T89 0.010 AS6
FT11 ORNL TEM T9O 0.010 AS6
FT12 ORNL TEM T90 0.010 ASé
FT13 ORNL: TEM TS0 0.010 AS6
FT14 ORNL TEM T90 0.010 ASe6
FT15 ORNL TEM T90 0.010 AS6
FT16 ORNL: TEM T90 0.010 AS6
FT17 ORNL TEM T90 0.010 AS6
FT18 ORNL TEM T90 0.010 ASe
FT19 ORNL TEM TS0 0.010 AS6
FT20 ORNL TEM TS0 0.010 AS6
GT11l ORNL TEM T91 0.011 AS6
GT12 ORNL TEM T91l 0.011 AS6
GT13 ORNL TEM T91 0.011 AS6
GT14 ORNL TEM T91 0.011 ASé6
GT15 ORNL: TEM T91l 0.011 AS6
GT16 ORNL TEM T9l 0.011 Ase
GT17 ORNL TEM T91 0.011 AS6
GT18 ORNL TEM T91l 0.011 AS6
GT19 ORNL TEM T91 0.011 AS6
GT20 ORNL TEM T91l 0.011 AS6
HT1l1 ORNL TEM T92 0.011 AS6
HT12 ORNL: TEM T92 0.011 AS6
HT13 ORNL: TEM T2 0.011 AS6
HT14 ORNL TEM T22 0.011 AS6
HT15 ORNL TEM To2 0.011 AS6
HT16 ORNL TEM T92 0.011 AS6
HT17 ORNL TEM T92 0.011 ASe6
HT18 ORNL TEM T92 0.011 AS6
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ID No. Lab. Type Mat'l/Heat (9) Subcap
HT19 ORNL TEM T92 0.011 AS6
HT20 ORNL TEM T92 0.011 AS6
NT11 ORNL TEM 832665 0.010 AS6
NT12 ORNL TEM 832665 0.010 AS6
NT13 ORNL TEM 832665 0.010 AS6
NT14 ORNL TEM 832665 0.010 AS6
NT15 ORNL TEM 832665 0.010 ASe
NT16 ORNL TEM 832665 0.010 AS6
NT17 ORNL TEM 832665 0.010 ASe
NT18 ORNL TEM 832665 0.010 _AS6
NT19 ORNL TEM 832665 0.010 AS6
NT20 ORNL TEM 832665 0.010 AS6
Subcapsule AS7
QCo02 ORNL CVNM 832665 1.662 AS7
71E ANI, CVNM-Weld 832665 1.650 AS7
71E ANTL, CVNM-Weld 832665 1.650 AS7
WF22 ORNL, SS-3-EB 832665 0.340 AS7
P143 PNL MT TS TSl 0.072 AS7
bPl44 PNL MT TS To1 0.072 AS7
Subcapsule ASS8
A3 ANL Creep 832665 0.650 ASS8
95R1 Matsui 1.5CVN V-4Cr-4TI-0.181 0.264 AS8
95R2 Matsui 1.5CVN V-4Cr-4TI-0.181 0.264 AS8
95R3 Matsui 1.5CVN V-4Cr-4TI-0.1Si 0.264 AS8
95R4 Matsui 1.5CVN V-4Cr-4TI-0.181i 0.264 AS8
AJZ1 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.265 AS8
AJZ2 Abe 1.5CVN V-5Cr-5TI-18ialY 0.265 AS8
QCo7 ORNL CVNM 832665 1.660 AS8
QCO09 ORNL CViNM 832665 1.660 AS8
QC10 ORNL CVNM 832665 1.660 AS8
71 ANL SS-3 TS 832665 0.318 AS8
71 ANL SS-3 TS 832665 0.318 AS8
71-LZ ANL SS-3-L2Z 832665 0.318 AS8
XR21 Matsui MT TS V-4Cr-4TI-0.181i 0.051 AS8
XR22 Matsui MT TS V-4Cr-4TI-0.181 0.051 AS8
XR23 Matsui MT TS V-4Cr-4TI-0.181 0.051 AS8
XR24 Matsui MT TS V-4Cr-4TI-0.181i 0.051 AS8
XRX1 Matsui MT TS V-4Cr-4TI-0.181 0.051 ASS8
XRX2 Matsui MT TS V-4Cr-4TI-0.18i 0.051 ASS8
XRX3 Matsui MT TS V-4Cr-4TI-0.181i 0.051 ASS8
XRX4 Matsui MT TS V-4Cr-4TI-0.181i 0.051 AS8
1RX1 Matsui TEM V-4Cr-4TI-0.181i 0.011 AS8
1RX2 Matsui TEM V-4Cr-4TI-0.181 0.011 AS8
1RX3 Matsui TEM V-4Cr-4TI-0.181i 0.011 ASS8
1SX1 Matsui TEM V-18i 0.011 AS8
5CX1 Matsui TEM V-5Cr 0.011 AS8
S5FX1 Matsui TEM V-5Fe 0.011 ASS8
5MX1 Matsui TEM V-5Mo 0.011 AS8
5NX1 Matsui TEM V-5Nb 0.011 AS8
5TX1 Matsui TEM V-5Ti 0.011 ASS8
SRX1 Matsui TEM V-4Cr-4TI-0.18i 0.011 AS8
SRX2 Matsui TEM V-4Cr-4TI-0.181i 0.011 AS8
9RX3 Matsui TEM V-4Cr-4TI-0.1Si 0.011 AS8
AJ11 Abe TEM V-5Cr-5TI-1SiAlyY 0.010 AS8
AJ12 Abe TEM V-5Cr-5TI-18iAlyY 0.010 AS8
AJ13 Abe TEM V-5Cr-5TI-18iAlY 0.010 AS8
AJl1l4 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ20 Abe TEM V-5Cr~5TI-18ialYy 0.010 ASS8
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AJ30 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ31 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ32 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ33 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ34 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJS0 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ51 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ52 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ53 Abe TEM V-5Cr~5TI-1SiAlY 0.010 ASS8
AJ54 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJS55 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ56 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ57 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ58 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJSS Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ80 Abe TEM V-5Cr-5TI-18iAlY 0.010 ASS8
AJ81 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
AJ82 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASS8
AJ83 Abe TEM V-5Cr-5TI-1SiAlY 0.010 IS8
AJ84 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS8
FoX1 Matsui TEM V-3Fe-4TI-0.1S1 0.011 ASS8
F9X2 Matsui TEM V-3Fe-4TI-0.18i 0.011 AS8
FoX3 Matsui TEM V-3Fe-4TI-0.181i 0.011 AS8
PVX1l Matsui TEM PureV 0.011 AS8
TRO1 Ohnuki TEM pure V 0.008 AS8
TRO2 Ohnuki TEM pure V 0.008 AS8
TRO3 Ohnuki TEM vV-0.5Cr 0.008 AS8
TRO4 Ohnuki TEM vV-0.5Cr 0.008 ASS8
TRO5 Ohnuki TEM V-1iCr 0.008 AS8
TRO6 Ohnuki TEM V-1Cr 0.008 ASS8
TRO7 Ohnuki TEM V-2Cr 0.008 ASS8
TROS8 Ohnuki TEM V-2Cr 0.008 AS8
TROS Ohnuki TEM V-5Cr 0.008 AS8
TR1O Ohnuki TEM V-5Cr 0.008 AS8
TR11l Ohnuki TEM V-10Cr 0.008 AS8
TR12 Ohnuki TEM V-10Cr 0.008 . AS8
TR13 Ohnuki TEM V-4Cr-4Ti 0.008 AS8
TR14 Ohnuki TEM V-4Cr-4Ti 0.008 AS8
TR15 Ohnuki TEM vV-1Y 0.008 AS8
TR16 Ohnuki TEM v-1Y 0.008 ASS8
X2X1 Matsui TEM VM9402 0.011 AS8
X3X1 Matsui TEM VM9403 0.011 AS8
X4X1 Matsuil TEM VMS404 0.011 AS8
X5X1 Matsui TEM VM9405 0.011 ASS8
X6X1 Matsuil TEM VM9406 0.011 AS8
X8X1 Matsui TEM VM9408 0.011 AS8
XoX1 Matsui TEM VM9409 0.011 ASS8
Subcapsule AS9

Al ANL Creep 832665 0.650 AS9
1XR6 Matsui 1.5CVN V-4Cr-4TI-0.181i 0.268 AS9
1XR7 Matsui 1.5CVN V-4Cr-4TI-0.181 0.268 ASS
95R6 Matsui 1.5CVN V-4Cr-4TI-0.181 0.268 ASS
95R7 Matsui 1.5CVN V-4Cr-4TI-0.181 0.268 ASS
95R8 Matsuil 1.5CVN V-4Cr-4TI-0.18i 0.268 AS9
95R9 Matsui 1.5CVN V-4Cr-4TI-0.181i 0.268 ASS

——— ANL 1.5CVN-IG BL-47 0.264 ASS

-——- ANTL, 1.5CVN-IG BL-47 0.264 AS9

-- ANL 1.5CVN-IG BL-47 0.264 AS9

-——- ANL, 1.5CVN-IG BL-47 0.264 AS9
47-09 ANL CVNM30 BL-47 1.678 AS9
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BL71W-20 ANL CVNM30 832665 1.674 AS9
71 ANL SS-3 TS 832665 0.320 AS9
71 ANL SS-3 TS 832665 0.320 AS9
71 ANL Ss-3 TS 832665 0.320 AS9
XR25 Matsui MT TS V-4Cr-4TI-0.181i 0.053 AS9
XR26 Matsui MT TS V-4Cr-4TI-0.181 0.053 AS9
XR27 Matsui MT TS V-4Cr-4TI-0.181 0.053 AS9
XR28 Matsui MT TS V-4Cr-4TI-0.1S81i 0.053 AS9
XRX6 Matsui MT TS V-4Cr-4TI-0.181i 0.053 AS9
XRX7 Matsui MT TS V-4Cr-4TI-0.181i 0.053 AS9
XRX8 Matsui MT TS V-4Cr-4TI-0.1S8i 0.053 AS9
XRX9 Matsui MT TS V-4Cr-4TI-0.181i 0.053 AS9
47 ANL ‘TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 ASS
47 ANL TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 ASS
47 ANL TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 AS9
47 ANL, TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 AS9
47 ANL TEM BL-47 0.012 AS9
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 AS9
70 ANL TEM BL-70 0.012 AS9
70 ANL TEM BL-70 0.012 AS9
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 AS9
70 ANL TEM BL-70 0.012 AS9
70 ANL TEM BL-70 0.012 ASS
70 ANL TEM BL-70 0.012 AS9S
71 ANIL, TEM 832665 0.012 AS9
71 ANL TEM 832665 0.012 AS9
71 ANL, TEM 832665 0.012 AS9
71 ANL TEM 832665 0.012 AS9
71 ANL, TEM 832665 0.012 AS9
71 ANL TEM 832665 0.012 AS9
71 ANL TEM 832665 0.012 AS9
71 ANL TEM 832665 0.012 AS9S
71 ANL TEM 832665 0.012 ASS
71 ANL TEM 832665 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 AS9
72 ANT, TEM T87 0.012 ASS
72 ANL TEM T87 0.012 AS9
72 ANL TEM T87 0.012 ASS
LZ ANL TEM-LZ 832665 0.012 AS9
Subcapsule AS10
AlQ ANL Creep 832665 0.650 AS10
AJTS Abe 1.5CVN V-5Cr-5TI-18ialY 0.264 AS10
AJT6 Abe 1.5CVN V-5Cr-5TI-1SiAalY 0.264 AS10
AJZ5 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS10
AJZ6 Abe 1.5CVN V-5Cr-5TI-1SiAlYy 0.264 AS10
AJZ7 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS10
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AJZ8 Abe 1.5CVN V-5Cr-5TI-18iAlY 0.264 AS10
BL71W-21 ANIL: CVNM30 832665 1.674 AS10
BL71W-22 ANL CVNM30 832665 1.674 AS10
BL71W-30 ANL CVNM30 832665 1.674 AS10
47 ANL S§S-3 TS BL-47 0.320 AS10
47 ANL SS-3 TS BL-47 0.320 AS10
71-LZ ANL SS-3-LZ 832665 0.320 AS10
AJB4 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
AJB5 Abe MT TS V-5Cr-STI-1SiAlY 0.056 AS10
AJB6 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
AJB7 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
AJFO Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
AJF1 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
AJF2 Abe MT TS V-5Cr-STI-1SiAlY 0.056 AS10
AJF3 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS10
ETO01 ORNL TEM T89 0.010 AS10
ETO02 ORNIL: TEM T89 0.010 AS10
ETO03 ORNL TEM T89S 0.010 AS10
ET04 ORNL: TEM T89 0.010 AS10
ETO0S5 ORNL TEM T89 0.010 AS10
ETO06 ORNL TEM T89 0.010 AS10
ETO07 ORNL TEM T89 0.010 AS10
ETO08 ORNL TEM T89 0.010 AS10
ETO09 ORNL TEM T89 0.010 AS10
ET10 ORNL: TEM T89 0.010 AS10
FTO1 ORNL TEM TS0 0.010 AS10
FTO02 ORNL TEM T90 0.010 AS10
FTO03 ORNL TEM TS0 0.010 AS10
FT04 ORNL TEM T90 0.010 AS10
FTO5 ORNL TEM T90 0.010 AS10
FTO06 ORNL TEM T90 0.010 AS10
FTO07 ORNL TEM T90 0.010 AS10
FTO08 ORNL TEM TS0 0.010 AS10
FTO0S ORNL TEM T90 0.010 AS10
FT10 ORNL TEM T90 0.010 AS10
GTO01 ORNL TEM TSl 0.011 AS10
GT02 ORNL TEM T91 0.011 AS1i0
GTO03 ORNL TEM T9l 0.011 AS10
GT04 ORNL TEM T91 0.011 AS10
GTO05 ORNL TEM T91 0.011 AS10
GTO06 ORNL TEM To1 0.011 AS10
GTO07 ORNL: TEM T91l 0.011 AS10
GTO8 ORNL TEM T91 0.011 AS10
GTO09 ORNL TEM T91 0.011 AS10
GT10 ORNL TEM Tol 0.011 AS10
HTO1 ORNL TEM To2 0.011 AS10
HTO02 ORNL TEM T2 0.011 AS10
HTO03 ORNL TEM T92 0.011 AS10
HTO04 ORNL TEM T92 0.011 AS10
HTOS5 ORNL: TEM TS2 0.011 AS10
HTO6 ORNL TEM T92 0.011 AS10
HTO07 ORNL TEM T92 0.011 AS10
HTO8 ORNL TEM T92 0.011 AS10
HTOOS ORNL TEM T92 0.011 AS1O0
HT10 ORNL TEM T92 0.011 AS10
NTO1l ORNL TEM 832665 0.010 AS10
NTO02 ORNL TEM 832665 0.010 AS10
NTO03 ORNL TEM 832665 0.010 AS10
NT04 ORNL TEM 832665 0.010 AS10
NTO5 ORNL TEM 832665 0.010 AS10
NT06 ORNL TEM 832665 0.010 AS10
NTO7 ORNL: TEM 832665 0.010 AS10
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ID No. Lab. Type Mat'l/Heat (g) Subcap.
NTO08 ORNL TEM 832665 0.010 AS10
NTO09 ORNL: TEM 832665 0.010 AS10
NT10 ORNL TEM 832665 0.010 AS10
Subcapsule AS11

A7 ANL Creep 832665 0.650 AS1l
AJXS Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS11
AJX6 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS11
AJX7 Abe 1.5CVN V-5Cr-5TI-1SiAly 0.264 AS11
AJXS8 Abe 1.5CVN V-5Cr-5TI-18iAlY 0.264 AS11
AJX9 Abe 1.5CVN V-5Cr-5TI-1SiAlyY 0.264 AS11
AJZ9 Abe 1.5CVN V-5Cr-5TI-18ialY 0.264 AS11

47 ANL CVNM45 BL-47 1.678 AS11

47 ANL CVNM45 BL-47 1.678 AS11

47 ANL, CVNM45 BL-47 1.678 AS11
Ucos ORNL Ss-3 TS T90 0.345 AS11
Uco7 ORNL SS-3 TS TS0 0.345 AS11
ZC06 ORNL SS-3 TS T92 0.340 AS11
AJA4 Abe MT TS V-5Cr-5TI-18ialy 0.056 AS11
AJAS Abe MT TS V-5Cr-5TI-1SiAly 0.056 AS11
AJA6 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS11
AJA7 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS11
P751 DPNL MT TS T87 0.072 ASil
P752 PNL MT TS T87 0.072 AS1ll
Pg41 DNL MT TS 832665 0.072 AS11
P842 PNL MT TS 832665 0.072 AS11
P103 PNL TEM T91 0.013 AS11
P105 PNL TEM T91 0.013 AS11
P107 PNL TEM T91 0.013 ASl1
p123 PNL TEM T91 0.013 AS11
P124 PNL TEM T91 0.013 AS11
P128 PNL TEM Tol 0.013 AS11
P203 DNL TEM T92 0.013 AS11
P213 PNL TEM T92 0.013 AS11
P215 DPNL TEM T92 0.013 AS11
P21¢ PNL TEM T92 0.013 AS11
P221 PNL TEM TS2 0.013 AS11
pP227 PNL TEM T92 0.013 AS1]
bP707 PNL TEM T87 0.013 AS11
P708 PNL TEM T87 0.013 AS11
P710 PNL TEM T87 0.013 AS11
P712 PNL TEM T87 0.013 AS11
P726 PNL TEM T87 0.013 AS11
P738 DNL TEM T87 0.013 AS11
Pg8o1 PNL TEM 832665 0.013 AS1l
P808 PNL TEM 832665 0.013 AS11
Pg11 PNL TEM 832665 0.013 AS11
pg82s DNL TEM 832665 0.013 AS11
P826 PNL TEM 832665 0.013 AS11
Pg31 PNL TEM 832665 0.013 AS11

Subcapsule AS12

All ANT, Creep 832665 0.650 AS12
AJT7 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS12
AJTS8 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.264 AS12
AN13 Matsui 1.5CVN V-4Cr4Ti/832665 0.268 AS12
AN14 Matsui 1.5CVN V-4Cr4Ti/832665 0.268 AS12
AN1S Matsui 1.5CVN V-4Cr4Ti/832665 0.268 AS12
AN1l6 Matsui 1.5CVN V-4Cr4Ti/832665 0.268 AS12
QCo03 ORNL: CVNM 832665 1.662 AS12
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QCo04 ORNL CVNM 832665 1.662 AS12
QCO05 ORNL CVNM 832665 1.662 AS12
XCo6 ORNL §8-3 TS T91 0.335 AS12
XCo7 ORNL Ss-3 TS TS1 0.335 AS12
ZCo7 ORNIL: 8s-3 TS T92 0.340 AS12
AJF4 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS12
AJFS5 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS12
AJG1 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS12
AJG2 Abe MT TS V-5Cr~5TI-1SiAlY 0.056 AS12
AJG3 Abe MT TS V-5Cr-5TI-1SiA1Y 0.056 AS12
AJG4 Abe MT TS V-5Cr-5TI-1SiAlY 0.056 AS12
XF28 Matsui MT TS V-3Fe-4TI-0.181 0.053 AS12
XR1X Matsui MT TS V-4Cr-4TI-0.18i 0.053 AS12
AJ1S5 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJl6 Abe TEM V-5Cr-5TI-1SiAlY 0.010 ASi2
AJ17 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ18 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ19 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ35 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ36 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ37 Abe TEM V-5Cr-5TI-1S1iAlY 0.010 AS12
AJ38 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ39 Abe TEM V-5Cr-5TI-18iAlY 0.010 nsi2
AJ60 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ6l Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ62 Abe TEM V-5Cr-5TI-1SiAalY 0.010 AS12
AJ63 Abe TEM V-5Cr-5TI-1S1iAlY 0.010 AS12
AJ64 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ65 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ66 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJe67 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ68 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ69 Abe TEM V-5Cr-STI-1SiAlY 0.010 AS12
AJ85 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ86 Abe TEM V-5Cr-STI-1SiAlY 0.010 AS12
AJ87 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ88 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
AJ89 Abe TEM V-5Cr-5TI-1SiAlY 0.010 AS12
TR41 Ohnuki TEM pure V 0.006 AS12
TR42 Ohnuki TEM pure V 0.006 AS12
TR43 Ohnuki TEM V-0.5Cr 0.006 AS12
TR44 Ohnuki TEM V-0.5Cr 0.006 AS12
TR45 Ohnuki TEM V-1Cr 0.006 AS12
TR46 Ohnuki TEM Vv-1Cr 0.006 AS12
TR47 Ohnuki TEM V-2Cr 0.006 AS12
TR48 Ohnuki TEM V-2Cr 0.006 AS12
TR49 Ohnuki TEM V-5Cr 0.006 AS12
TR50 Ohnuki TEM V-5Cr 0.006 AS12
TR51 Ohnuki TEM V-10Cr 0.006 AS12
TR52 Ohnuki TEM V-10Cr 0.006 AS12
TR53 Ohnuki TEM V-4Cr-4Ti 0.006 AS12
TR54 Ohnuki TEM V-4Cr-4Ti 0.006 AS12
TR55 Ohnuki TEM v-1Y 0.006 AS12
TR60 Ohnuki TEM v-1Y¥Y 0.006 AS12
Subcapsule AS13

47 ANL DCT-A BL-47 1.255 AS13

47 ANL DCT-A BL-47 1.255 AS13

71 ANL DCT-A 832665 1.220 AS13

71 ANL DCT-A 832665 1.220 AS13

71 ANL DCT-A 832665 1.220 AS13
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72 ANL DCT-A T87 1.240 AS13
72 ANL DCT-A T87 1.240 AS13
M Matsui DCT-A V-3Fe-4Ti 1.257 AS13
M Matsui DCT-A V-3Fe-4Ti 1.257 AS13
M Matsui DCT-A V-3Fe-4Ti 1.257 AS13
QAO01 ORNL DCT-A 832665 1.377 AS13
QA02 ORNL DCT-A 832665 1.377 AS13
QA04 ORNL DCT-A 832665 1.377 AS13
Subcapsule AS14
J2 Monbusho Creep V-3Fe-4TI-0.1Si 0.650 AS14
95F0 Matsui 1.5CVN V-3Fe-4TI-0.181i 0.268 AS14
95F6 Matsui 1.5CVN V-3Fe-4TI-0.18i 0.268 AS14
95F7 Matsui 1.5CVN V-3Fe-4TI-0.181 0.268 AS14
95F8 Matsui 1.5CVN V-3Fe~4TI-0.181i 0.268 ASl14
95F9 Matsui 1.5CVN V-3Fe-4TI-0.181i 0.268 AS14
S5RX Matsui 1.5CVN V-4Cr-4TI~0.18i 0.268 AS14
BL71W-27 ANL PCVN30 832665 1.667 AS14
BL71W-40 ANL PCVN30 832665 1.667 AS14
BL71W-45 ANL PCVN30 832665 1.667 AS14
72 ANL SS-3 TS T87 0.320 AS14
72 ANL SS-3 TS T87 0.320 AS14
WF21 ORNL SS-3-EB 832665 0.340 AS14
XF25 Matsui MT TS V-3Fe-4TI-0.1Si 0.053 AS14
XF26 Matsui MT TS V-3Fe-4TI-0.181i 0.053 AS14
XF27 Matsui MT TS V-3Fe-4TI-0.1S8i 0.053 AS14
XFX5 Matsui MT TS V-3Fe-4TI-0.18i 0.053 AS14
XFX6 Matsui MT TS V-3Fe-4TI-0.18i 0.053 AS14
XFX7 Matsui MT TS V-3Fe-4TI-0.1Si 0.053 AS14
XFX8 Matsui MT TS V-3Fe-4TI-0.18i 0.053 AS14
1RX4 Matsui TEM V-4Cr~-4TI-0.18i 0.010 AS14
1RX5 Matsui TEM V-4Cr-4TI-0.18i 0.010 AS14
1RX6 Matsui TEM V-4Cr-4TI-0.1S8i 0.010 AS14
18X%2 Matsui TEM V-18i 0.010 AS14
5CX2 Matsui TEM V-5Cr 0.010 AS14
5FX2 Matsui TEM V-5Fe 0.010 AS14
SMX2 Matsui TEM V-5Mo 0.010 AS14
5NX2 Matsui TEM V-5Nb 0.010 AS1i4
5TX2 Matsui TEM V-5Ti 0.010 AS14
9RX4 Matsui TEM V~4Cr-4TI-0.18i 0.010 AS14
9RX5 Matsui TEM V-4Cr-4TI-0.1Si 0.010 AS14
9RX6 Matsui TEM V-4Cr-4TI-0.183i 0.010 AS14
FoX4 Matsui TEM V-3Fe-4TI-0.1Si 0.010 AS14
F9X5 Matsui TEM V-3Fe-4TI-0.181i 0.010 AS14
FoXe6 Matsui TEM V-3Fe-4TI-0.1Si 0.010 ASl4
pVX2 Matsui TEM Purev 0.010 AS14
X2X2 Matsui TEM VMS402 0.010 AS14
X3X2 Matsui TEM VM9403 0.010 AS14
X4X2 Matsui TEM VM9404 0.010 AS14
X5X2 Matsui TEM VM9405 0.010 AS14
X6X2 Matsui TEM VM9406 0.010 AS14
X8X2 Matsui TEM VMS408 0.010 AS14
X9X2 Matsui TEM VM9409 0.010 AS14
Subcapsule AS16

G3F1 A.Kimura 1.5CVN NIM-E 0.341 ASl6
G3F2 A.Kimura 1.5CVN NLM-E 0.341 ASl6
G3F3 A.Kimura 1.5CVN NLM-E 0.341 AS16
G3F4 A.Kimura 1.5CVN NLM-E 0.341 AS1ie6
G3F5 A.Kimura 1.5CVN NLM-E 0.341 AS1e6
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (g) Subcap.
G3F6 A.Kimura 1.5CVN NILM-E 0.341 AS16
G3F7 A.Kimura 1.5CVN NLM-E 0.341 ASl6
G3F8 A.XKimura 1.5CVN NLM-E 0.341 AS16
LFO09 Kohno 1.5CVN JLF1 0.355 AS16
LFO0A Kohno 1.5CVN JLF1 0.355 ASl6e
LFO0B Kohno 1.5CVN JLF1 0.355 AS16
LFOD Kohno 1.5CVN JLF1 0.355 AS16
LFOF Kohno 1.5CVN JLF1 0.355 AS16
LFOG Kohno 1.5CVN JLF1 0.355 ASl6
LFOH Kohno 1.5CVN JLF1 0.355 AS16
LFOK Kohno 1.5CVN JLF1 0.355 AS16
LHO9 Kohno 1.5CVN F82H 0.340 AS16
LHOA Kohno 1.5CVN F82H 0.340 AS16
LHOB Kohno 1.5CVN F82H 0.340 ASl6
LHOD Kohno 1.5CVN F82H 0.340 AS16
LHOF Kohno 1.5CVN F82H 0.340 AS16
LHOG Kohno 1.5CVN F82H 0.340 AS16
LHOH Kohno 1.5CVN F82H 0.340 AS1l6e
LHOK Kohno 1.5CVN F82H 0.340 ASl6
G311 A.Kimura MT TS JLM-1 0.083 ASl6
G312 A.Kimura MT TS JLM-1 0.093 ASl6
G313 A.Kimura MT TS JLM-1 0.083 ASl6
G314 A.Kimura MT TS JLM-1 0.093 AS1s6
G3D1 A.Kimura MT TS NLM-D 0.093 AS16
G3D2 A.Kimura MT TS NLM-D 0.083 AS16
G3D3 A.Kimura MT TS NLM-D 0.083 AS16
G3D4 A.Kimura MT TS NLM-D 0.093 AS16
G3Fl A.Kimura MT TS NLM-E 0.093 AS16
G3F2 A.Kimura MT TS NLM-E 0.093 ASl6
G3F3 A.Kimura MT TS NLM-E 0.093 AS16
G3Fr4 A.Kimura MT TS NLM-E 0.083 ASle
LB04 Kohno MT TS JLF1B 0.031 AS16
LBOS Kohno MT TS JLF1B 0.031 AS16
LBO6 Kohno MT TS JLF1B 0.031 AS1e6
LFO05 Kohno MT TS JLF1 0.031 AS16
LF06 Kohno MT TS JLF1 0.031 ASl6
LF07 Kohno MT TS JLF1 0.031 AS16
LFO08 Kohno MT TS JLF1 0.031 AS16
LHO5 Kohno MT TS F82H 0.031 AS16
LHO6 Kohno MT TS F82H 0.031 ASl6
LHO7 Kohno MT TS ¥82H 0.031 ASle
LHOS8 Kohno MT TS F82H 0.031 ASle6
Mi12 Kohno MT TS JLF1Mnl 0.031 AS1l6
LM13 Kohno MT TS JLF1Mnl 0.031 ASl6
IM22 Kohno MT TS JLFMn2 0.031 ASl6
ILM23 Kohno MT TS JLFMn2 0.031 AS1le6
G311 A.Kimura TEM JLM-1 0.007 AS16
G312 A.Kimura TEM JLM-1 0.007 AS16
G313 A.Kimura TEM JLM-1 0.007 AS16
G314 A.Kimura TEM JLM-1 0.007 ASl6
G341 A.Kimura TEM NLM-D 0.007 ASle6
G342 A.Kimura TEM NLM-D 0.007 AS16
G343 A.Kimura TEM NLM-D 0.007 AS16
G344 A.Kimura TEM NLM-D 0.007 AS16
G371 A.Kimura TEM NLM-E 0.007 AS16
G372 A.Kimura TEM NLM-E 0.007 ASle
G373 A.Kimura TEM NIM-E 0.007 AS16
G374 A.Kimura TEM NLM-E 0.007 AS1le
LBOYS Kohno TEM JLF1B 0.010 ASl6
LBOA Kohno TEM JLF1B 0.010 AS16
LBOB Kohno TEM JLF1B 0.010 ASl6
LBOD Kohno TEM JLF1B 0.010 AS16
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (g) Subcap.
LBOF Kohno TEM JLF1B 0.010 AS1le6
LBOG Kohno TEM JLF1B 0.010 ASleé
LBOH Kohno TEM JLF1B 0.010 AS1e6
LBOK Kohno TEM JLF1B 0.010 ASle
LF09 Kohno TEM JLF1 0.010 AS16
LFOA Kohno TEM JLF1 0.010 AS16
LFOB Kohno TEM JLF1 0.010 AS16
LFOD Kohno TEM JLF1 0.010 AS1l6
LFOF Kohno TEM JLF1 0.010 ASle
LFOG Kohno TEM JLF1 0.010 AS16
LFOH Kohno TEM JLF1 0.010 ASle
LFOK Kohno TEM JLF1 0.010 AS1l6
LHOS Kohno TEM F82H 0.010 AS1le
LHOA Kohno TEM F82H 0.010 AS16
LHOB Kohmno TEM F82H 0.010 ASle
LHOD Kohno TEM F82H 0.010 AS16
LHOF Kohno TEM F82H 0.010 ASle
LHOG Kohno TEM F82H 0.010 AS1le6
LHOH Kohno TEM F82H 0.010 AS16
LHOK Kohno TEM F82H 0.010 ASle6
LM19 Kohno TEM JLFMnl 0.010 AS16
LM1A Kohno TEM JLFMnl 0.010 AS16
IM1B Kohno TEM JLFMnl 0.010 AS1le6
LM1D Kohno TEM JLFMnl 0.010 AS16
LM1F Kohno TEM JLFMnl 0.010 AS1e6
ILM1G Kohno TEM JLFMnl 0.010 ASle
LM1H Kohno TEM JLFMnl 0.010 ASle6
LM1K Kohno TEM JLFMnl 0.010 AS1le6
IM29 Kohno TEM JLFMn2 0.010 AS1le6
LM2A Kohno TEM JLFMn2 0.010 ASle
ILM2B Kohno TEM JLFMn2 0.010 AS16
ILM2D Kohno TEM JLFMn2 0.010 AS1e6
LM2F Kohno TEM JLFMn2 0.010 ASle
LM2G Kohno TEM JLFMn2 0.010 AS16
LM2H Kohno TEM JLFMn2 0.010 ASle
LM2K Kohno TEM JLFMn2 0.010 ASle
TR56 Ohnuki TEM 316-0.3Ti 0.011 AS16
TR57 Ohnuki TEM 316L 0.011 AS16
TR58 Ohnuki TEM 316L 0.011 AS1e6
TR59 Ohnuki TEM 316-0.3T1i 0.011 AS1le
TR61 Ohnuki TEM 316-0.32r 0.011 AS16
TR62 Ohnuki TEM 316-0.3Z2x 0.011 ASle
TR63 Ohnuki TEM 316-0.3HE 0.011 ASle6
TR64 Ohnuki TEM 316-0.3HE 0.011 ASle
TR65 Ohnuki TEM 316-0.3Nb 0.011 AS1le
TR66 Ohnuki TEM 316-0.3Nb 0.011 ASle
TR67 Ohnuki TEM 316L/CW 0.011 AS16
TR68 Ohnuki TEM 316L/CW 0.011 ASle
TR69 Ohnuki TEM 316L/CW 0.011 AS1i6
TR70 Ohnuki TEM 316-0.3Ti/CW 0.011 AS1e6
TR71 Ohnuki TEM 316-0.3Ti/CW 0.011 AS16
TR72 Ohnuki TEM 316-0.3Ti/CW 0.011 AS1le
TR73 Ohnuki TEM 316-0.32r/CW 0.011 ASl6
TR74 Ohnuki TEM 316-0.3Zx/CW 0.011 AS1ls
TR75 Ohnuki TEM 316-0.32r/CW 0.011 ASle
YA23 Yoshida TEM FeCrNi (1) 0.010 AS16
YA24 Yoshida TEM FeCrNi (1) 0.010 AS16
YA25 Yoshida TEM FeCrNi (2) 0.010 AS1e6
YA26 Yoshida TEM FeCxNi (2) 0.010 ASle
YA27 Yoshida TEM FeCrNi (3) 0.010 AS16
YA28 Yoshida TEM FeCrNi (3) 0.010 AS16
YA29 Yoshida TEM FeCrNi (4) 0.010 ASle6
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat (g) Subcap.
YA30 Yoshida TEM FeCrNi (4) 0.010 AS16
YA31 Yoshida TEM FeCrNi (5) 0.010 ASl6
YA32 Yoshida TEM FeCxrNi (5) 0.010 AS1le
YA33 Yoshida TEM FeCrNi (6) 0.010 AS16
YA34 Yoshida TEM FeCrNi (6) 0.010 ASi6
YA35 Yoshida TEM FeCrNi (7) 0.010 AS16
YA36 Yoshida TEM FeCrNi (7) 0.010 AS16
YA37 Yoshida TEM FeCrNi (8) 0.010 AS16
YA38 Yoshida TEM FeCrNi (8) 0.010 AS16
YA3S Yoshida TEM FeCrNi (9) 0.010 AS1l6
Ya40 Yoshida TEM FeCrNi (9) 0.010 ASl6
Yh4l Yoshida TEM FeCrNi (10) 0.010 ASlé6
YA42 Yoshida TEM FeCrNi (10) 0.010 AS16
YA43 Yoshida TEM FeCrNi(11) 0.010 AS16
YA44 Yoshida TEM FeCrNi(11) 0.010 AS16
G315 A.Kimura TEM JILM-1 0.010 AS16
G316 A.Kimura TEM JLM-1 0.010 AS16
G317 A.Kimura TEM JLM~1 0.010 AS1e6
G318 A.Kimura TEM JLM-1 0.010 AS16
G319 A.Kimura TEM JLM-1 0.010 AS16
G320 A.Kimura TEM JLM-1 0.010 AS16
G321 A.Kimura TEM JLM-1 0.010 AS16
G322 A.Kimura TEM JLM-1 0.010 AS1l6
G323 A.Kimura TEM JLM-1 0.010 AS1l6
G324 A.Kimura TEM JLM-1 0.010 AS16
G325 A.Kimura TEM JLM-1 0.010 AS16
G345 A.Kimura TEM NLM-D 0.010 ASle
G346 A.Kimura TEM NIM-D 0.010 AS1lé6
G347 A.Kimura TEM NLM-D 0.010 AS16
G348 A.Kimura TEM NLM-D 0.010 AS16
G349 A.Kimura TEM NLM-D 0.010 ASl6
G350 A.Kimura TEM NLM-D 0.010 ASle
G351 A.Kimura TEM NLM-D 0.010 AS16
G352 A.Kimura TEM NLM-D 0.010 ASlé6
G353 A.Kimura TEM NLM-D 0.010 ASlée
G354 A.Kimura TEM NLM-D 0.010 AS1le6
G355 A.Kimura TEM NLM-D 0.010 ASle
G375 A.Kimura TEM NLM-E 0.010 AS1l6
G376 A.Kimura TEM NLM-E 0.010 ASleé
G377 A.Kimura TEM NLM-E 0.010 AS16
@378 A.Kimura TEM NLM-E 0.010 AS16
G379 A.Kimura TEM NLM-E 0.010 ASl6
G380 A.Kimura TEM NLM-E 0.010 AS16
G381 A.Kimura TEM NLM-E 0.010 AS16
G382 A.Kimura TEM NLM-E 0.010 ASlé6
G383 A.Kimura TEM NLM-E 0.010 AS1l6
G384 A.Kimura TEM NLM-E 0.010 ASleé
G385 A.Kimura TEM NLM-E 0.010 ASl6
Subcapsule AS17

A4 ANL Creep 832665 0.650 AS17
AJZ3 Abe 1.5CVN V-5Cr-5TI-1SiAlY 0.265 AS17
AJZ4 Abe 1.5CVN V-5Cr-5TI-1SialY 0.265 AS17
ANOS8 Matsui 1.5CVN V-4Cr4Ti/832665 0.264 AS17
ANOS Matsui 1.5CVN V-4Cr4Ti/832665 0.264 AS17
AN1O Matsui 1.5CVN V-4Cr4Ti/832665 0.264 AS17
AN1l Matsui 1.5CVN V-4Cr4Ti /832665 0.264 AS17

47 AN, CVNM45 BL-47 1.680 AS17

47 ANL CUNM4 5 BL-47 1.680 AS17

47 ANL CVNM45 BL-47 1.680 AS17

47 ANL 8S-3 TS BL~-47 0.318 AS17
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Specimen Specimen Mass
ID No. Lab. Type Mat'l/Heat {(g) Subcap.

47 ANL SS-3 TS BL-47 0.318 AS17

72 ANL SS-3 TS T87 0.318 AS17
AJDO Abe MT TS V-5Cr-5TI-1SiAlY 0.059 AS17
AJD1 Abe MT TS V-5Cr-5TI-1SiAlY 0.059 AS17
AJD2 Abe MT TS V-5Cr-5TI-1SiAlY 0.059 AS17
AJD3 Abe MT TS V-5Cr-5TI-1SiAlY 0.059 AS17
AJD4 Abe MT TS V-5Cr-5TI-1SiAlY 0.058 AS17
AJDS5 Abe MT TS V-5Cr-5TI-1SiAlyY 0.059 AS17
AJD6 Abe MT TS V-5Cr-5TI-18iAlY 0.059 AS17
AJD7 Abe MT TS V-5Cr-5TI-18iAlY 0.059 AS17
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SCHEDULE AND STATUS OF IRRADIATION EXPERIMENTS - A. F. Rowcliffe,

M. L. Grossbeck, and J. P. Robertson (Oak Ridge National Laboratory)

OBJECTIVE

To provide an updated summary of the status of irradiation experiments for the neutron-interactive materials

program,

SUMMARY

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

PROGRESS AND STATUS

Currently, the program has three irradiation experiments in reactor; and 6 experiments in the planning or
design stages. Postirradiation examination and testing is in progress on 18 experiments.
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