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Executive Summary

1997 ITER Final Report on
US Contribution: Task T219/T220;

Lithium/Vanadium Advanced Blanket Development

The objective of this task is to develop the required data base and demonstrate the
performance of a liquid lithium-vanadium advanced blanket design. The task has two main
activities related to vanadium structural material and liquid lithium system developments.

The vanadium alloy development activity included four subtasks:

1.1 Baseline mechanical properties of non irradiated base metal and weld metal joints
1.2 Compatibility with liquid lithium
1.3 Material irradiation tests
1.4 Development of material manufacturing and joining methods.

The lithium blanket technology activity included four subtasks:

2.1 Electrical insulation development and testing for liquid metal systems.
2.2 MHD pressure drop and heat transfer study for self-cooled liquid metal systems.
2.3 Chemistry of liquid lithium.
2.4 Design, fabrication .and testing of ITER relevant size blanket mockups.

A summary of the progress and results obtained during the period 1995 and 1996 in
each of the subtask areas is presented in this report. The tasks T219/T220 were terminated
at the end of 1997 in favor of the nonbreeding shield/blanket concept for the basic
performance phase of ITER.

1.0 VANADIUM ALLOY DEVELOPMENT

1.1 Baseline Mechanical Properties

Baseline mechanical properties (1.2) measurements obtained on V-(3-6)Cr-(3-6)Ti
alloys included tensile properties, Charpy impact properties and fracture toughness
measurements. Experimental results were obtained on baseline tensile properties of four
laboratory-scale heats and on a 500-kg production heat of V-4Cr-4Ti (Heat 832665) at 23-
700°C. Both the production- and laboratory-scale heats of the reference alloy V-4Cr-4Ti
exhibited excellent tensile properties at temperatures up to 700°C. These alloys exhibited
good ductility (e.g., uniform elongation >15%) and a large amount of work hardening
capability. The yield strength (-260 MPa) for the V-4Cr-4Ti alloy is relatively insensitive
to temperature from 200-700°C. The tensile strength is increased with an increase in Cr
and Ti concentration. Multiple annealing treatments at 1050°C has a minimal effect on the
tensile properties.

Charpy impact and fracture toughness measurements were made on the 500 kg
production heat of V-4Cr-4Ti after annealing treatments of 950, 1000 and 1050°C for one
hour. The effect of annealing temperature was not significant for this range; however, an
annealing temperature of 1000°C for one hour is recommended as a reference. The DBTT
for 1/3 size Charpy specimens was below -200°C for both 45° and 30° notched specimens.
Fracture toughness measurements on the V-4Cr-4Ti alloy at RT exhibited very high
toughness above the limit for valid measurements based on ASTM validity criteria.



Fracture toughness values at -196°C were much lower than at RT but still quite high (-75
KJ/m2). Mixed mode fracture measurements were also conducted on the reference alloy,
due to the high ductility of this alloy and the limited specimen thickness (6.35 mm) plane
strain requirements were not met so valid values were not obtained; however, the crack
initiation and propagation behavior was significantly different between the Mode I and
mixed mode I/HI specimens.

1.2 Corrosion/Compatibility

The hydrogen solubility in the V-4Cr-4Ti alloy was measured at a pressure of 9 x
10"2 Pa at temperatures of 250-700°C. The hydrogen solubility in the alloy is similar to that
for unalloyed vanadium. A systematic study was conducted on the effects of time and
temperature of air exposure on the oxidation behavior and microstructure of V-(4-5)Cr-(4-
5)Ti alloys at temperatures of 300-650°C. Results indicate that the oxides formed on the
surfaces at these temperatures are protective. Corrosion tests on selected vanadium alloys
were also performed in high purity water at 230°C for up to 4500 hr. Significant effects of
chromium concentration on corrosion kinetics were observed.

The effects of oxygen exposure on the tensile properties of V-(4-5)Cr-(4-5)Ti
alloys at temperatures of 3OO-5OO°C have been investigated. Correlations were developed
between tensile strength and ductility of the oxidized alloys and microstructural
characteristics such as oxide thickness, depth of hardened layer, depth of intergranular
fracture zone and transverse crack length. Results obtained indicate similar effects when
exposed to air or after exposure to reduced oxygen pressures down to 10"4 Pa. The
ultimate stress increased only slightly; however, significant decreases in ductility were
observed for the conditions investigated.

1.3 Radiation Effects

The effects of irradiation, including He effects in some cases, on swelling,
microstructure and tensile properties have been investigated for the V-Cr-Ti alloys.
Experiments have also been initiated to investigate the radiation creep characteristics of the
of V-4Cr-4Ti alloy. Vanadium alloys irradiated to 18-31 dpa at temperatures of 425-600°C
in the Dynamic Helium Charging Experiment (DHCE) exhibited swelling of < 0.5%. Ion
irradiation investigations at 200°C on V-4Cr-4Ti alloy also indicated high resistance to
swelling.

New results have been obtained on the effects of irradiation on the tensile properties
of several vanadium alloys at temperatures < 430°C from experiments in EBR-II, HFIR,
and HFBR reactors. The work hardening capability and uniform tensile elongation of
alloys irradiated < 400°C are significantly reduced compared to previous results obtained at
temperatures > 420°C. Significant variations in the post exposure tensile properties have
also been observed with alloy composition. Results obtained from the DHCE in FFTF at
~430°C indicate higher uniform tensile elongation of V-alloys compared to similar results
with conventional irradiation, i.e., low He. The V-4Cr-4Ti alloy irradiated at 400°C to 10
dpa in HFIR exhibited a uniform elongation of - 3 % .

Additional results obtained from experiments in EBR-II (-4 dpa at ~390°C)
generally indicated much more severe loss of uniform tensile elongation and loss of work
hardening capability, although some heat-to-heat variations were observed. The V-4Cr-4Ti
alloy irradiated in HFBR (-0.5 dpa at 100-275°C) exhibited significant loss of ductility in
room temperature tests. Similarly, vanadium alloys, except V-18Ti, exhibited severe loss
of ductility at 200°C after irradiation to -10 dpa in HFIR.

Additional experiments are in progress to further investigate the effects of
irradiation on vanadium alloys. An experiment in the ATR reactor (ATR-AI) containing
Charpy, tensile, compact tension, TEM and creep specimens of vanadium alloys has been
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irradiated at -200 and ~300°C to ~4 dpa. An experiment containing creep specimens is
also being fabricated for irradiation to ~5 dpa in HFIR.

1.4 Manufacturing and Joining
A large heat (1200 kg) of V-4Cr-4Ti alloy has been produced by Teledyne Wah

Chang for General Atomics in order to fabricate a portion of the DEH-D radiative divertor.
The kinetics of recovery and recrystallization of V-4Cr-4Ti alloys are being investigated.
The activation energy for recrystallization of V-4Cr-4Ti (576±75 KJ/mole) is significantly
higher than that for pure vanadium. V-(4-5)Cr-(4-5)Ti alloys exhibited negligible grain
growth at 500, 650 and 800°C even after 5000 hr.

Preliminary results have been obtained on the weld characteristics of gas-tungsten
arc, electron beam and laser weld methods. Investigations include effects of environment
and the extent of contamination during welding, effects of post-weld heat treatments and
Charpy impact properties on weldments.

2.0 LITHIUM BLANKET TECHNOLOGY

2.1 - Electrical insulation Development and testing for Liquid metal System

Development of in situ coating methods for coating complex shapes is considered
extremely desirable, if not essential, for a practical application. A capability for self-healing
of the coating is also considered necessary for a practical system since development of a
coating which would remain defect free under projected operating conditions may be
unlikely. Based on previous work, A1N and CaO were selected for initial investigations of
the in situ coating development. To develop a reaction layer coating, it is desirable that the
structure be the source of one component of the reaction product and the liquid metal
provide the source of the other component.

A1N potentially offers a possibility for formation by either of these two processes,
i.e., aluminizing the vanadium surface and reacting with nitrogen from the lithium or by
reacting nitrogen from the vanadium with aluminum dissolved in the lithium. Reacting
nitrogen from the lithium with an aluminized vanadium alloy surface was selected as the
best first option for A1N, although scoping tests were conducted by adding both nitrogen
and aluminum to the lithium. Procedures were developed for aluminizing the vanadium
alloy surface and subsequently nitriding the aluminized surface. The aluminizing process
requires temperatures of approximately 800° C. Thin coatings of A1N were produced on
several vanadium alloys. These coatings were characterized and tested for compatibility
and resistivity in lithium. The coatings generally exhibited good compatibility with lithium
and significant electrical resistivity; however, the resistance was typically much less than
values for monolithic A1N. Because of funding constraints, the effort on A1N was focused
mostly on conventional (PVD, CVD, etc.) methods for producing the coating described
previously. Results obtained on A1N were encouraging, and it merits further development
as a candidate coating.

The primary effort related to in situ coating development was focused on calcium
oxide. This system offers a potential for superior performance compared to other systems
considered, e.g., high electrical resistivity, good thermal expansion match with vanadium
alloys, chemical stability, low activation, and potential for in situ formation with self-
healing potential. The primary mechanism of coating formation involves reactions of
oxygen from the vanadium alloy with calcium dissolved in the lithium. Several variables
involved in this reaction include temperature, time, oxygen concentration in vanadium
alloy, and calcium concentration in lithium.
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In previous years' activities, scoping tests were conducted by exposing small
coupons of vanadium alloys at various temperatures to lithium containing various
concentrations of calcium. It was generally found that increasing the oxygen concentration
in this surface of vanadium by exposure to low pressure oxygen environments before
exposure to the lithium-calcium alloy produced thicker oxide reaction products. A range of
conditions (temperature, oxygen pressure, and time) was investigated to determine which
conditions provided better coating characteristics. CaO coatings 5-10|xm thick were
successfully formed on vanadium alloys. In this case microcracks were observed at room
temperature; however, spallation of the coating was not observed. Self-healing of the CaO
coatings was observed following thermal cycling of the test samples in lithium.

2.2. MHD pressure drop and heat transfer testing

A program was conducted to demonstrate the use of the insulator coating for the Li/V
system with a large-scale test in the ALEX facility. The major parts of the program are 1)
conversion of ALEX to Li operation, 2) fabrication of large V-alloy tubes, 3) application of
a CaO coating to the large tube, and MHD pressure drop tests In ALEX. The ALEX
facility was successfully converted to liquid Li operation, and additional details of the
conversion can be found in Ref. 2.2-1. The US and the RF successfully fabricated large
tubes of the V-4Cr-4Ti alloy. Additional details of the fabrication are provided in Refs.
2.2-2 and 2.2-3. The CaO coating of the test section took place in a separate apparatus.
The first large test section was prepared for ALEX testing in late 1995. The MHD tests that
were conducted at that time yielded negative results, indicating that an insulating layer had
not been formed during the coating operations. Following these tests, additional effort was
spent on improving the coating process, and additional tests in ALEX were planned for late
1996. Unfortunately, these tests could not be conducted due to funding limitations in the
US.

2.3. Chemistry of liquid lithium

Specific work on the chemistry of liquid lithium has focussed on the solubility and
transport kinetics of hydrogen in lithium under various chemistry conditions. The

20 3hydrogen ion density for fusion reactor designs is 1.2 x 10 /m , which corresponds to a

pressure of 10" torr at room temperature. Interaction between hydrogen and first-wall
components may not be a significant concern for hydrogen embrittlement of structural
materials because of the low density of hydrogen. However, for the design of a liquid-
metal cooling system for fusion-reactor blanket applications, it is important to determine the
solubility and transport kinetics of hydrogen in the structure and coolant. This study
focused on developing methods for in-situ measurement of the solubility of hydrogen in
vanadium-base alloys and liquid lithium. To investigate the effect of oxygen impurity in the
vanadium alloy, oxygen-charged samples were tested in addition to those that were used
previously. The rate of hydrogen penetration into vanadium and its alloys is among the
highest for metals. Currently, calcium oxide has been proposed as an insulator coating for
magnetic-fusion-reactor (MFR) applications because of its a high thermodynamic stability
and electrical resistivity. Therefore this study has been extended to include liquid lithium
with calcium and calcium oxide.
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2.4. Design, fabrication, and testing of ITER size relevant mock-ups

To test the magnetohydrodynamic (MHD) pressure drop reduction performance of
candidate insulator coatings for the HER Vanadium/Lithium breeding blanket, two IYER
size relevant mock-up test sections comprised of a V-4Cr-4Ti liner inside a stainless steel
pipe were designed and fabricated; one in the US, and the second fabricated jointly by the
RFandANL.

For the fabrication of the US-made duplex test section, the starting vanadium extrusion was
produced by Teledyne Wah Chang; Century Tubes performed the fabrication steps
necessary to produce the vanadium liner/stainless steel duplex structure; ANL developed
the overall test section design and an outline of the fabrication steps; preparation of the
detailed manufacturing plan and day-to-day manufacturing follow was provided by
McDonnell Douglas Aerospace. General Atomics provided special assistance and
metallurgical expertise for certain fabrication problems. For the RF-ANL fabricated test
section, the design and material specifications were essentially identical to the US-made test
section. The vanadium tube was manufactured in the RF and sent to ANL for final welding
and assembly.

Additional MHD testing was discontinued per the agreement between the JCT and the US
to eliminate further ITER credit for task T220 in 1996.



1.0 Subtask; Vanadium Alloy Development

This subtask involves development of candidate vanadium alloys for liquid lithium
breeding blankets, this report presents a summary of the progress and results obtained by
the US Home Team during the period of 1995 and 1996 in Task T219 as part of the joint
T219/T220 Task. The vanadium alloy development activity included four subtasks:

1.1 Baseline mechanical properties of non irradiated base metal and weld metal joints
1.2 Compatibility with liquid lithium
1.3 Material irradiation tests
1.4 Development of material manufacturing and joining methods.

Results are presented in the following sections for areas defined in schedule of
deliverables listed in the Task T219/T220 agreement.
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SUBTASK 1.1.1.1: Tensile Properties of V-(4-5)Cr-(4-5)Ti Alloy, H. M.
Chung, L. Nowicki, D. Busch, and D. L. Smith (Argonne National Laboratory)

OBJECTIVE

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

SUMMARY

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

INTRODUCTION

A recently reported comprehensive data base on tensile strength and ductility of several major
alloys of the V-Cr-5Ti system includes a 30-kg laboratory heat (BL-^7) of the reference alloy
V-4Cr-4Ti that has been known to exhibit excellent properties after irradiation with and without
He generation. 1 Subsequently, a 500-kg production heat of V-4Cr-4Ti (Heat 832665) and a
15-kg laboratory heat of V-5Cr-5Ti (Heat T87) were fabricated successfully. Excellent impact
properties of these new heats have been reported recently.2-5 This report presents results of
tensile tests on the three heats.

MATERIALS AND PROCEDURES

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

Table 1. Composition of three heats
of V-(4-5)Cr-(4-5)Ti

Heat ID
820630
BL-47
832665
T87

Alloy
Composition

(wt.%)
V
V^.lCr-4.3Ti
V-3.8Cr-3.9Ti
V^t.9Cr-5.1Ti

Impurity Concentration

O
200
350
310
380

(Wt.|

N
62

220
85
89

ppm)
C
75

200
80

109

Si
780
870
783
545

Typically, the machined and polished specimens were annealed at 1000°C for 1 h in a high-quality
vacuum before testing. This annealing condition has been found to produce optimal impact
properties in the two new heats T87 and 8326652-4 and it produced an =70% recrystallized
structure in Charpy-impact specimens. The only secondary phase in the as-annealed specimen
was a Ti(O,N,C) precipitate, =300-500 nm in size, which is normally observed in Ti-containing
vanadium alloys with O+N+C > 400 wppm. The gauge cross section of each polished specimen
was measured individually. Tensile tests were conducted at 23-700°C at a strain rate of 1.1 x 10~3
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s~l. High-temperature tests were conducted in a quartz cylinder that was evacuated and
continuously flushed with flowing Ar. Specimen temperature was monitored with two
thermocouples spot-welded on the gauge section. Reduction in area was determined from
magnified SEM images of the fracture surface that was photographed perpendicular to the tensile
axis.

RESULTS AND DISCUSSION

Yield strength, ultimate tensile strength, uniform elongation, total elongation, and reduction in area
are shown in Figs. 1-5, respectively. Note that yield strength of the alloys was nearly constant
between 200 and 700°C. Ultimate strength appears to be slightly lower at =250-300°C than at
<200°C or >300°C. At 700°C, the yield and ultimate tensile strengths decreased only slightly.
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At all test temperatures in the previous studies, yield and ultimate strength of V-Cr-(4-5)Ti
increased monotonically for increased chromium content, indicating the predominant effect of Cr
on the tensile strength of the alloy system. 1 The results shown in Figs. 1 and 2 appear to be
consistent with the findings of the previous studies, that is, for similar annealing conditions, the
strength of T87 (V-4.9Cr-5.1Ti) was higher than that of 832665 (V-3.8Cr-3.9Ti). Tensile
specimens of BL-47 (V-4.1Cr-A3Ti) were annealed at temperatures somewhat higher than those
of 832665. Note that the strength of BL-^7 is slightly higher than that of 832665. It is not clear if
this is because of the higher annealing temperature or the higher combined content of Cr and Ti
(i.e., 8.4 vs. 7.7 wt.%) of BL-47.

The yield strength of V-Cr-Ti alloys at room temperature and 420-600°C could be correlated well

.JT"



with combined content of Cr and Ti, as shown in Fig. 6. The strength of the two new heats of
V-(4—5)Cr-(4-5)Ti alloys is also consistent with the correlation shown in Fig. 6. The excessive
alloying addition of Cr
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(>6 wt.%) is undesirable from the standpoint of irradiation-induced degradation of material
toughness. Likewise, excessive addition of titanium (>9 wt.%) is believed to be undesirable from
the standpoint of higher ductile-brittle transition temperature and, probably, thermal creep.
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Within the limits of data scattering, uniform and total elongation of the laboratory and production
heats of V-4Cr-^Ti (Figs. 3 and 4) is similar at 20-700°C, i.e., 7-23 and 13-33%, respectively.
However, uniform (12-23%) and total (16-35%) elongation of the laboratory heat of V-5Cr-5Ti
is somewhat lower than that of V-4Cr-4Ti for the similar temperature range. Uniform and total
elongation decreases monotonically with increasing temperature.

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

CONCLUSIONS

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

2. Uniform and total elongation of the laboratory and production heats of V—4Cr—4Ti was similar,
i.e., 7-23 and 13-33%, respectively. However, uniform (8-19%) and total (13-31%)
elongation of the laboratory heat of V-5Cr-5Ti was somewhat lower than that of V-4Cr-4Ti.
Uniform and total elongation decreased monotonically with increasing temperature.

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

4. The reference alloy V^tCr-^Ti, identified as the most promising candidate alloy for a fusion
reactor first-wall structure on the basis of its excellent resistance to irradiation-induced
embrittlement, swelling, creep, and microstructural evolution, exhibited excellent baseline
tensile properties at temperatures up to =650°C. The ratio of uniform to total elongation of the
alloy remained constant at =0.7 regardless of test temperature, whereas the ratio of yield to
ultimate tensile strength decreased monotonically from =0.9 at room temperature to =0.6 at
700°C, indicating more pronounced work hardening of the alloy at higher temperatures.
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SUBTASK 1.1.1.2: Effects of Strain Rate, Test Temperature and Test
Environment on Tensile Properties of Vanadium Alloys, A. N. Gubbi, A. F.
Rowcliffe, W. S. Eatherly and L. T. Gibson (Oak Ridge National Laboratory)

OBJECTIVE

The aim of this work is to examine the effects of test temperature, strain rate, and test environment
on the tensile properties of the large heat of V-4Cr-4Ti and the small heats of compositional
variants.

SUMMARY

Tensile testing was carried out on SS-3 tensile specimens punched from 0.762-mm-thick sheets of
the large heat of V-4Cr-4Ti and small heats of V-3Cr-3Ti and V-6Cr-6Ti. The tensile specimens
were annealed at 1000° for 2 h to obtain a fully recrystallized, fine grain microstructure with a grain
size in the range of 10-19 p.m. Room temperature tests at strain rates ranging from 10" 3 to 5 x 10"
Vs were carried out in air; elevated temperature testing up to 700°C was conducted in a vacuum
better than 1 x 10"^ torr (<10~3 Pa). To study the effect of atomic hydrogen on ductility, tensile
tests were conducted at room temperature in an ultra high vacuum chamber (UHV) with a
hydrogen leak system.

Tensile properties of V-3Cr-3Ti, V-4Cr-4Ti, and V-6Cr-6Ti were measured at room temperature
and 100-700°C at a strain rate of 1.1 x 10"3/s. The ultimate tensile strength of all the alloys
exhibited a minima at 300°C, whereas the 0.2% yield strength was relatively independent of
temperature between 400° and 700°C. The total and uniform elongations were relatively insensitive
to variation in test temperature above 400°C. All the alloys exhibited good ductility (e.g., uniform
elongation >15%) and a large amount of work hardening ability. A yield point was typically
obtained at all test temperatures. Significant serrations (indicative of dynamic strain aging) were
observed in the stress-strain curves of all the alloys at test temperatures above 300°C.

V-6Cr-6Ti is the strongest of the three alloys with the highest values of 0.2% yield strength (YS)
and the ultimate tensile strength (UTS), and V-3Cr-3Ti is the weakest showing the lowest values at
all strain rates; V-4Cr-4Ti possesses intermediate strength. Both YS and UTS showed a similar
trend of incremental increase with strain rate for the three alloys. All three alloys exhibited almost
no change in uniform and total elongations up to a strain rate of 10" Vs followed by a decrease with
further increase in strain rate.
The room temperature tensile behavior of V-4Cr-4Ti was unaffected by the introduction of a
significant partial pressure of atomic hydrogen into the testing environment.

INTRODUCTION

In the early stages of the program on the development of alloys for fusion reactor applications,
vanadium alloys with 3 to 6 wt.% Cr and Ti were investigated.^ This composition range was
subsequently narrowed down to vanadium alloys with 4 wt.% each of Cr and Ti based on the
thermal creep properties, low DBTT under Charpy impact testing, resistance to swelling, and also
resistance to helium- and irradiation-induced embrittlement exhibited by a laboratory-scale heat of
this alloy.5 A production-scale heat (~50O-kg, heat 832665) of V-4Cr-4Ti alloy was fabricated by
Teledyne Wah Chang, Albany, Oregon (TWCA). Impact data have been reported from the testing
conducted on the samples machined from a warm-worked plate^ as well as from an annealed
plate.7 Also, recovery and recrystallization behavior of this heat has been documented.^ Impact



data for compositional variants with Ti and Cr contents ranging from 3 to 6 wt.% have been
presented earlier^ as well as their recovery and recrystallization behavior. ° The present study
reports the results from the tensile testing of the large heat of V-4Cr-4Ti and the small heats of
compositional variants with Ti and Cr contents ranging from 3 to 6 wt.%. These alloys will give
the window for permissible ranges of Cr and Ti concentrations for consistent properties. Any
candidate material for first wall of fusion reactor is exposed to both molecular and atomic hydrogen
in service. Tensile tests were carried out in a controlled atmosphere of hydrogen to examine the
effect of hydrogen on the tensile behavior of the V-4Cr-4Ti alloy.

EXPERIMENTAL PROCEDURE

Two small heats (~15-kg melt), V-3Cr-3Ti (heat T91) and V-6Cr-6Ti (heat T90), were fabricated
by TWCA according to the specifications set by Oak Ridge National Laboratory. The chemical
compositions of the small heats of compositional variants have been presented elsewhere.^ Tensile
specimens (SS-3s) of these two alloys, with gage dimensions of 0.76 x 1.52 x 7.6 mm, were
punched from the as-received sheets of -0.76 mm thickness from TWCA. Tensile specimens of
the large heat of V-4Cr-4Ti (heat 832665), the chemical composition for which is given
elsewhere**, were punched from a 0.76 mm sheet of which was cold rolled from 1.05-mm-thick
sheet received from TWCA. The punched specimens from the three alloys were recrystallized by
annealing for 2 h at 1000°and 1100°C in a vacuum better than 1 x 10"6 torr (<10~4 Pa). In order to
study the effect of strain rate, tensile testing was carried out in air at room temperature on
1000°C-annealed specimens of all three alloys at strain rates ranging from 1.1 x 10~3 to 5 x 10' Vs.
The effects of test temperature and grain size on tensile properties were investigated on the
1000°C- and 1100°C-annealed specimens of the three alloys by testing them at room temperature
in air, and 100-700°C in a vacuum better than 1 x 10"^ torr (<10"3 Pa), and at a strain rate of 1.1 x
10-3/s.

To analyze the effect of hydrogen on tensile behavior, tensile tests were conducted on SS-3
specimens of V-4Cr-4Ti (annealed at 1000°C for 2 h) in an UHV chamber which had a provision
for bleeding in hydrogen so that a desired partial pressure of hydrogen could be maintained in the
test chamber. The details of the testing setup are given elsewhere.^ The pumping system of the
UHV test chamber consisted of two liquid-nitrogen-cooled sorption pumps and an ion pump,
wherein the sorption pumps were used for roughing, and the ion pump was used for bake out and
maintaining subsequent UHV in the chamber. High purity (99.9999%) hydrogen was supplied to
the chamber through a leak valve. For each test, after loading the specimen, the chamber was
baked out for -18 h at ~200°C in dynamic vacuum. The vacuum in the chamber was better than 5
x 10" 10 torr (5 x 10~8 Pa) after baking out and cooling to room temperature. The chamber was
then backfilled with pure, dry hydrogen (dried by flowing it through a liquid nitrogen trap) to a
partial pressure of 30 to 50 torr (3 to 5 KPa). Hydrogen pressures were measured with a bare
ionization gage located in the UHV chamber. The tensile tests were conducted at room
temperature, 30 minute after back-filling with hydrogen, at a strain rate of ~10"^/s. By assuming
that the specimen strain occurred completely in the gage length, the total elongations were
determined by measuring the specimen lengths before and after fracture.

RESULTS AND DISCUSSION

Effect of Strain Rate

Figure 1 shows the variation of 0.2% yield strength with strain rate and Figure 2 shows the
ultimate tensile strength (UTS) as a function of strain rate for the V-3Cr-3Ti, V-4Cr-4Ti and V-
6Cr-6Ti alloys. There is a general tendency for yield strength and UTS to increase incrementally



with strain rate for-all three alloys. This stain rate sensitivity for vanadium alloys is similar to the
observed results for many other bcc metals e.g., niobium and high-purity iron. 10 At all strain
rates, V-3Cr-3Ti showed the lowest strength properties for all strain rates with V-6Cr-6Ti being
the strongest of the three alloys. V-6Cr-6Ti is stronger than V-4Cr-4Ti both at 0.2% strain and in
UTS at all strain rates except between 1.1 x 10~3 and 1.1 x 10"2/s where it appears that the two
alloys have similar yield strength. It is useful to recall here the results of the microhardness testing
from an earlier study8 which showed that in both the recovered and fully recrystallized states, V-
6Cr-6Ti was the hardest alloy (160-185 DPH) and V-3Cr-3Ti was the weakest alloy (130-140
DPH), with V-4Cr-4Ti being in the intermediate range (140-160 DPH). Hence, the results of
tensile testing for strain rate sensitivity in the present study in conjunction with the previous results
from microhardness testing reveal that the V-6Cr-6Ti alloy is an intrinsically stronger alloy
(possibly due mainly to solid solution strengthening from higher Cr and Ti contents) compared to
both V-3Cr-3Ti and
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V-4Cr-4Ti alloys.

The effect of strain rate on the uniform and total elongations of the V-3Cr-3Ti, V-4Cr-4Ti and V-
6Cr-6Ti alloys is shown in Figure 3 and Figure 4, respectively. For all the three alloys, both
uniform and total elongations were nearly independent of strain rate up to 0.1/s, but showed a
significant decrease at strain rates above 0.1/s.
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The general relationship between flow stress <T and strain rate <I> (at constant temperature T and
strain £) is given a s ^

e,T
(1)

where C is a constant and m is known as the strain-rate sensitivity parameter. If one plots
logarithm of stress as a function of logarithm of strain rate (at a constant temperature and strain),
the slope of the line of fit gives the value of exponent m. In general, for most metals, the value of
m is less than 0.1 ̂ . Figure 5 shows a plot of logarithm of stress as a function of logarithm of
strain rate which contains data for the three alloys, V-3Cr-3Ti, V-4Cr-4Ti and V-6Cr-6Ti, at a
nominal strain of 8% and tested at room temperature. It is interesting to note that, for all the three
alloys, the exponent m is almost identical and falls in the range of 0.022 to 0.024. Thus the
strain-rate sensitivity of the three alloys is similar at room temperature for strain rates ranging from
1.1 x 10"3 to 5 x 10" Vs. The range of values for strain-rate sensitivity for the alloys studied in the
present work compares favorably with the value of 0.024 for unalloyed vanadium (containing 265
wppm oxygen) determined by Bradford and Carlson. 12 Hence, it can be inferred here that
vanadium has similar strain-rate sensitivity in both unalloyed and alloyed (with Ti and Cr) states.
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Effect of Test Temperature

Figures 6, 7 and 8 show, respectively, for the V-3Cr-3Ti, V-4Cr-4Ti and V-6Cr-6Ti alloys, the
variation of 0.2% yield strength and ultimate tensile strength with test temperature. The ultimate
tensile strength of all the alloys decreases with increase in temperature from room temperature and
passes through a minimum at 300°C, before increasing with further increase in temperature up to
700°C. For all the three alloys, the yield strength also decreases with increase in temperature up to
300-400°C and then becomes relatively independent of temperature up to 700°C.
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The effect of test temperature on the uniform and total elongations of the V-3Cr-3Ti, V-4Cr-4Ti
and V-6Cr-6Ti alloys is shown in Figures 9, 10 and 11, respectively. Both uniform and total
elongations are relatively unaffected by the temperature for all the alloys except V-3Cr-3Ti which
shows much higher ductility at room temperature than the other two alloys.

Discontinuous Yielding:

The phenomenon of discontinuous yielding (also called jerky flow or Portevin-Le Chatelier
effect),13 has been seen in solid solution alloys by many researchers. To cite a few, Russel^ On
his work on tin bronze alloys, Soler-Gomez and McG.Tegart^ On their work on gold-indium,
Brindley and Worthington16 on their work on aluminum-3% magnesium, Keh et al1 7 on their
study on iron and steel, and Bradford and Carlson^ On vanadium, observed serrations in the flow
curves during tensile testing. In general, there are three types of serrations 13-15> Type A, Type B
and Type C. The serrations which are periodic in nature and rise above the general level of
stress-strain curve are termed as Type A. The serrations which occur in rapid succession and
oscillate about the general level of stress-strain curve are termed as Type B, and serrations which
fall always below the general level of the stress-strain curve are Type C.
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The stress-strain curves for the V-3Cr-3Ti, V-4Cr-4Ti and V-6Cr-6Ti alloys are smooth with no
serrations in the temperatures ranging from room temperature to 300°C. For temperatures above
300°C, discontinuous yielding, which relates to the appearance of serrations in the stress-strain
curves, is observed in the three alloys. Figures 12, 13 and 14 show flow curves (partial curves are
shown for temperatures from 300 to 700°C for the V-4Cr-4Ti and V-6Cr-6Ti alloys due to the
failure of computer used in data acquisition during testing) at various test temperatures. At 400°C,
Type A (periodic in nature) appear after a small strain beyond the lower yield point in all the three
alloys. In addition to Type A serrations in the beginning of the stress-strain curve, V-6Cr-6Ti
showed Type B (oscillating) after some strain. Figure 15 shows the variation of serration
magnitude with test temperature for the three alloys. The magnitude of the Type A serrations is
similar in these alloys in the range of 8-10 MPa. With an increase in temperature to 500°C, Type
B serrations appear immediately following the lower yield point for all the three alloys. At this
temperature, the magnitude of Type B serrations is around 10 MPa in V-3Cr-3Ti and much higher
in the range of 16-18 MPa in V-4Cr-4Ti and V-6Cr-6Ti, see Figure 15. A further increase in
temperature to 600°C causes the mode of serrations to change to Type C (always below the general
stress-strain level) in all the three alloys. These serrations appear generally after some strain and
their magnitude is similar for all three alloys around 22-25 MPa, see Figure 15. At 700°C, Type C
serrations appear in the three alloys after an appreciable amount of strain. The frequency of the
serrations decreases whereas their magnitude increases (except in V-3Cr-3Ti where it remains the
same as at 600°C) to around 28-33 MPa, see Figure 15. In addition to the discontinuous yielding
or serrations in the flow curves, the V-3Cr-3Ti, V-4Cr-4Ti and V-6Cr-6Ti alloys exhibit a general
trend of increasing work hardening ability with increase in temperature which is quite evident from
the stress-strain curves in Figures 12, 13 and 14. Another observation is that all the three alloys
showed minima in both yield and ultimate tensile strengths at 300°C, the highest temperature at
which no serrations were seen in the stress-strain curves. With the increase in temperature above
300°C, the serrations start appearing, and the ultimate tensile strength increases monotonically with
increase in the height of serrations with temperature, compare Figures 6, 7, 8, with Figure 15.
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Dynamic strain aging due to solute atoms has been thought of as the probable cause for the
appearance of serrations in the stress-strain curves of many alloys. 12-18 The vanadium alloys
examined in the present study contain the interstitial impurities, oxygen (around 250 wppm),
carbon (around 100 wppm), and nitrogen (around 100 wppm). At low temperatures, these
interstitials are relatively immobile compared to dislocations, and hence, no serrations are observed
for test temperatures up to 300°C. At temperatures of 400°C and above, the interstitials atoms
become mobile so that they can diffuse fast enough to dislocation sites and form a solute
atmosphere around the freely moving dislocations after the initial yielding, thereby slowing them
down by locking them. Rapid dislocation multiplication takes place with further increase in load,
the overall effect of which is to cause serrations in the flow curves and an increase in yield and
tensile strengths. This enhanced multiplication of dislocations, rather than unlocking of existing
ones, is quite evident from the increased work hardening ability (which indicates continuous
creation of new dislocations). Cottrell^, in his work on iron, has established a relationship
between strain rate <I> and diffusivity of interstitial atoms D as

<I>=109 D . (2)
for calculating the minimum temperature for serrated yielding. In equation (2), D is given by

D=Dn exp — (3)

where Do is the diffusion coefficient, Q is the activation energy, with R and T having the usual
meaning. Equation (2) can be used to estimate the minimum temperatures for serrated yielding for
the three interstitials, oxygen, carbon, and nitrogen in the present study. By using the values for
diffusion coefficient and activation energy for oxygen, carbon, and nitrogen in vanadium^ in
Table 1, one can estimate the temperatures for each interstitial element.

By using the strain rate value of 1.1 x 10'3/s used in the tensile testing in this study in equation
(2), the temperatures so determined for oxygen, carbon, and nitrogen are 370°C, 350°C, and
480°C, respectively. These calculations suggest that the serrations in the stress-strain curves of the
V-3Cr-3Ti, V-4Cr-4Ti and V-6Cr-6Ti alloys at ~400°C are most probably related to the mobility of
either oxygen or carbon, or both.

Table 1. Diffusion coefficient and activation energy for various interstitial elements

Diffusing
Element

Oxygen

Carbon

Nitrogen

A,
cm^/s

0.0025

0.0047

0.0018

Q
kJ/mole

115

114

147

For temperatures of 500°C and above, the probable element causing serrations in the flow curves is
nitrogen.

Effect of Hydrogen

Cohron et al^ found in their study on the effect of hydrogen on the intermetallic M3AI alloy that
the tensile elongation was affected by whether the ionization gage, which is used to measure the
hydrogen pressure, was on or off. There was a significant reduction in the elongation of Ni3Al
when the ion gage was on as opposed to the much higher elongations obtained with the gage off.
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They proposed that when the gage is on, molecular hydrogen is converted into atomic hydrogen by
the tungsten filament, and this atomic hydrogen embrittles the Ni3Al specimens. The present work
was limited to determining whether or not the V-4Cr-4Ti alloy would be similarly embrittled by
exposure to an atmosphere containing atomic hydrogen. Exposure and tensile testing were carried
out under hydrogen partial pressures of 30 and 50 torr (3 and 5 KPa). Cohron et al^ have
determined the true temperature of the ion gage filament, with corrections made for emissivity of
tungsten and absorption by the Pyrex viewport, to be around 1677°C (with the temperature
measured with an optical pyrometer being ~1552°C). They estimated that at this temperature and 1
torr (1.3 x 10^ Pa) pressure of hydrogen, approximately 10% of the hydrogen gas is in the form of
atomic hydrogen, with the degree of hydrogen dissociation decreasing with increase in pressure.
As shown in Figure 16, the ductility of the V-4Cr-4Ti alloy remains the same under high vacuum
(~5 x 10~ 10 torr or 5 x 10"^ Pa) conditions and under the conditions which create atomic hydrogen
at a similar strain rate of 10~3/s and at room temperature. The proposed mechanism^ for
embrittlement of Ni3Al, which is known for its environmental embrittlement, in the presence of
atomic hydrogen is that the atomic hydrogen diffuses to the crack tip and embrittles it. In the case
of V-4Cr-4Ti studied in the present work, this type of hydrogen embrittlement was not observed
and the alloy remained ductile for hydrogen partial pressures up to 50 torr (5 KPa). This might be
due to several possible reasons which are given as follows. First of all, there might be a barrier
(e.g. in the form an an oxide layer on the surface of specimen) which prevents atomic hydrogen
from diffusing into the material. Second one is the test temperature. The kinetics may not be fast
enough at room temperature for atomic hydrogen to diffuse into the V-4Cr-4Ti alloy and embrittle
it. Thirdly, there may not be enough atomic hydrogen in the test atmosphere which is needed for
embrittling V-4Cr-4Ti. And the last one being that V-4Cr-4Ti may be quiet resistant for atomic
hydrogen embrittlement at the conditions tested in the present work. The DIII-D machine operated
by General Atomics, 19 where the plasma discharge (lasting 1 to 10 s) takes place and also the
system is baked out frequently at 400°C at 10" 3 torr (10~l Pa), the highest levels of hydrogen
pressure will be around 10~4 torr (10~2 Pa) but the concentration of atomic hydrogen present in the
plasma environment is not known. By assuming that the operating temperature range in the DIII-D
machine and the proposed fusion reactor is from 400 to 600°C, for the hydrogen pressure of
around 10~4 torr (10"2 Pa), the atomic hydrogen pressure estimated using the approach of Cohron
et al^ would be much less than 10"" torr (10"4 Pa), which is a few orders of magnitudes less than
that used in the present study. Hence, it might be safe at this point to conclude from the
preliminary hydrogen tests that V-4Cr-4Ti may not be embrittled by atomic hydrogen in operating
environments of both DIH-D and the proposed fusion reactors. More detailed study is needed to
completely understand the overall hydrogen effect on the properties of the vanadium alloys.

SUMMARY AND CONCLUSIONS

The tensile tests were conducted on the V-3Cr-3Ti, V-4Cr-4Ti, and V-6Cr-6Ti alloys to study the
effect of test temperature, strain rate and test environment. The results from this investigation
reveal that

(1) Of the three vanadium alloys tested, V-6Cr-6Ti was the strongest and V-3Cr-3Ti was the
weakest with V-4Cr-4Ti showing strengths (yield and ultimate tensile) in-between the two alloys at
all strain rates. The strain-rate sensitivity of the vanadium alloys was found to be similar to that of
unalloyed vanadium.

(2) All the three alloys exhibited an identical behavior of almost no change in uniform and total
elongations up to a strain rate of 10'Vs and a decrease with a further increase in strain rate.
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(3) The ultimate tensile strength of all the alloys exhibited minima at 300°C, whereas the yield
strength (as well as the total and uniform elongations) was relatively insensitive to temperatures
between 400° and 700°C.

(4) Significant serrations (indicative of dynamic strain aging) were observed in the stress-strain
curves of all the alloys at test temperatures above 300°C.

(5) At room temperature, the test environment (vacuum, air and atomic hydrogen) showed no
significant influence on the tensile behavior of the V-4Cr-4Ti alloy.
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SUBTASK 1.1.1.3: 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 =10'6 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~l 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 earlier [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 500°C, the stress/strain curves for both alloys are
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similar up to the maximum stress value but the rapture 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 rapture 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 to 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. Multiple 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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SUBTASK 1.1.2.1: IMPACT PROPERTIES OF PRODUCTION HEAT OF V-4Cr-4Ti, H. M. Chung, L.
Nowicki, and D. L. Smith (Argonne National Laboratory)

OBJECTIVE

Following previous reports of excellent properties of a laboratory heat of V-4Cr—4Ti, the alloy identified as
the primary vanadium—based candidate for application as fusion reactor structural components, a large
production-scale (5OO-kg) heat of the alloy was fabricated successfully. Since impact toughness has been known
to be most sensitive to alloy composition and microstructure, impact testing of the production-scale heat was
conducted in this work between -200°C and +200°C.

SUMMARY

A 500-kg heat of V-4Cr-4Ti, an alloy identified previously as the primary vanadium-based candidate alloy
for application as fusion reactor structural components, has been produced successfully. Impact tests were
conducted at -196°C to 150°C on 1/3-size Charpy specimens of the scale-up heat in as-rolled condition and after
annealing for 1 h at 950, 1000, and 1050°C in high-quality vacuum. The annealed material remained ductile at all
test temperatures; the ductile-brittle transition temperature (DBTT) was lower than -200°C. The upper-shelf
energy of the production-scale heat was similar to that of the laboratory-scale (=30-kg) heat of V-4Cr-4Ti
investigated previously. Effect of annealing temperature was not significant; however, annealing at 1000°C for 1 h
not only produces best impact properties but also ensures a sufficient tolerance to effect of temperature
inhomogeneity expected when annealing large components. Effect of notch geometry was also investigated on the
production heat. When annealed properly (e.g., at 1000°C for 1 h), impact properties were not sensitive to notch
geometry (45°-notch, root radius 0.25 mm; and 30°-notch, root radius 0.08 mm).

INTRODUCTION

To develop and identify an optimal vanadium-base alloy for application in fusion reactor first wall/blanket
structures, extensive investigations were conducted earlier on the swelling behavior, tensile properties, creep
strength, impact toughness, and microstructural stability of V-Ti, V-Cr-Ti, and V-Ti-Si alloys before and after
irradiation by fast neutrons at 420°C-600 C. These investigations revealed that V-Cr-Ti alloys containing =4 wt.%
Cr, =4 wt.% Ti, 400-1000 wt. ppm Si, and <1000 wt. ppm O+N+C were most desirable because they exhibit
superior physical and mechanical properties. 1~5 These results were obtained, however, on laboratory-scale
(<30-kg) heats, including a small heat (ANL ID BL-47) of V-4Cr-4Ti that exhibited excellent resistance to thermal
creep,^ irradiation-induced embrittlement,l>2 swelling,^ and helium embrittlement.0"^ j n this reporting period,
a large (~500-kg) industrial-scale heat of V-4Cr-^Ti (Heat ID #832665) was fabricated successfully in a joint
effort between Argonne National Laboratory and Teledyne Wah Chang (Albany, Oregon) with the objective of
demonstrating reliable industrial production of good-quality V-4Cr-4Ti.lO This report describes results of
metallographic examination and Charpy-impact testing of the 500-kg heat. The Charpy-impact test (at -196°C to
150°C) was chosen because it has been shown to be most sensitive to the quality of vanadium-base alloys.
EXPERIMENTAL PROCEDURE

Chemical composition of the 500-kg heat is given in Table 1. Also in the table is the chemical composition
of the laboratory-scale heat of V-4Cr-4Ti (ANL ID BL-47) that was shown earlier to exhibit excellent
properties. 1~®

One-third-size Charpy specimens (3.33 x 3.33 x 25.4 mm) were machined from 3.81-mm-thick plates of the
material, some of which had been annealed in factory for 2 h at a nominal temperature of =1050°C and some of
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which had been received in as-rolled (=50% work at 400°C) condition. The Charpy specimens were machined so
that the plane of crack

Table 1. Chemical composition (impurities in wppm) of industrial- (500 kg) and I
laboratory-scale heats ofV-4Cr-4Ti.

Heat ID

-

832665

ANL
ID

BL-47

BL-71

Heat Type

laboratory
30 kg

production
500 kg

Cr

4.1
wt.%
3.8

wt.%

Ti

4.3
wt.%
3.9

wt.%

Cu

6

<50

Si

870

783

O

350

310

N

220

85

C

200

80

S

20

<10

P

<40

<30

Ca

1

<10

Cl

1

<2

Na

0.1

-

K

0.1

-

B

15

<5

propagation was perpendicular to rolling direction (i.e., the L-S direction in Fig. 1). To investigate the effect of
notch geometry, two types of V-notch geometry were investigated; one with a 45° notch angle and 0.25-mm root
radius and the other with a 30° angle and 0.08-mm root radius. Notch depth in both types of specimens was kept
constant at 0.61 mm. The impact specimens machined from the factory—annealed plates were tested following a
degassing heat treatment at 400°C for 1 h in vacuum,, a customary procedure used to expel hydrogen that could be
picked up during specimen machining and preparation. To identify the optimal annealing condition, specimens
machined from as-rolled (cross-rolled at 400°C)10 plates were annealed at 950°C, 1000°C, and 1050°C for 1 h in
a vacuum of ~6 x 10~6 Pa prior to testing. Details of the drop-weight-type impact test have been described
elsewhere.2

• V-notch Angle: 45° and 30°
• Root Radius: 0.25 and 0.08 mm
• Notch Depth: 0.61 mm

1/3-size
V-notch

Fig. 1.

Orientation of Charpy impact
specimens with respect to the
plate rolling direction of
production-scale heat
ofV-4Cr-4Ti

RESULTS AND DISCUSSION

Impact energies, measured on the 45°-notch (root radius 0.25 mm) Charpy specimens from the
production-scale heat of V-4Cr-4Ti in as-rolled condition and after annealing for 1 h at 950, 1000 and 1050°C,
are shown in Fig. 2 as a function of impact temperature. All specimens in the figure had the same geometry used in
previous investigations, including the laboratory-scale (30-kg) heat of V-4Cr-4Ti (BL-47, Table I).2 From the
results in the figure, the optimal annealing temperature appears to be =1000°C, the same as that found to produce
minimum hardness in =85% cold-worked V-4Cr-4Ti (i.e., the 30-kg laboratory heat, BL-47, Table I).1* Results
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in Fig. 2 show that the impact properties of the production-scale heat are as good as those of the smaller laboratory
heat, which was also vacuum-arc melted. The DBTT of the production heat is no higher than ~200 c C, similar to
that of the laboratory heat. To show a direct comparison, Charpy energies of the two heats are plotted in Fig. 3.
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Impact properties similar to those in Fig. 2 were determined also for 30°-notched specimens (root radius 0.08
mm). The results are shown in Fig. 4. Slight effects of notch geometry were observed only for specimens (average
grain size =28 mm) annealed at a nominal temperature of 1050°C for 2 h in a vacuum of inferior quality
(oil-diffusion pump) at factory (Teledyne Wah Chang). However, the 30°-notched specimens exhibited impact
properties as excellent as those of the 45°-notched specimens (DBTT <-200°C) when annealed at 1000°C or
1050°C for 1 h in ion-pumped vacuum. In the direct comparisons shown in Fig. 5, the negligible effect of notch
geometry of the properly annealed (1000°C or 1050°C for 1 h in high-quality vacuum) specimens is obvious.

Grain structures of the specimens annealed at 950, 1000, and 1050°C are shown in Fig. 6. The material
annealed at factory at the nominal temperature of =1050°C (probably less accurate than the temperature of
laboratory annealing) for 2 h was fully recrystallized, exhibiting an average grain size of =28 mm (Fig. 6A). The
material annealed at 1050°C for 1 h in laboratory exhibited fully recrystallized grains of very fine size (Fig. 6B). In
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comparison, the material was recrystallized only =50% after annealing at 1000°C for 1 h (Fig. 6C). When annealed
at 950°C for 1 h, only recovered structure was observed (Fig. 6D). When examined under polarized light, etched
specimens of the alloy annealed at 950°C revealed what appears to be a lath-shaped, gold-colored secondary phase
(the light-contrasted feature denoted by arrows in Fig. 6D). Volume fraction of the phase was negligible, however,
when annealed at 1000°C (Fig. 6C). Although the nature of the phase could not be identified at this time,
precipitation of the secondary phase does not appear to influence the impact properties significantly.
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CONCLUSIONS

(1) Impact tests were conducted on production-scale (=500-kg) heat of V-4Cr-4Ti at -196°C to 200°C. Results
showed that the material remained ductile at -196°C and that the ductile-brittle transition temperature
(DBTT) was no higher than -200°C. Upper-shelf energies of the production-scale heat were similar to those
of the laboratory-scale heat.
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5. Effects of notch geometry on impact properties of 500—kg
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h.

(2)

(3)

Effect of annealing temperature (950°C-1050°C) on impact properties of the production-scale heat was not
significant, a finding similar to that of the laboratory-scale heat. This is in contrast to the very significant
effect of annealing temperature on the impact properties of one heat of V—5Cr-5Ti (Heat BL-63) produced by
an incorrect process and found to exhibit inferior mechanical properties. Annealing at 1000°C for 1 h not
only produces optimal impact properties in the production-scale heat but also provides sufficient tolerance to
temperature inhomogeneity.

When annealed properly (e.g., at 1000°C or 1050°C for 1 h), impact properties of the production-scale heat
was not sensitive to notch geometry and excellent toughness was observed at >-200°C.
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Subtask 1.1.2.2: Sensitivity of Impact Properties of V-Cr-Ti Alloys to
Variations in Cr, Ti, and Si Concentrations, A. N. Gubbi, A. F. Rowcliffe, D. J.
Alexander, M. L. Grossbeck, and W. S. Eatherly (Oak Ridge National Laboratory)

SUMMARY

Charpy impact testing was completed on vanadium alloys with Cr and Ti contents ranging
from 3 to 6 wt.%. A large heat (~500-kg melt) of V-4Cr-4Ti (heat 832665) and small heats
(~15-kg melt each) of compositional variants, V-3Cr-3Ti, V-4Cr-4Ti-Si, V-5Cr-5Ti, V-
6Cr-3Ti, and V-6Cr-6Ti, were examined in this work. One-third-size Charpy impact
specimens, machined from 3.81-mm-thick plates of these vanadium alloys, were used for
impact testing. In a fully recrystallized condition with a grain size of ~16,um, the iarge heat
of V-4Cr-4Ti exhibited a high level of resistance to cleavage failure with a DBTT at —
190~C. The small (15 kg) heat of V-4Cr-4Ti heat treated toproduce the same
microstructural condition exhibited similar Charpy impact properties. The small heats
containing higher concentrations of Cr and Ti, in a fully recrystallized condition exhibited a
DBTT at around -10CTC, whereas the V-3Cr-3Ti alloy failed by pure ductile shear at liquid
nitrogen temperatures. It is concluded that the fracture properties of the V-4Cr-4Ti alloy are
not adversely affected by changes in Cr and Ti concentrations of the order of +1 wt.%, or
by increases in Si concentration up to ~ 1100 wppm.

INTRODUCTION

During the development of V-Cr-Ti alloys under the U.S. Fusion Materials Program,
alloys with a wide range of Cr and Ti were investigated [1-4] before the composition for
the prime candidate alloy was narrowed down to V-4 Wt.% Ti. Data have been presented
on thermal creep, fracture and tensile properties, and on the effects of neutron irradiation
over the temperature range 420 to 600~C [5]. A production-scale heat of V-4Cr-4Ti (heat
832665) has been produced and fabricated by Teledyne Wah Chang Albany (TWCA).
Charpy impact properties indicating ductile fracture behavior down to liquid nitrogen
temperatures have been reported [6]. The present work compares the impact properties of
the 500 kg heat of V-4Cr-4Ti with those of a series of 15 kg heats, also made by TWCA,
which the Cr and Ti concentrations are varied between 3 and 6 wt.%.

EXPERIMENTAL PROCEDURE

The chemical compositions of the large heat of V-4Cr-4Ti and the small heats of
compositional variants are shown in Table 1. One-third-size blunt-notch Charpy specimens
(3.33 x 3.33 x 25.4 mm), with a notch that was 0.51 mm deep, with a root radius of 0.08
mm and an included angle of 30", were obtained by electrodischarge machining from 3.81-
mm-thick plates. All the specimens were oriented such that the crack could propagate
parallel to the rolling direction. The 3.81-mm-thick plate of V-4Cr-4Ti (heat 832665) was
annealed by the manufacturer at 1050"C for 2 hours. Following machining, the Charpy
specimens were annealed for 2 hours at either treatments removed any residual deformation
induced by cutting and machining operations. In addition, during the
recovery/recrystallization studies reported earlier,7 it was observed that as the final
annealing temperature is increased over this range, there is an increasing tendency for a fine
precipitate dispersion to develop at grain boundaries.
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Element
B
C
N
O
Ai
Si
P
S
Ti
V
Cr
Mn
Fe
Ni
Cu
Zn
GB

As
Sr
Y
Zr
Nb
Mo
Rh
Ru
Hf
Ta
W

Table 1. Chemical

V-3Cr-3Ti
(HeatT91)

Ind."
3.8

<140
<5.5
<270
240
1200
26
27

3.1%
94%
3.0%

1.1
110
7.6
79
5.3
3.9
1.7
<76
<5.9
<48
<55
380

0.024
0.22
0.45
<9.7
32

TWCA*

120
62
230
200
940
<50
12

3.02%
bal.

2.85%

130

83

<50

Analyses of T Series 15

V-4Cr-4Ti-Si
(HeatT89)

Ind."
3.5

<120
<1.8
<270
270
1100
24
23

5.3%
90%
4.9%

1.9
140
12
50
4.7
5.9
2.4

<120
<9.3
<63
<56
360

0.016
0.18
0.12
<5.2
32

TWCA*

112
79

270
200
1050
<50
10

4.14%
bal.

3.7%

170

83

<50

V-6Cr-3Ti
(HeatT92)

Ind.**
3.4
<92
<1.8
<200
300
1000
22
21

3.0%
9 1 %
6.2%
1.7
140
8.3
130
4.5
7.6
1.4
<70
<6.1
<56
£50
380
0.02
0.25
0.45
<9.0
32

TWCA*

105
95

280
255
950
<50
12

2.94%
bal.

5.91%

165

140

<50

kg Heats (wt. ppm)

V-6Cr-6Ti
(HeatT90)

Ind.**
3.9

<120
<4.5
<260
270
1400
24
20

4.6%
9 1 %
4.3%

1.7
120
10
48
4.0
5.0
2.0

<110
<8.6
<66
£54
340

0.0063
0.252
0.82
<98
18

TWCA

104
85
250
235
960
<50
10

5.98%
bal.

5.74%

195

55

<50

V-5Cr-5Ti
<HeatT87}

Ind.** TWCA*
<5
109
90

380
160
545
<30
<20

5.06%
bal.

4.94%

160

67

<100
515

<36
<5

•Teledyne Wah Chang analysis
"Analysis obtained by ORNL from an independent vendor

Table 1. Chemical Analyses of T Series 15 kg Heats (wt. ppm)

The compositional variants were supplied in the form of 3.81-mm-thick plate in a 40%
warm-rolled (400~C) condition. The machined Charpy samples were annealed at
temperatures from 950" to 1 050"C for 2 h in a vacuum better than 1 x 1 o-6 torr (<10-4
Pa). Impact testing was carried out in a semiautomated pendulum-type impact testing
system modified for subsize specimens. 8 Test temperatures employed were from -196" to 1
00~C with low temperatures being achieved by using iiquid nitrogen. The results from the
testing were fitted with a hyperbolic tangent function for determining the DBTT and upper-
shelf energy. The lower-shelf energy was fixed at 0.2 J. The midpoint between the upper-
and lower-shelf energy levels was considered as the DBTT.

Fractography was done using a scanning electron microscope on the fracture surfaces
obtained after the impact testing. Metallography and TEM analysis for microstructural
characterization were carried out on the samples cut from the undeformed sections of the
impact specimens. The grain size was measured in a plane parallel to the rolling direction
using the method of lineal intercepts.
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RESULTS AND DISCUSSIONS

Large Heat Of V-4Cr-4Ti (Heat 832665)

Figure 1 shows the typical optical microstructures of as received (annealed at 1050~C for 2
h at TWCA), and after 2-h anneals at 950, 1000, and 1050X. Since the Charpy specimens
were obtained from the pre-annealed (at TWCA) sheet, they were already recrystallized in
the as-machined state. The fully recrystallized structure from the pre-anneal was quite stable
for temperatures from 950" to 1050"C with no appreciable grain growth. The measured
grain size for the three annealing conditions was identical at -16 + 4 Rm.

The data obtained from Charpy impact testing are shown in Fig. 2 with absorbed impact
energy plotted as a function of test temperature. There was no significant difference
between the impact behavior of the three heat treated conditions indicating that the presence
of varying amounts of the finely dispersed grain boundary phase has no effect on impact
behavior. In Fig. 2, the data from the three anneals are fitted to a single curve. Thus, in a
fully recrystallized condition a DBTT occurs at around -190"C.

Figure 3 shows the typical fracture surfaces of the large heat of V-4Cr-4Ti at various test
temperatures. As there was not much difference in the absorbed energy or grain size among
the samples after 2-h anneals at 950", 1000", and 1 050"C, only one set of fracture surfaces
of samples annealed at 1050~C has been presented as representative of the three anneals. At
a test temperature of 0"C, the fracture mode is purely ductile shear and the sample did not
open up much but was bent under impact which resulted in a higher absorbed energy. With
a decrease in temperature to -100"C, the fracture mode still remains as pure ductile shear.

With further decrease in temperature (to -150"C), the fracture mode changes to mixed
transgranular (TG) cleavage and microvoid coalescence with a drop in absorbed energy
(from around 11 J to 8 J). At liquid nitrogen temperature (-196~C), the sample fails in a
predominantly brittle TG cleavage mode with some secondary intergranular (IG) cracks
which results in a dramatic drop in the absorbed energy to ~2 J. It is important to note here
that there is no noticeable amount of IG failure in the transition or in the lower-shelf energy
regions. This is in contrast to the results from impact testing of V-5Cr-5Ti (heat BL 63)
which exhibited a predominant IG fracture in the transition region with TG fracture
dominating the lower shelf energy region. 8 Small Heats Of Compositional Variants

Of the five compositional variants with various Cr and Ti contents, only Charpy specimens
of V-6Cr-3Ti (heat T92) were annealed from 950 to 1050"C for 2 h to obtain different
microstructures. The other four alloys, V-3Cr-3Ti (heat T91), V-4Cr-4Ti-Si (heat T89), V-
5Cr-5Ti (heat T87), and V-6Cr-6Ti (heat T90), were annealed at 1000"C for 2 h to obtain a
recrystallized structure in order to study their impact behavior.
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Fig. 1. Typical microstructures of the large heat V-4Cr-4Ti as received, and after 2-h
anneal from 950 to 1050"C.
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Fig. 3. Typical fracture surfaces of the large heat V-4Cr-4Ti at different test
temperatures. All samples are annealed at 1 050X for 2 h.

Figure 4 shows the optical and TEM microstructures of V-6Cr-3Ti after annealing from
950 to 1050"C for 2 h. At 950X, the microstructure consists of well-developed subgrains
together with a small volume fraction (<10%) of new recrystallized grains. At 1000 C,
recrystallization is 70-80% complete with isolated regions containing subgrains. Annealing
at 1050X produced complete recrystallization.

The results from the impact testing of Charpy specimens of V-6Cr-3Ti which were
annealed from 950" to 1050X for 2 h is depicted in Fig. 5. All the three microstructures
produced by these anneals showed a typical ductile-to-brittle transition behavior with
decrease in impact test temperature. The DBTT ranged from around -175"C for the 950X
microstructure to around -75"C for the fully recrystallized structure produced by the 2 h
anneal at 1050"C. The DBTT of the microstructure with 70-80% recrystallization (after 2-h
anneal at 1000X) falls in-between at —125X. This indicates that the final microstructure
has a significant influence on the impact behavior which was also shown in an earlier study
by Grossbeck et al8 on the V-5Cr-5Ti alloy (heat BL 63).

The typical fracture surfaces of the specimens after impact testing are shown in Fig. 6. At
higher test temperatures where the absorbed impact energy is high, the fracture mode is a
pure ductile shear irrespective of the annealing treatment. The samples which were annealed
at 950X (with high dislocation density and minor recrystallization) showed a mixture of
ductile rupture and microvoid coalescence with some TG cleavage at lower temperatures
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(<-175"C), and in the transition range the fracture mode was a mixture of TG cleavage and
microvoid coalescence. The samples which were annealed at 100CTC (resulting in a mostly
recrystallized microstructure) and 1O5CTC (resulting in a fully recrystallized microstructure)
exhibited almost identical modes of failure at high and low test temperatures. At high
temperatures, these samples failed in a pure ductile shear whereas at low temperatures, they
fractured in a predominantly TG cleavage. In the transition region, the samples annealed at
105CTC showed some shear and microvoid coalescence with mostly TG cleavage.

All four alloys (V-3Cr-3Ti, V-4Cr-4Ti-Si, V-5Cr-5Ti, and V-6Cr-6Ti) are almost fully
recrystallized by a 2 hr anneal at 1OOCTC. The results from the Charpy impact testing after
annealing at 1000~C for 2 h are plotted in Fig. 7 with absorbed energy as a function of test
temperature. Also included in Fig. 7 are the data for V-6Cr-3Ti, the samples of which were
annealed similarly (2 h at lOOCTC) for comparison. The impact results shown in Fig. 7 can
be placed into two groups: one group containing alloys with lower (Cr + Ti) contents, i.e.
V-3Cr-3Ti and V-4Cr-4Ti-Si, and the other group having alloys with higher (Cr + Ti)
contents, i.e. V-5Cr-5Ti, V-6Cr-3Ti, and V-6Cr:6Ti. The lower (Cr + Ti)-containing
alloys exhibit excellent impact behavior with V-4Cr-4Ti-Si showing DBTT of around -
175~C. The V-3Cr-3Ti alloy did not show any ductile-to-brittle transition and remained
quite ductile even at-196~C with shelf energy around 12 J. The higher (Cr + Ti)-containing
alloys, V-5Cr-5Ti, V-6Cr-3Ti, and V-6Cr-6Ti all had a DBTT of ~ -120"C. The only
difference among these alloys is in the upper shelf energy with that for V-6Cr-3Ti being
around 15 J and V-5Cr-5Ti and V-6Cr-6Ti having around 11 J. It was reported earlier7 that
the microhardness of the same alloys studied in the present work was grouped in a similar
fashion. In the fully recrystallized conditions, the lower (Cr + Ti)-containing alloys had
lower microhardness values
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Fig. 4. Typical optical and TEM microstructures of V-6Cr-3Ti after anneals from 950 to
1 050X for 2 h.
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Fig. 5. Results from the Charpy impact testing of the specimens of the V-6Cr-3Ti alloy
which were annealed from 950 to 1050X for 2 h.

(130-140 DPH) compared to the higher (Cr + Ti)-containing alloys which possessed higher
hardness values (155-160 DPH). Thus, the results of the present study, in conjunction
with those of the companion article,7 indicate that there is an incremental change in the
physical and mechanical properties when the combined (Cr + Ti) content exceeds ~8 wt %.

It is interesting to compare the impact behavior of the large heat of V-4Cr-4Ti (heat
832665) and the small heat of V-4Cr-4Ti-Si (heat T89), both of which have similar
chemical compositions except for a higher Si level (1100 wppm) in heat T89. For a similar
fully recrystallized microstructure, there is no significant difference in the DBTT or the
upper-shelf energy (compare Figs. 2 and 8) of the large and small heats of V-4Cr-4Ti, with
the DBTT of large heat being around -190"C and that for the small heat being around -
175"C. It was reported earlier by Grossbeck et al8 that the large heat of V-5Cr-5Ti (heat BL
63) exhibited a DBTT of around -120~C in the fully recrystallized condition. In the present
study, the small heat of V-5Cr-5Ti (heat T87) had an identical DBTT of ~ -120"C for a
fully recrystallized microstrucrure. This indicates that the scaling (large or small heat) of an
alloy has little effect on the impact behavior provided the chemical compositions and
microstructures are similar.

The typical fracture surfaces of the four compositional variants, V-3Cr-3Ti, V-4Cr-4Ti-Si,
V-5Cr-5Ti, and V-6Cr-6Ti are shown in Fig. 8. The fractographs presented here were
taken from samples tested at different impact temperatures. The three alloys, V-4Cr-4Ti-Si,
V-5Cr-5Ti, and V-6Cr-6Ti, showed pure ductile shear for temperatures from +100" to-
100~C with the exception of V-5Cr-5Ti which had some microvoid coalescence. At lower
temperatures of-175" to -196~C, the fracture three alloys was predominantly TG cleavage
with some secondary IG cracks. In the intermediate temperature range, the fracture mode
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was a mixture of TG cleavage and microvoid coalescence. In the whole test temperature
range from 0 to -1 96"C, V-3Cr-3Ti, which exhibited no ductile-to-brittle transition with
high shelf energy, did not fracture completely and the fracture mode was always a pure
ductile shear.
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Fig. 6. Typical fracture surfaces of the small heat of V-6Cr-3Ti at different test
temperatures and anneals.
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Fig. 7. Results from the charpy impact testing e specimens of the small heats of
compsoitonal variants which were annealed at 1000°C for 2 h.

Conclusions
(1) In the fully recrystallized condition with a grain size of -16 ,um, the large heat of V-
4Cr-4Ti has very high fracture resistance at temperatures in the fusion operating regime
with a DBTT at —1 90~C. The fracture mode in blunt notch Charpy tests is pure ductile
shear at the higher test temperatures and transgranular cleavage in the lower shelf regime.

(2) The 15 kg heat of V-6Cr-6Ti showed a significant variation in impact properties
depending on the extent of recrystallization induced by the final anneal. The resistance to
transgranular cleavage at low temperatures is greater when the microstructure contains a
high proportion of recovered subgrains.

(3) In a fully recrystallized microstructural condition, the Charpy impact properties of the
compositional variant heats fall into two groups. Alloys containing a combined (Cr + Ti)
content in excess of ~8 wt.% exhibit a DBTT at ~-120~C. Alloys containing 3Cr3Ti and
4Cr4Ti showed better resistance to cleavage fracture at low temperatures than the alloys
containing 6 wt.% Cr.
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Fig. 8. Typical fracture surfaces of the Charpy impact specimens of smail heats of
compositional variants tested at different test temperatures. All specimens are
annealed at 1 OOOX for 2 h prior to testing .
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(4) Since the DBTTs measured by this technique for all the alloys are below ~100°C, it

is concluded that variations in Cr and Ti concentrations of the order of ±1% will
have no significant effect on the fracture properties of the V-4Cr-4Ti alloy.
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SUBTASK 1.1.2.3: Effect of Specimen Size on the Fracture Toughness of V-
4Cr-4Ti, R. J. Kurtz1, Huaxin Li2, and R. H. Jones1 (Pacific Northwest National Laboratory)1-
(Associated Western Universities-Northwest Division)2

OBJECTIVE

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

SUMMARY

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

PROGRESS AND STATUS

Introduction

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

Experimental Procedure

The material used in this study was V-4Cr-4Ti (Heat #832665) produced by Teledyne Wah Chang.
Material fabrication details have been reported previously [6]. The material was annealed by the
manufacturer for 2 hours at 1050 %C in a vacuum better than about 1.3 x 10"3 Pa. Compact
tension test specimens in the T-L orientation were machined from 6.35 and 12.7 mm thick plates.
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All specimens were heat treated at 180 %C for 2 hours following machining to remove hydrogen.
Table 1 gives the pertinent specimen dimensions employed in this study.

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

Specimen ID

V95 Tl-2
V95 T2-1
V95S1-2
V95 S2-1

Width, mm

50.80
50.80
30.48
30.48

Thickness, mm

12.70
6.35
12.70
6.35

Side Groove Depth,
%

None
10
10
10

Net Thickness, mm

12.70
5.08
10.16
5.08

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

Plots of the J-R curves for the 6.35 mm thick specimens are shown in Figures 1 and 2. Figure 1
presents results for the 30.48 mm wide specimen and Figure 2 gives the results for the 50 80 mm
specimen. The results for the two specimens are similar. Figures 1 and 2 show J-values
approaching 1500 for both specimens. ASTM validity criteria for J

m a x &amax w e r e

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

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

Discussion

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

Jmax = bsy/20, or
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where sy is the material flow stress (i.e., the average of the 0.2% offset tensile yield strength and
the ultimate tensile strength), and B is the specimen thickness. The maximum crack extension,
aam a x , capacity for a specimen is given by:

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

Thus, a critical J-value (Jjc) for ductile crack initiation can not be determined from these curves.
Larger test specimens or alternative analysis techniques such as those recently advanced by
Edsinger, et. al. [8] may be needed to obtain valid estimates of the fracture toughness of V-4Cr-4Ti
over the temperature range of interest in a fusion power system.

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

Specimen ID

V95 Tl-2
V95 T2-1
V95S1-2
V95 S2-1

DCT-A***
DCT-B***

Jmax> kJ/m2*
267
133
267
133
75
123

Jmax> KJ'111

533
533
320
320
50
83

^max'111111

2.54
2.54
1.53
1.53
0.24
0.39

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

CONCLUSIONS

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

FUTURE WORK

Alternative fracture toughness measurement techniques will be investigated to determine
applicability to fusion power system materials, components and structures.
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SUBTASK 1.1.2.4: FRACTURE TOUGHNESS TESTING OF V-4Cr-4Ti AT
25°C AND -196°, C - H-X (Huaxin) Li, and R. J. Kurtz (Pacific Northwest National
Laboratory)

OBJECTIVE

To determine the effect of temperature on the fracture toughness of the production-scale heat
(#832665) of V-4Cr-4Ti using compact tension specimens and to compare the results with data
obtained from one-third scale Charpy impact specimens.

SUMMARY

Measurements of the fracture toughness of the production-scale heat (#832665) of V-4Cr-4Ti have
been performed at 25°C and -196°C using compact tension (CT) specimens. Test specimens were
vacuum annealed at either 1000°C for 1 hour (HT1) or 1050°C for two hours (HT2). Specimens
given the HT1 treatment were annealed after final machining, whereas the HT2 specimens received
the 1050°C anneal at Teledyne Wan Chang prior to final machining. Following machining HT2
specimens were then vacuum annealed at 180°C for two hours to remove hydrogen. Specimens
treated using HT1 had a partially recrystallized microstructure and those treated using HT2 had a
fully recrystallized microstructure. The fracture toughness at 25°C was determined by J-integral
tests and at -196°C by ASTM E 399 type tests. Toughness values obtained at -196°C were
converted to J-integral values for comparison to the 25°C data. The 25°C fracture toughness was
very high with none of the specimens giving valid results per ASTM criteria. Specimens fractured
by microvoid coalescence. The fracture toughness at -196°C was much lower than that at 25°C and
the fracture surface showed predominantly cleavage features. The present results show a transition
from ductile to brittle behavior with decreasing test temperature, which is not, observed from one-
third scale Charpy impact tests. The fracture toughness at -196°C was still quite high, however, at
about 75 kJ/m2.

Delaminations in planes normal to the thickness direction were seen at both test temperatures.
Fracture surfaces inside the delaminations exhibited nearly 100% cleavage facets. The cause of the
brittle delaminations was not determined, but will be a subject for further investigation.

PROGRESS AND STATUS

1. Material and Experimental Method

The production-scale heat (#832665) of V-4Cr-4Ti was used for this study. CT specimens were
machined from 6.35 mm (0.25 in.) thick plates. One plate was received in the warm-rolled
condition and was heat-treated at 1000°C for 1 hour in a vacuum of 10"7 torr (HT1) at PNNL
following machining of specimens. The other plate had been warm-rolled and heat-treated at
1050°C for two hours (HT2) by Teledyne Wah Chang, Albany, OR. After machining HT2
specimens were vacuum annealed at 180°C for two hours to remove hydrogen.

CT specimens were used for all tests and all specimens had the T-L orientation. Two specimen
widths, 30.5 mm (1.2 in.) and 50.8 mm (2 in.) were used for the HT2 material. HT2 specimens
were tested only at 25°C. All HT1 specimens were 30.5 mm (1.2 in.) wide. Fracture toughness
values at 25°C were determined using the J-integral test procedure given in ASTM E 813 and those
at -196°C were determined using the ASTM E 399 procedure. For the purpose of comparison, Re-
values determined from the -196°C tests were converted to J-values using Equation 1:
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(1)

where E is Young's modulus and _ is Poison's ratio. Values for E and _ at -196°C for V-4Cr-4Ti
were not available so estimates were obtained from data on pure vanadium. E and G (shear
modulus) for pure vanadium at -196 °C can be determined from Equations 2 and 3 [1]:

E (GPa) = 0.1*(1.28 - 9.61xlO"5*T) (2)

G (GPa) = 0.1*(0.488 - 8.43xlO"5*T) (3)

where T is temperature in Kelvin. At -196 °C the estimated value of E is 127.3 GPa and G is 48.2
GPa. Assuming isotropic behavior, _ value can be determined from Equation 4.

(4)
G = _ J _

2(1+1))

Substituting the E and G values into Equation 4 gives a value of 0.32 for _ at -196 °C.

Fracture surfaces were examined in a scanning electron microscope (SEM) to determine the effect
of temperature on the failure mode and to determine the failure mechanism inside the
delaminations.

2. Results And Discussion

The fracture toughness test results for both temperatures are plotted in Figure 1. The toughness of
specimens tested at 25°C was very high such that ASTM E 813 validity criteria were not satisfied
for the specimen dimensions utilized. The 6.35 mm specimen thickness gives a valid toughness up
to about 250 kJ/m^ which suggests a minimum value for the toughness of V-4Cr-4Ti at 25°C.
Toughness values determined from 30.5 mm and 50.8 mm wide specimens were nearly same,
indicating little effect of specimen width within this range. Similar high fracture toughness values
have also been measured on samples prepared from heat BL-63 heat treated at 1100°C for one hour
plus an additional anneal at 890°C for 24 hours. J-integral tests for specimens given the HT1
anneal are in progress. It is anticipated that the 25°C fracture toughness behavior of HT1
specimens will be similar to HT2 specimens since Charpy impact data shows HT1 material exhibits
upper shelf properties at 25°C similar to HT2 material. Thus, 25°C fracture toughness values from
HT2 specimens are compared to -196°C fracture toughness values from HT1 specimens.

The results plotted in Figure 1 show that temperature has a significant effect on the fracture
toughness of V-4Cr-4Ti. Specimens tested at -196°C yielded fracture toughness values of about
103 MPaVm. This is equal to about 15 kJ/m^, which is significantly lower than the 25°C fracture
toughness. The present results are in contrast to recent data obtained from one-third scale pre-
cracked Charpy tests [3]. The Charpy data does not display a transition in absorbed energy with
decreasing temperature. The absorbed energy was found to increase gradually with decreasing test
temperature, reaching a peak at around -150°C. Below -150°C the absorbed energy decreased with
temperature, but even at -196°C it was still larger than that at room temperature [3]. In addition,
Charpy specimens failed by microvoid coalescence at all temperatures.
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Figure 1. Effect of temperature on the fracture toughness of a production scale heat of V-4Cr-4TL
Data from a V-5Cr-5Ti alloy and F-82H steel are included for comparison.

SEM examination of fracture surfaces showed that the 25°C specimens failed by microvoid
coalescence, as depicted in Figure 2. At -196°C the fracture surface was predominantly cleavage
with some microvoid coalescence, as displayed in Figure 3. Taken together, the fractographic
results and fracture toughness data clearly shows that V-4Cr-4Ti undergoes a ductile-to-brittle
transition at a temperature higher than -196°C. This result differs from Charpy impact data, where
no ductile-to-brittle transition was found at temperatures above -196°C [3]. The reason for this
difference may be due to differences in constraint between the two types of specimens. The state
of stress at the crack tip for the larger CT specimen will be more triaxial than for the small Charpy
specimen. This favors crack extension in the CT specimen more than for the Charpy specimen.

It was also found that V-4Cr-4Ti was prone to delaminate in planes normal to the thickness
direction, regardless of test temperature, as shown in Figure 4. More significantly, the fracture
surfaces inside the delaminations were largely cleavage (see Figure 5). The delaminations were
caused, in part, by development of tensile stresses in the thickness direction due to the constraining
effect of the material surrounding the crack tip plastic zone, which limits through thickness
deformation. Brittle delaminations are significant, from an operational viewpoint, because local
triaxial states of stress will likely exist in actual power systems. The cause of the delaminations in
this material is not known yet. Inclusions could act as stress concentrators to promote cleavage
fracture, but examination by optical metallography did not reveal inclusions that could produce
such an effect. Weakening of grain boundaries by impurity segregation might cause intergranular
separations which could trigger cleavage fracture, but no evidence for this mechanism has been
obtained at the present time.
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Figure 2. SEM photograph showing microvoid coalescence fracture of V-4Cr-4Ti alloy at 25°C.

Figure 3. SEM photograph shows predominantly cleavage fracture of V-4Cr-4Ti alloy at -196°C.
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Figure 4. SEM photograph of delaminations in V-4Cr-4Ti specimen tested at 25°C.
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Figure 5. SEM photograph of cleavage facets inside delamination in V-4Cr-4Ti tested at 25°C.
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FUTURE WORK

Detailed examination by electron microprobe will be performed to search for micro-chemical
segregation effects which may be responsible for the delaminations. The effect of mixed-mode
I/HI loading on the fracture toughness of V-4Cr-4Ti alloy heat treated at 1000°C for 1 hour is being
studied. Preliminary results indicate that mixed-mode loading enhances crack initiation and
propagation.
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SUBTASK 1.1.2.5: MODE I AND MIXED MODE I/III CRACK INITIATION
AND PROPAGATION BEHAVIOR OF V-4Cr-4Ti ALLOY AT 25°, H-X (Huaxin) Li,
R. J. Kurtz, R. H. Jones (Pacific Northwest National Laboratory)

OBJECTIVE

To investigate mode I and mixed-mode I/III crack initiation and propagation behavior of the
production-scale heat (#832665) of V-4Cr-4Ti using compact tension specimens and modified
compact tension specimens.

SUMMARY

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

PROGRESS AND STATUS

1. Material and Experimental Method

The production-scale heat (#832665) of V-4Cr-4Ti was used for this study. CT specimens were
machined from 6.35 mm thick plates. The plate was received in the warm-rolled condition and
was heat treated at 1000°C for 1 hour in a vacuum of 10"7 torr (HT1) at PNNL following
machining of specimens. CT specimens were used to evaluate mode I fracture and modified CT
specimens were used for mixed-mode I/IE fracture. The modified CT specimen geometry has
been reported previously [1]. The crack angle used in this work was 25 degrees. With 25 degree
crack angle the ratio of resolved mode UJ to mode I load component is 0.47. All specimens had
the T-L orientation and all testing was performed at room temperature. J-integral tests were
performed according to the J-integral test procedure given in ASTM E 813. Fracture surfaces were
examined in a scanning electron microscope (SEM) to determine the failure mode.
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2. Results And Discussion

J-integral values versus crack growth increments (Aa) for both mode I and mixed-mode I/HI
specimens are plotted in Figure 1. From Figure 1, it can be seen that V-4Cr-4Ti is very tough in
the unirradiated condition at room temperature. No crack initiation took place in the mode I
specimen. The crack extension resulted from severe crack tip blunting and necking. Most of the J-
Aa data fall outside the lower exclusion line (see Figure 1) because of the severe crack blunting.
The exclusion line is defined by Eq. 1

(1)
0.001*

Where sv is the yield strength (387 MPa) and su is the ultimate tensile strength (454 MPa). Aa is
the crack growth increment (m).

200Q

. • •

O Model

# Mixed-mode I/Ill

0 1 2 3 4 5
Crack Growth Increment (mm)

Figure 1. Effect of loading mode on J-R curves of a production scale heat of V-4Cr-4Ti.

A valid fracture toughness for the mode I specimen could not be determined because the alloy was
extremely ductile and no crack initiation occurred, as shown in Figure 1. All of the crack "growth"
indicated in Figure 1 for the mode I specimen was due to plastic deformation at the crack tip.

The mixed-mode specimen behaved differently from the mode I specimen. During fatigue
precracking the crack plane rotated from 25 degrees to 23 degrees. However, during J testing, the
crack plane angle increased from 23 degrees to about 30 degrees when the crack started to grow.
After crack initiation, the crack plane angle remained at 30 degrees until the end of the test. Total
crack growth was up to 5.2 mm. The mixed-mode specimen also experienced extensive plastic
deformation similar to the mode I specimen. The estimated J^n value for crack initiation (not valid

per ASTM criteria) was 1100 kJ/m^, indicating that crack initiation was difficult. The reasons for

62



the high Jj^q have not been determined. Crack plane rotation before crack initiation was one of the
factors which contributed to the high Jjyjq value. While the mixed-mode crack was difficult to
initiate, it propagated easily. The slope of the mixed-mode I/HI J-R curve beyond the exclusion
line was only 140 kJ/m^/mm.

Because no crack initiation occurred in the mode I specimen, SEM examination was only done on
the mixed-mode VU1 specimen. The mixed-mode specimen failed by microvoid coalescence, as
depicted in Figure 2a and 2b. Microvoids were distorted along the shear loading component (see
Figure 2).

FUTURE WORK

Mixed-mode I/El fracture toughness under a higher mode III component (45 degree crack angle
specimens) will be tested for the V-4Cr-4Ti alloy and mode I fracture toughness will be measured
using 1 in. thick plate (GA Heat #832864).
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(a)

(b)

Figure 2. SEM photograph of mixed-mode fracture surface in V-4Cr-4Ti specimen tested at 25°C.
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SUBTASK 1.2.1.1: MEASUREMENT OF HYDROGEN SOLUBILITY AND
ESORPTION RATE IN V-4Cr-4Ti AND LIQUID LITHIUM-CALCIUM ALLOYS, J.-H.
Park, R. Erck, E.-T. Park, S. Crossley, and F. Deleglise (Argonne National Laboratory)

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

1. Introduction

The hydrogen ion density for fusion reactor designs is 1.2 x 10 /m , which corresponds to a
pressure of 10"5 torr at room temperature. Interaction between hydrogen and first-wall
components may not be a significant concern for hydrogen embrittlement of structural materials
because of the low density of hydrogen. However, for the design of liquid-metal cooling
systems for fusion-reactor blankets, applications, it is important to determine the solubility and
transport kinetics of hydrogen in vanadium and liquid lithium. This study focused on developing
methods for in-situ measurement of the solubility of hydrogen in vanadium-base alloys and
liquid lithium. Initial results were presented in a previous report [1]. To investigate the effect of
oxygen impurity in the vanadium alloy, oxygen-charged samples were tested in addition to those
that were used previously [2]. The rate of hydrogen penetration into vanadium and its alloys is
among the highest for metals [3-7]. Currently, we are proposing a calcium oxide insulator
coating for magnetic-fusion-reactor (MFR) applications because of its a high thermodynamic
stability and resistivity [8]. Therefore this study has been extended to include liquid lithium
with calcium and calcium oxides.

2. Experimental Procedures

2.1. Sample preparation

V-4Cr-4Ti Small tabular-shaped samples of V-4Cr-4Ti (Table 2) were used in the
investigation. To determine the oxygen impurity effect, several samples were charged with
oxygen by exposure to high-purity Ar (99.999%) at 625-650°C for 17 h [2]. Samples were
weighed before and after oxygen charging. Typical depth of the oxygen enriched layer was 25
mm, which was determined from back-scattered-electron images obtained in a scanning electron
microscope and from microhardness profiles of cross sections.

Li and Li-Ca alloys Approximately 1.3 g of liquid lithium was loaded (Table 1) into a V-
7.5Cr-15Ti tube (7.5-mm diameter, 0.4-mm wall thickness, 128.5-mm length, and weight =
6.8289 g) with V-20Ti end plugs (7 mm long, 2.313 g). Small amounts of calcium were added in
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some experiments. After loading the lithium and lithium-calcium, the tube was sealed by
tungsten inert gas (TIG) welding in a helium gas environment. To check for leakage, individual
sealed cells were heated in a vacuum chamber at 700°C for 24 h. None of the cells leaked. The
cells were cleaned by heating during the leak testing procedure, and after cooling, the outside of
the cells was sputter-coated with palladium to avoid surface contamination during hydrogen
desorption measurements.

Table 1. Amount of lithium and calcium loaded in V-7.5Cr-15Ti tubes

V-7.5Cr-15Ti Tube
cell number

Cell la

Cell 2
Cell 3b

Cell 4

Li(g)

1.23
1.34
1.27

1.29

Ca(g)

0.07

none
0.01
0.11

Wt.% Ca
in Ca-Li

5.4
0.0

0.78

7.86

Mole fraction Ca in
Ca-Li

9.78 xlO"3

0.0
1.36 xlO'3

1.46 xlO"2

aCell 1 was oxygen-charged in 99.999% Ar for CaO coating inside the wall. (Ref. 2)

bCell 3 was not tested.

2.2. Instrumentation and method

Hydrogen charging and desorption procedures and parameters (e.g., volume of the vacuum
chamber, steady-state flow rate vs. residual pressure) were described in a previous report [1].
Figure 1 is a schematic drawing of the apparatus.

Hydrogen In

m Pi

Figure 1.
Schematic drawing of the apparatus.

Table 2. Description of samples and experimental procedures.
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Item
Code

A

Sample
Wt. Area
(g) (mm2)

Data
No.
code
1-6

12-16

Materials
and

shape
Ta tube furnace

(178 mm long x
12.7 mmdia.
0.5 mm thick)

Obtainable
parameters

and calculation
Background

for
desorption and

solubility

Notes

B 21.89 28.68 7-11
17-21

28
41-43

A +
V-4Cr-4Ti bar

(101.3x10.15x3.64 mm)

Desorption rate
Solubility
(B-A)

Solubility and
desorption rate in

V-4Cr-4Ti

10.0 35.4 47-50
A +

V-4Cr-4Ti
(128.3 x 12.7 x lmm)

Desorption rate
Solubility
(C-A)

Solubility and
desorption rate in

V-4Cr-4Ti

D 23.5 90.57 44-46
51

A + C+
V-4Cr-4Ti:

(128.3 x 6.65 x 1 mm)
and

(128.3xl2.7xl mm)

Desorption rate
Solubility

(D-C) or (D-A)

Solubility and
desorption rate in

V-4Cr-4Ti

E

F

G

H

-

31.16

31.16

31.16

22-25
27

29-32
37-40

33-36

88-91

A +
V-7.5Cr-15Ti

(two plugs)

A +
Cell 2 (Li)

A +
Cell 4 (Li+Ca)

A +
Cell 1 (Li+Ca)

Background for
Liquid-Li (+Ca)

solubility

Solubility
(F-E)

Solubility in
Li-Ca

(G-E), (G-F)
Solubility

(H-E), (H-F),
(H-G)

Base for
solubility

Solubility in Li

Solubility
effect of Ca in

Li
Effect of CaO

layer
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3. Results and Discussion

3.1. V-4Cr-4Ti

Desorption experiment Figure 2 (a) shows the integral amount of hydrogen evolved at
518°C during degassing of an oxygen-charged V-4Cr-4Ti specimen after 1, 5, and 18 h exposure
to hydrogen charging and for an as-received V-4Cr-4Ti specimen after 30 h of exposure; Fig. 2
(b) shows hydrogen desorption rates during degassing of the specimens at these times. During
degassing experiments at higher temperature, the specimen was held at 518°C for 2 min before
heating to a higher temperature (850°C), at which the amount of degassed hydrogen was
monitored by hydrogen pressure and the calculated flow rate, which was integrated with time to
obtain solubility data as described previously [1].

5

4.5

£ 4
u

«> 3
c

2.5

(a)

= 518°C
I

///(SOW)
••/' "As received"

518<T°C<850

10 100
Time (sec)

1000 1 5 18 30
Hydrogen charging time (h) at 518°C

Figure 2. (a)
Integral amount of hydrogen evolved
during degassing of oxygen-charged
V-4Cr-4Ti at 518°C after ofl, 5, and 18 h
of hydrogen charging and of as-received
V-4Cr-4Ti after 30 h of hydrogen charging.

Figure 2. (b)
Desorption rates obtained during
degassing of oxygen-charged V-4Cr-4Ti at
518°Cfor hydrogen-charging times of 1, 5,
and 18 h and for as-received V-4Cr-4Ti at
30 h.

Oxygen in V-4Cr-4Ti increases both the hydrogen solubility and desorption kinetics, as shown in
Fig. 2. When we examine the degassing data at 518°C in Fig. 2 (b), initially ( 0 - 2 min.), the
integrated hydrogen desorption is higher for the oxygen-charged sample. The degassing process
at 518°C showed a slight difference in the amount of hydrogen evolved from the specimen at 5
and 18 h. This means that a 1-mm-thick oxygen-charged V-4Cr-4Ti specimen is not equilibrated
in 5 h. Therefore, the diffusivity of hydrogen (DH) in oxygen-charged V-4Cr-4Ti at 518°C

should be DH ^ 5.56 x 10"7 mm2/s, a value that is similar to the value for the as-received samples
and much lower than literature values [5,6]. To resolve this difference, more effort will be
required to analyze the degassing of components in the apparatus by mass spectroscopy with a
residual-gas analyzer. Figure 4 shows the temperature dependence of the hydrogen desorption
rate obtained from the difference of curves C and D in Fig. 3. Figure 5 shows the Vickers
hardness-versus-depth profile for as-received, oxygen-charged, and an oxygen-charged sample
equilibrated with hydrogen at 518°C. The decrease in hardness near the surface of the hydrogen-
equilibrated sample indicates that, during the degassing process, oxygen was also removed to a
depth of 8 u,m, as shown in Fig. 5. The measured desorption rate of hydrogen in V-4Cr-4Ti is a
thermally activated process and the activation energy is 0.067 eV. However, more work is
needed to determine the dependence of DH on microstructure, as shown for Ni in Ref. 9.
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-11.1

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
1000/T (K)

Figure 3.
Hydrogen desorption rate versus
reciprocal temperature for V-4Cr-4Ti. B,
C, and D denote the Item Code in Table 2.
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Figure 4.
Hydrogen desorption rate versus
reciprocal temperature for V-4Cr-4Ti.
Data obtained by taking the difference
between C and D in Fig. 3.
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Figure 5. Wickers hardness-versus-
depth profiles of as-received and
oxygen-charged samples, and oxygen-
charged samples after exposure to
hydrogen charging.
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3.2. Li or Li-Ca

Solubility measurement Solubility was determined according to item codes F-H in Table 2.
Figure 6 indicates typical hydrogen desorption behavior for liquid-metal cells (e.g., Cell 4 in
Table 1) that contained a mixture of lithium (1.29 g) and calcium (0.11 g), i.e., 7.86 wt.% of
calcium at four temperatures (267-674°C). The difference in the integrated amount of hydrogen
at the various temperatures indicates the temperature dependence of hydrogen solubility.
However, the result at the low temperature (267°C) does not show the expected profile (Fig. 6).
We assume that this behavior is caused by slow hydrogen penetration through the vanadium
capsules at low temperature. Even after 756 h at 267°C, the specimen had not reached the
equilibrium partial pressure of hydrogen.

Hydrogen degassing from the tantalum furnace for 900 s at temperatures between 260 and 600°C
was almost constant, 3200-3300 mm3. Figure 7 shows results for liquid lithium and two lithium-
calcium alloys and the temperature dependence of the solubility of hydrogen in lithium from the
literature [10]. Figure 8 shows the combined results for lithium, lithium-calcium, and V-4Cr-4Ti
obtained from this study. When we compare the solubility of hydrogen in liquid metals with that
in V-4Cr-4Ti (Fig. 8), we can obtain the hydrogen distribution ratio between liquid lithium or Li-
Ca alloys and V-4Cr-4Ti. The hydrogen distribution between a liquid-metal coolant and the
structural material is an essential factor in the design of fusion reactors. The trends of the
hydrogen distribution ratio R between liquid lithium or lithium-calcium alloys and V-4Cr-4Ti
indicates that the ratio decreases with temperature, as shown in Fig. 9 (R ~ 10 and 100 at 700 and
250°C, respectively).

o

CD
0)

'C (61 h)

551°C (26.5 h)

674°C(18h) :

Figure 6.
Typical integrated amount of hydrogen
degassed versus time for Li-7.86 wt% Ca
at temperatures between 267 and 674 °C.
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Figure 7.
In mole fraction ofH in Li, Li-Ca and
Li-LiH [10] versus reciprocal temperature.
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versus reciprocal temperature.

1000

s"ioor

£ >

o o

U-5.4 wt.%Ca:CaO/V-4Cr-4Ti

-a». H-.
Li-7.86wt.%CaW-4Cr-4Ti
Pure Li /V-4Cr-4Ti

•a :

200 300 400 500
T°C

600 700

Figure 9.
Hydrogen molar distribution ratio
between in Li and Li-Ca and in V-4Cr-
4Ti versus temperature.

4. Conclusions

An in-situ experimental method was developed to determine hydrogen solubility and hydrogen
desorption rate in a vanadium-base alloy and liquid lithium-calcium alloys at MRF temperatures
and hydrogen partial pressures. The solubility of hydrogen in V-4Cr-4Ti and liquid lithium-
calcium has been measured at a hydrogen pressure of 9.09 x 10"4 torr at temperatures between
250 and 700°C.

To determine the effect of oxygen impurity in a vanadium-base alloy on hydrogen solubility and
desorption, oxygen-charged V-4Cr-4Ti was also investigated. Hydrogen solubility in V-4Cr-4Ti
and liquid lithium decreased with temperature. Oxygen in V-4Cr-4Ti increases hydrogen
solubility and desorption kinetics. Hydrogen solubility in a Li-8 wt% Ca alloy was also
measured.

The hydrogen distribution ratio R for the distribution of hydrogen between liquid lithium or
lithium-calcium alloys and V-4Cr-4Ti increases as temperature decreases (R = 10 and 100 at 700
and 250°C, respectively). However, at temperatures <267°C, solubility data could not be
obtained by this method because of the slow kinetics of hydrogen permeation through the
vanadium alloy. The measured desorption rate of hydrogen in V-4Cr-4Ti is a thermally
activated process; the activation energy is 0.067 eV.
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SUBTASK 1.2.1.2: OXIDATION KINETICS AND MICROSTRUCTURE OF V-
(4-5) WT.%Cr-(4-5) WT.%Ti ALLOYS EXPOSED TO AIR AT 300-650°C, K.
Natesan1 and M. Uz2, (Argonne National Laboratory)' (Lafayette College, Easton, PA)2

OBJECTIVE

The objectives of this task are to (a) evaluate the oxygen uptake of V-Cr-Ti alloys as a function of
temperature and oxygen partial pressure in the exposure environment, (b) examine the
microstructural characteristics of oxide scales and oxygen trapped at the grain boundaries in the
substrate alloys, and(c) evaluate the influence of oxygen uptake on the tensile properties of the
alloys at room and elevated temperatures.

SUMMARY

A systematic study was conducted to determine the effects of time and temperature of air exposure
on the oxidation behavior and microstructure of V-4Cr-4Ti (44) and V-5Cr-5Ti (55) 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 ambient
air at 500°C for times ranging from 24 to -2000 h, and in a thermogravimetric analysis (TGA)
apparatus at 300 to 650°C. Models describing the oxidation kinetics, the oxide type and its
thickness, alloy grain size, and the depth of oxygen diffusion in the substrate alloy were
determined for the two alloys and compared. The results showed that the oxide layers that formed
on the surfaces of both alloys in air in the temperature range of 300-650°C are protective, and that
the 55 alloy is slightly more oxidation-resistant than the 44 alloy.

EXPERIMENTAL PROGRAM

The 44 and 55 alloys were obtained as 1-mm-thick cold-rolled sheets. Samples with dimensions
of 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 =10"" torr. The samples were
wrapped in tantalum foil to protect them from contamination during this heat treatment process.
Samples from each alloy were analyzed for chemical composition before and after annealing, and
the results can be seen in Table 1. As shown, the total amount of other impurities in either alloy
was less than 0.3%, with silicon (Si) as the major impurity at =0.08%.

Samples from the 44 and 55 alloys were heated in air at 500°C for about 24, 250, 600, 1050, and
2100 h to study the effects of time on their oxidation behavior. Samples from each alloy were also
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 320,400,500, 575, and 620°C
for the 44 samples, and at 300, 400, 500, 575, and 650°C for the 55 samples. 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.

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. Oxide residues
obtained from the 44 and 55 alloys exposed to air at 500°C for 2100 h by dissolving away the
matrix were analyzed for the V, Cr, and Ti using the inductively coupled plasma (ICP) technique.
A 900 mL methanol-100 mL bromine-10 g tartaric acid was used for phase extraction with
platinum wire as the catalyst. 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-hydrofluoric
acids at a volume ratio of 30-15-5. The grain size of each sample exposed to high temperature
(annealed or air-oxidized) was determined by both lineal and areal analysis methods according to
ASTM Standard El 12, and the average of the two was reported as the grain size of each sample.

73



Oxygen diffusion depth (or the depth of the hardened layer) of each oxidized sample was estimated
from the microhardness profile along its thickness, which was obtained with a Vickers
mictohardness tester and a load of 25-50 g. Furthermore, the oxygen profiles of several samples
were determined by secondary ion mass spectroscopy (SIMS) line profiles along the thickness to
verify the results obtained by the microhardness measurements.

All data in this study were processed and analyzed with a spreadsheet program capable of
graphical, statistical, and regression analyses.

RESULTS AND DISCUSSION

The results of the TGA experiments (carried out to determine the oxidation behavior of the 44 and
55 alloys in the temperature range of 300-650°C) are tabulated in Table 1, with the sample and the
oxidation temperature given in columns 1 and 2, respectively. In column 3, the first equation at
each temperature represents the oxidation model that best fit the experimental data. The second
equation represents the parabolic model and provides a more conservative rate constant (coefficient
of time) at that temperature. In the first two equations, wf and wp have the units of mg-mm'2, and
time t is in hours (h). The third equation in column 3 at each temperature, x with units of mm^-h"
1, was obtained by dividing the first equation by the square of density which is 3.357 g-cm~3 (or
mg-mm~3), and is provided to allow ready estimation of the scale thickness, x, for any desired
time at each temperature. The coefficient of time (t) in each equation is the rate constant (denoted
by k in general, and by kf, kp or kx depending on the models described in Table 1) at the
corresponding temperature with the units as indicated.

No measurable weight gain was observed in the 55 alloy oxidized at 300°C. The TGA data for the
44 and 55 alloys are presented in Fig. 1 as plots of weight gain versus time. In these plots, the
lines represent the oxidation models that best fit the experimental data, which are shown as circles
for the 44 samples and as squares for the 55 samples. The results show that in both alloys,
oxidation (scale growth) occurs according to a nonlinear growth rate law, and the rate of oxidation
decreases with time, indicating a protective oxide scale. Together with the lack of spalling of the
scale, these results provide evidence that V2O5 forms as a nonporous and tenacious oxide on the
surface of 44 and 55 alloys in the temperature range of 350-650°C. As can be seen from the plots
in Fig. 1, oxidation rate increased with increasing temperature. As expected, the temperature-
dependence of the rate constant was in Arrhenius form, and the data for both alloys fit well an
equation of the form

k = koexp[QOx/(RT)], (1)

where k is the rate constant, (kf, kp or kx), ko is the pre-exponential constant, QOx is the activation
energy for the oxidation process, and R and T are the gas constant and absolute temperature,
respectively. The Arrhenius plots for the 44 and 55 alloys are shown in Fig. 2, which indicates
little difference between the rate constants at a given temperature and the slope of the line for the
two alloys, with those for the 44 slightly higher. While the oxide that forms on both alloys is
predominantly V2O5, the slightly higher oxidation resistance of the 55 alloy is attributable to its
slightly higher substitutional alloying content, especially Ti, which is known to trap oxygen and
slow its diffusion in the matrix. This may also be due to the larger average grain size of the 55
alloy, which means less grain boundary area and thus allowing a fast transport path for oxygen.
The activation energies for the air-oxidation process as determined from Fig. 2 were about 135
kJ/mol for the 44 alloy and 130 kJ/mol for the 55 alloy.

Oxidation rate constants, and data for diffusion of O in V and its alloys with Cr and/or Ti and in
V2O5, are tabulated in Table 2, data sources are identified. The rate constants for the 44 and 55
alloys in column 2 were obtained from the variation of the measured oxide scale thickness with
time, and those in column 3 are from the oxidation models developed from the TGA results. Data
for oxygen diffusion in V and its alloys, as well as in the oxides that form on them, are given in
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columns 4-7 of the table; values for the 44 and 55 alloys are from this work, and those for others
are from the literature as indicated. The diffusion coefficients, D, of O in the 44 and 55 alloys
were determined from the oxygen diffusion distance-time data assuming one-dimensional
diffusion, which should be valid on the basis of the geometry of the samples

o.io

o.oo
100 ISO 200

Time, t (h)

250 300

Fig. 1 Variation of weight gain with time in air for 44 and
55 alloys. At each temperature, data points are
from TGA experiments, and solid lines represent
model that best describes the oxidation behavior of
the alloy

0.0008 0.0010 0.0012 0.0014 0.0016 0.0018
Reciprocal temperature, T 1 (K1)

Fig. 2 Arrhenius plots of oxidation rate constants for 44 and 55 alloys
exposed to air at temperatures up to 650°C
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Table 1. Mathematical models describing oxidation behavior of V-4 wt.%Cr-4 wt.%Ti (44) and V- 5

wt.%Cr-5 wt.%Ti (55) alloys as obtained using data from TGA experiments.3

Alloy T(°C) Oxidation model 2

~ 3 5 ° w f
2=,1.77xl0-846.76xl0-9 t ^

wp
2 = 6.54 x 10"9 t 0.997

1 -9 -10
x =-1.57 x 10 +6.00 x 10 t

44 400 2 , . , , .-6 . o o iri-7 0.999
wf =1.31x10 +1.28x10 t

w p
2 = 1 . 4 3 x l 0 ' 7 t 0.984

x 2 = 1.16 x 10'7+1.14x 10"8t

4 4 5 0 ° w f
2

=1.17xlO-5+9.82xlO-7 t L°

wp
2 = 1.08xl0"6t 0.992

x2=1.04xl0"6+8.71 x 10"8t

4 4 5 ? 5 wf
2
 = 7 .81xl0-5+1.07xl0-5 t 1 0

w p
2 =1.16x l0" 5 t 0.998

x2 = 6.93 x 10"6+9.50 x 10*7 t

4 4 6 2 ° w f
2=-5.40xl0-5+2.54xl0-5t L °

wp
2 = 2.48 x 10'5 t 0.998

x2 =-4.79 x 10'6+2.25 x 10"61

55 t300

5 5 4 0 ° w f
2=-3.88xl0-7+4.13xl0-7 t1 / 2+5.23xl0-8 t °"9

wp
2 = 8.90 x 10'8 t 0.997

? o 8 1/9 Q
rT =-3.44 x 10+3.67 x 10 t +4.64 x 10 t

5 5 5 0 ° w f
2=1.16xl0-8+7.02xl0-7 t ° - 9 "

wp
2 = 7.07 x 10'7 t 0.977

x 2 = 1.03 x 10'9+6.23x 10'8t

5 5 5 7 5
 w f

2 =-1.78 x 10-5+2.02 x 10-5t1/2+2.94 x 10"61 L 0

wp
2 = 4.59 x 10"6 t 0.986

x2 =-1.58 x 10"6+1.79 x 10'6 t1/2+2.61 x 10"7 t

5 5 6 5 ° wf
2 =-3.77 x 10-4+4.88 x 10"4

1
1/2+3.48 x lO'5 t °"8

wp
2 = 8.99 x 10'5 t 0.946

x2 =-3.35 x 10'5+4.33 x 10"5 t1/2+3.09 x 10'6 t

i he three equations at each temperature correspond to best fit of the experimental data, parabolic
model, and scale thickness.

tNo measurable weight gain was observed for this specimen.
The last column indicates the degree of fit obtained from the regression analysis of data.
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Table 2. Rate constants for oxidation of V and V-4 wt.%Cr-4 wt.%Ti (44) and V-5
wt.%Cr-5wt.%Ti (55) alloys, and calculated values of diffusion coefficients at
500°C, and activation energies of diffusion of oxygen in V2O5 under conditions
indicated.

Alloya

V
V
V
V
V
V
V

V
V
V
V
V
V

44
44
44
44
44

55
55
55
55

T
(°Q

450
500
500
550
550
550
550

600
600
600
600
650
650

350
400
500
575
620

400
500
575
650

PO2
(torr)

760
7.6

760
3
9

36
760

1
4
7.6

760
0.76
7.6

160
160
160
160
160

160
160
160
160

Oxide

V2O5
VO2
V2O5

VO2
VO2
VO2

V2O5

VO2
VO2
VO2

V2O5
VO2
VO2

V2O5

V2O5

V2O5
V2O5
V2O5

V2O5
V2O5
V2O5
V2O5

Rate constant^
2 - 4 - 1(mg -mm -h )

(k x109)

201
367

2740
918

1920
2100
8530

2880
6160
7420

19600
4790

10800

6.76
128
982

10700
25400

52.3
702

2940
34780

DC

(mV1)
(Dx

1015)

497
56.9

630
142
297
338

1980

446
954

1150
4500

742
1680

1.6
29.3

225
2460
5830

12
161
673

7980

QDd

(kJ-mof1)

174.4
193.6
164.7
202.7
194.3
192.8
172.0

209.7
200.1
197.8
179.9
224.5
213.1

165.6
161.0
178.0
179.0
184.0

168.4
181.7
194.0
191.0

Data on V are from Ref. 3, and those on 44 and 55 are from this study.

Rate coefficients for V are coefficients of time in a parabolic oxide growth rate model,
and those for 44 and 55 alloys are coefficients of time in oxidation models that best fit the
data in Table 1.

Calculated at 500°C with rate constants in Table 2.

Calculated with D values in Table 2.

used in this study. Using these diffusion coefficients, we calculated the activation energies of
diffusion of oxygen in these alloys. The good agreement between the rate constant calculated from
the measured data and that from the model for both the 44 and 55 alloys indicates once again that
the models developed in this study describe the oxidation behavior of these alloys rather well. The
diffusion coefficients were greater for oxygen diffusion in the 44 alloy than in the 55 alloy, and
their magnitudes were between those of the V-5Cr and V-5Ti alloys. The activation energy of
oxygen diffusion was, as expected, greater for the 55 alloy than for the 44 alloy. However, the
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activation energies of oxygen diffusion in both alloys were greater than those in unalloyed V and

V-5Cr alloy, but considerably lower than that in V-5T1 alloy. These trends may be attributed to the
binding or trapping of O by the Ti atoms that are in solid solution. On the other hand, the
activation energies for the diffusion of oxygen in the oxides that formed on V and on the 44 and 55
alloys were within 10% of one another. This strongly indicates that the oxides that formed on
these materials were similar in nature, namely V2O5.
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SUBTASK 1.2.1.3: CORROSION OF V AND V-BASE ALLOYS IN
HIGH-TEMPERATURE WATER, I. M. Purdy, P. T. Toben, and T. F. Kassner (Argonne
National Laboratory)

SUMMARY

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

INTRODUCTION

Vanadium-base alloys are being considered for the first-wall/blanket structure in fusion reactors
that employ a liquid-metal cooling system. Because reference alloys that contain 4-5% Cr and Ti
exhibit excellent mechanical properties after neutron irradiation, 1 their use in reactor designs with
an aqueous coolant is also of interest. For this application, the alloy should resist corrosion and
possible embrittlement by uptake of corrosion-product H. In this study, corrosion tests were
conducted on pure V, V-5Cr-5Ti, and V-15Cr-5Ti in high-purity deoxygenated water at 230°C.

EXPERIMENTAL PROCEDURE

Details of the experimental procedures are described in Ref. 2. Tabular specimens were cut from
thin sheets of material whose compositions are given in Table 1. Approximate dimensions of the
pure V, V-5Cr-5Ti, and V-15Cr-5Ti specimens (in mm) are 28 x 15 x 0.6, 20 x 8 x 1, and 10 x
10 x 1.5, respectively. Specimens were annealed in vacuo at 1055°C for 1 h. Vickers
microhardness values (25-g load) before and after annealing were 186 vs. 121, 237 vs. 195, and
254 vs. 195, for pure V and the 5Cr and 15Cr alloys, respectively. V-15Cr-5Ti specimens are
from the same heat used in a previous corrosion investigation at 288°C.3 Corrosion tests were
conducted on duplicate specimens of each alloy, i.e., two sets of six specimens were prepared for
each alloy so that one set (two specimens) could be removed from the autoclave for metallographic
evaluation and H analysis at = 1-month intervals over an =6-month period. During each time
interval, all specimens were removed from the autoclave and weighed. Consequently, six
measurements were obtained for each alloy and its duplicate after =1 month of exposure, five
measurements after 2 months of exposure, etc. Corrosion tests on pure V were conducted for up
to =3 months. The surface area of each specimen was measured by an image analysis technique.
Tests were conducted in a refreshed Hastelloy C276 (62%Ni-16%Cr-16%Mo) autoclave system at
230°C (±2°C) with =100 psi overpressure (above saturation) to maintain liquid-phase water.
Dissolved-oxygen concentration of inlet water was maintained at <12 ppb. Weight changes of the
specimens were determined to ±1 (ig.

Table 1.

Alloy

V

5Cr-5Ti

!5Cr-5Ti

Composition of V and
Composition fwt.%)

Heat ID Cr

820630 <0.01

T87 4.9

L-I 12.8

Ti

<0.005

5.3

5.0

O

200

460

830

V-base

N

62

18

50

alloys

c
75

210

370

H

3

9

4

In

Si

780

300

300

nDuritv Concentration fwt.

Al

100

200

Fe

230

600

800

Mo

410

400

200

oom)

Nb

<50

<100

<100

Cu

<5O

<100

100

S

10

90

40

P

<30

10

Ca

50
80
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RESULTS

Weight loss versus time of exposure for pure V and the two alloys is shown in Fig. 1. The data
were fitted to the expression W = A-tn, where W is the weight loss in g-m'2, t is the exposure
time in hours, and A and n are empirical fitting parameters. The values of n in the power-
law expression range from =1.0 for

500

400

Vanadium

W= 0.139 t

100

1000 2000 3000
Time (h)

4000 5000 1000 2000 3000
Time (h)

4000 5000

Fig. 1.
Weight loss vs. time for (a) V, (b)
V-5Cr-5Ti, and (c) V-15Cr-5Ti in
high-purity deaerated water at 230 °C.
Error bars denote l-o confidence levels
for the data.

-0.5
1000 2000 3000

Time (h)
4000 5000

pure V to =0.3 for the V-5Cr-5Ti alloy. Exposure time in the figures was adjusted slightly to
delineate data from the two sets of specimens. Measured weight loss for V-15Cr-5Ti was very
small when compared with pure V and V-5Cr-5Ti, as indicated by the different ordinate scales on
the figures. The effect of Cr concentration on weight loss at =2000 h is shown in Fig. 2.
Corrosion decreases according to an exponential dependence on Cr concentration in the alloys.

1000

100 r

10 -

5
0.1 -

0.01

= 591 exp -0.645 (%Cr) V-15Cr-5Ti o

6 8 10
Cr (wt.%)

12 14 16

Fig. 2.
Effect of Cr concentration on
weight loss of V-Cr-5Ti at 2046 h
in high-purity deaerated water at
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The effect of temperature on the corrosion rate of V-15Cr-5Ti at =2000 h is shown in Fig. 3,
based on results from this work at 230°C and a previous investigation at 288°C.3 Loss in
thickness in jim/yr is also denoted on the figure. The results indicate that the corrosion rate of this
alloy decreases rapidly with temperature, i.e., the activation energy is =40 kcal/mol.

10

10

10

S 10
o
o

10

-2

-3

-4

-fi

300

\ ' ' '

\

: " ^ 0,1 jim/yr

250

. . . |

\

\

200 150 (T
1 1

Q =40.13 kcal/mole

P=3.15xi6°exf>(-2O19V

\
\

°C)

-

r) :

-

1.4 1.6 1.8 2 2.2

1000/T (IC1)

2.4 2.6

Fig. 3.
Effect of temperature on corrosion rate
of
V-15Cr-5Ti in high-purity deaerated
water at =2000 h

Parameters for corrosion weight loss of the materials at 230°C are given in Table 2 along with
calculated loss in weight at 2000 h and loss in thickness at 1 yr (8760 h), based on these
parameters and an average alloy density of =6.16 g-cm~3. The table also includes results for
V-15Cr-5Ti in water that contained =30, 190, and 4000 ppb dissolved oxygen at 288°C, from
Ref. 3.

Table 2. Best-fit parameters in relationship W = Atn for V and
V-base alloys, and calculated loss in weight (W) and thickness
(L) at 2000 and 8760 h (1 yr), respectively, in high-purity
deaerated water

Material

V

V-5Cr-5Ti

V-15Cr-5Ti

V-15Cr-5Ti*

V-15Cr-5Ti*

V-15Cr-5Tia

Temp.

CO
230

230

230

288

288

288

Oxygen

(ppb)

12

12

12

30

190

4000

A

(g-m-2)

0.139

6.835

1.31 x 10~3

3.41 x 10-3

2.84 x lO-2

6.19 x 10-3

n

1.03

0.26

0.68

1.10

0.67

0.91

W at 2000 h

(g-m-2)

349.0

49.3

0.23

14.6

4.62

6.25

L at 1 yr

(|i,m)

259.0

11.8

0.10

12.0

2.0

24.0

aData from Ref. 3.

Figure 4 shows the dependence of calculated loss in thickness at 1 yr on Cr concentration, based
on the parameters in Table 2 and the relationships in Fig. 1. Loss in thickness at one year also
exhibits an exponential dependence on Cr concentration in V-Cr-5Ti alloys, and is consistent with
experimental data for =2000 h, shown in Fig. 2. If the temperature dependence of the corrosion of
V-Cr-5Ti alloys is the same as that of V-15Cr-5Ti in Fig. 3, the results in Figs. 2 and 3 can be
used to develop an expression for loss in thickness L of V-Cr-5Ti alloys as a function of
temperature in high-purity deoxygenated water at any time, e.g., 1 yr, as follows:

3 T Cr ^Cr

dXCr' (1)
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where the partial derivatives were evaluated from results in Figs. 3 and 4 and are given by

d lnLl _ 20196
a T - T2 (2)

d lnL

9 X Cr

= -0.534. (3)

1000 r

Fig. 4.
Effect ofCr concentration on loss of
thickness of V-Cr-5Ti alloys in high-
purity, deaerated water at 230°Cfor
8760 h (1 yr), based on parameters in
Table 2

0.01
6 8 10 12 14 16
Cr (wt.%)

When Eqs. 2 and 3 are inserted into Eq. 1, the expression (Eq. 4) can be integrated between the
limits

(4)
0.1 503

to yield the loss in thickness (jim) at 1 yr (Eq. 5).

15

lnL = 45.814 - ^ ^ - 0.534 (XCr). (5)

Because corrosion of each material follows a different rate law, i.e., a linear law for pure V and a
=0.3 power dependence on time for V-5Cr-5Ti, Eq. 5 is only valid for the time that was selected,
viz., 1 yr. Nevertheless, this expression enables one to assess the effects of temperature and Cr
concentration on corrosion in the context of alloy selection and operating temperature. A corrosion
allowance of =20 |im/yr may be acceptable for the first-wall of a fusion reactor.^ In Fig. 5, the
estimates of the corrosion of V-Cr-5Ti alloys at 1 yr from Eq. 5 are presented with values
obtained from Table 2 for the three materials at 230 and 288°C. Equation 5 provides a reasonable
representation of corrosion behavior; however, experimental data at other temperatures and for
other alloy compositions are not available to assess the validity of the expression.

Specimens were analyzed to determine uptake of corrosion-product H by the materials during
long-term exposure to high-temperature water. Table 3 shows that H pickup by V and the alloys
was minimal in these experiments, which suggests that H embrittlement from this source of H
should not be a concern.
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Thickness Loss, Table 2 (urn @ 1 yr)
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Fig. 5.
Loss of thickness ofV-Cr-5Ti alloys /
high-purity deaerated water at 1 yr, fro
Eq. 5 and parameters in Table 2

vm

Table 3. Hydrogen (ppm) in V,
V-5Cr-5Ti, and V-15Cr-5Ti after
exposure to water at 230 °C

Material
V
V-5Cr-5Ti
V-15Cr-5Ti

0
3
9
4

Exposure Time
799 2046
37.5 56.5

14.6
2.9

(h)
4508

22.5
3.0

Metallographic sections of the specimens were prepared and examined by scanning electron
microscopy (SEM). The photomicrographs indicate an adherent =30-u\m-thick corrosion-product
film on V specimens for exposure times >1700 h. Films on V-5Cr-5Ti were =8 fxm thick for all

of the exposure times; those on V-15Cr-5Ti were much thinner (<1 \\m). Figure 6 show the
corrosion-product layer on V-5Cr-5Ti specimens after =3 and 6 months of exposure to water at
230°C. Although film thickness did not increase with exposure time, slight intergranular oxidation
is evident after ==3 and 6 months. Detachment of the film from the metal in Fig. 6 occurred during
specimen preparation. Because film thicknesses were small, characterization by X-ray diffraction
was not attempted. However, X-ray diffraction powder patterns in a previous study3 indicated
that the corrosion product on V-15Cr-5Ti contained V, Cr, and Ti. X-ray peaks were consistent
with tetragonal and/or orthorombic forms of Cro.iVo.9O2. TiO2 and T1V2O6 were also
identified.

i^J*!k^i^u*kSi
Fig. 6. SEM photomicrographs of oxide/metal interface ofV-5Cr-5Ti specimens after

exposure to high-purity deaerated water at 230°Cfor (a) 2046 and (b) 4508 h

CONCLUSIONS

Vanadium and V-Cr-Ti alloys that contained Cr and Ti undergo weight loss and thinning during
exposure to high-purity deoxygenated water at temperatures <288°C. Corrosion resistance of
V-Cr-5Ti alloys increases with Cr concentration in the alloy. Pickup of H liberated by the
corrosion reaction was minimal during the ~6-month corrosion test; which suggests that H
embrittlement due to corrosion should not be a concern. An expression was developed for loss of
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thickness as a function of temperature and Cr content of the alloy. If V-base alloys are considered
for structural applications in a fusion reactor with an aqueous coolant, the influence of water
velocity on corrosion behavior should be investigated.
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SUBTASK 1.2.2.1: TENSILE PROPERTIES OF 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) evaluate the oxygen uptake of V-Cr-Ti alloys as a function
of temperature and oxygen partial pressure in the exposure environment, (b) examine the
microstructural characteristics of oxide scales and oxygen entrapped at the grain boundaries of
the substrate alloys,(c) evaluate the influence of oxygen uptake on the tensile properties of the
alloys at room and elevated temperatures, and (d) determine the effect of oxygen uptake on the
tensile behavior of the alloys.

SUMMARY

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

EXPERIMENTAL PROGRAM

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

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. The grain size of the specimens was
=32 |im. The specimens were preoxidized in air at 500°C for 24, 250, 600, 1000, and 2060 h
prior to tensile testing in air at 500°C. Similar specimens, preoxidized up to 1000 h at 500°C in
air, were also subjected to tensile testing at room temperature. As-annealed (control) specimens
were tensile tested on an Instron machine at constant crosshead speeds between 0.0005 and 0.2

cm/min, which correspond to initial strain rates in the range of 4.4 x 10"6 to 1.8 x 10"^ s~l. The

preoxidized specimens were tested at a strain rate of 1.8 x 10~4 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 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 of several tested specimens. Coupon specimens of the alloy that were
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oxidized with the tensile specimens were analyzed for bulk oxygen content by a vacuum-fusion
technique.

RESULTS AND DISCUSSION

Oxidation Behavior

Oxidation of the alloy followed parabolic kinetics with respect to time. Detailed SEM analysis
(with both energy-dispersive and wavelength-dispersive analysis) of the oxidized samples
showed that the outer layer was predominantly vanadium-rich oxide and the inner layer was
(V,Ti) oxide. Furthermore, X-ray diffraction of the oxides showed the outer oxide to be V2O5;
no nitrogen or nitride phases were detected. The thickness of the oxide scale of the specimens,
calculated from a parabolic rate equation, was in good agreement with the values determined by
microscopy. The results were discussed in earlier reports (1, 2). Secondary-ion mass
spectrometry was used to obtain depth profiles for oxygen in the tested specimens.

Effect of Oxidation on Tensile Properties

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

at either room temperature or 500°C at a strain rate of 1.8 x 10"^ s~l. Figure 1 shows the
engineering stress/engineering strain curves at 500°C for specimens after oxidation for several
exposure times up to 2060 h. Stress/strain behavior of the alloy is virtually unaffected by 24 h of
exposure in air at 500°C. As exposure time increases to 250 h, alloy strength increases, with
some loss in tensile ductility. In the exposure range of 250-1000 h, the alloy essentially has the
same ultimate tensile strength but showed substantial reduction in tensile ductility. Further
exposure of the alloy to air at 500°C causes loss of strength and tensile ductility, as evidenced by
the stress/strain curve for the specimen that was preoxidized for 2060 h.

Figure 2 shows engineering stress/engineering strain curves obtained at room temperature for
specimens after oxidation for several exposure times up to 1000 h. A significant increase in
tensile strength and a moderate decrease in tensile ductility of the alloy occurs after 24 h of
oxidation. However, the effect of oxidation on ductility was more severe as oxidation time
increased to 260 h and beyond.

The load-displacement curves were reanalyzed 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 various oxidation treatments. The present 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; the
values are generally lower than those in the last report (3).

Figures 3 and 4 show the variations in maximum engineering stress and uniform and total

86



eleongation as a function of preoxidation time in air at 500°C for tests conducted at room
temperature and 500°C).

Table 1 lists the calculated and measured thickness of oxide layers, depth of hardened layers
(from Vickers hardness measurements), thickness of intergranular fracture zones, and transverse
crack length for specimens as-annealed, preoxidized, and tensile-tested at room temperature and
500°C. The results indicate that the specimens that were oxidized for 600 and 1000 h at 500°C
registered only 0.003 and 0 uniform elongation at room temperature.

Additional exposures as a function of oxygen partial pressure in the exposure environment, as
well as tensile tests at other temperatures on oxidized specimens, are underway to establish alloy
performance in an oxygen-containing environment.
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Table 1. Oxidation, hardness, and fracture data for V-5Cr-5Ti alloy
_ _ _ _ _

Calculat Measur hardened Intergranul Measured
ed oxide ed layer after ar-fracture crack Uniform Total

Exposu thicknes oxide exposure at zone (jim) length elongation elongation
re sa thickne 500°C (fim) c c

ss
time (urn) (fim) (jim) RT 500° RT 500° RT 500° RT 500°
(h) b c b c b C P C

0 0 0 10 0.19 0.164 0.30 0.216
3 1

d 25 24 22 0.15 0.136 0.24 0.186
3 1

>50 65 f 50 0.03 0.113 0.03 0.145
0 5 5

>50 100 f 90 0.00 0.095 0.00 0.114
0 3 3

>50 120 f 110 0 0.085 0.00 0.104
0 4

NTS 1 6° NT§ °-048 NT§ °

0

24

250e

600

1000e

2060

0

1.4

4.6

7.1

9.1

13.1

0

1.2

5.0

7.1

9.0

14.0

0

<25

45

68

80

120
aValues were calculated with an equation developed from a parabolic fit of all the oxidation data

bRT = room temperature.



cValues that were recalculated by following the revised procedure discussed above.

^Fracture is partially ductile and no transition is noted from ductile to brittle fracture.
eExposure times were 260 and 1050 h for the samples tested at room temperature.

^Specimen fully embrittled.

ENT=not tested.
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SUBTASK 1.2.2.2: TENSILE PROPERTIES OF V-Cr-Ti ALLOYS AFTER
EXPOSURE IN HELIUM ANDLOW-PARTIAL-PRESSURE OXYGEN
ENVIRONMENTS, K. Natesan and W. K. Soppet (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to (a) quantify the oxygen partial pressure (pO2) in argon and helium
environments of different purity, (b) determine the oxygen uptake of V-Cr-Ti alloys as a function
of temperature and pO2 in the exposure environment, (b) examine the microstructural
characteristics of oxide scales and oxygen trapped at the grain boundaries in the substrate alloys,
(c) evaluate the influence of oxygen uptake in low-pO2 environments (which include oxygen and
helium of various purities) on the tensile properties and cracking propensity of the alloys at room
and elevated temperatures.

SUMMARY

A test program is in progress to evaluate the effect of oxygen at low pO2 on the tensile properties
of V-(4-5)wt.% Cr-(4-5)wt.% Ti alloys. Some of the tensile specimens were precharged with
oxygen at low pO2 at 500°C and reannealed in vacuum at 500°C prior to tensile testing. In another
series of tests, specimens were exposed for 250-275 h at 500°C in environments with various pO2
levels and subsequently tensile tested at room temperature. The preliminary results indicate that
both approaches are appropriate for evaluating the effect of oxygen uptake on the tensile properties
of the alloys. The data showed that in the relatively short-time tests conducted thus far, the
maximum engineering stress slightly increased after oxygen exposure but the uniform and total
elongation values exhibited significant decrease after exposure in oxygen-containing environments.
The data for a specimen exposed to a helium environment were similar to those obtained in low
pC>2 environments.

EXPERIMENTAL PROGRAM

The heats of vanadium alloy selected for the study had nominal compositions of V-5 wt.%Cr-5
wt.%Ti (designated BL-63) and V-4 wt.%Cr-4 wt.%Ti (designated BL-71). Sheets of the alloys
were annealed for 1 h at 1050°C prior to oxidation and tensile testing. Coupon specimens that
measured =15 x 7.5 x 1 mm were used for the oxidation studies. Oxidation experiments were
conducted in air in a thermogravimetric test apparatus at temperatures of 300 to 650°C; results were
discussed in an earlier report (1).

Tensile specimens were fabricated according to ASTM Standard E8-69 specifications and had a
gauge length of =49 mm and a gauge width of =4.5 mm. Grain sizes of the V-4Cr-4Ti and V-5Cr-
5Ti specimens were ==18 and 32 ]im, respectively. Three types of exposures were used to evaluate
the oxygen effect on the properties. In the first approach, specimens were exposed to a low-pO2
environment for 4 to 24 h at 500°C, and subsequently the surface-charged specimens were
annealed under vacuum at 500°C for 100 h to diffuse the surface oxygen into the interior of the
specimens. In the second approach, specimens were exposed at 500-700°C to high-purity oxygen
gas at low partial pressures, maintained by a feed/bleed system. In the third approach, specimens
were exposed to helium environments of various purity grades at temperatures of 500 to 700°C.

Pretreated specimens from the above-described approaches were tensile-tested in air at room and
elevated temperatures. The crosshead speed in an Instron machine was set to yield a strain rate of
1.8 x 10~4 s~l for all the tests. The specimens were loaded by means of pins that pass through
holes in the grips and enlarged end sections of the specimen, thus minimizing misalignment. Total
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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 of several tested specimens
was determined. Coupon specimens of the alloy that were oxidized with the tensile specimens
were analyzed for bulk oxygen content by a vacuum-fusion technique.

RESULTS AND DISCUSSION

Measurement of Oxygen in Environment

The pO2 in the exposure environment was characterized by using a solid electrolyte oxygen
sensor. The electrolyte was a stabilized zirconia tube containing 8 wt.% yttria. Based on
conduction domains reported in the literature for solid electrolytes (2), the yttria-stabilized zirconia
electrolyte should exhibit fully ionic conductivity at temperatures above 500°C in the low-pO2
environments of interest in the present study. The sensor used in the present investigation had the
following approximate dimensions: ID, 6.3 mm, OD, 9.5 mm, and length 610 mm. A porous
platinum coating =40 mm long was applied at the closed end of the electrolyte tube and used for the
electrode leads. Air was used as the reference gas mixture and continuously flowed inside the
zirconia tube. The outside electrode was exposed to the low pO2 environment of the desired
pressure. Pure gases such as argon and helium, and premixed gases such as CO-CO2 and O2-N2
were used in the study.

The equilibrium voltage E of the cell with respect to an air reference electrode is given by the
Nernst equation:

E (in volts) = 2.15 x 10"5 x T x In (-0.21/pO2),

where pO2 is the oxygen partial pressure in the low-pressure side of the cell, 0.21 is the partial
pressure of oxygen in air at the reference electrode, and T is the absolute temperature.

Figure 1 shows the response of the cell, after conversion into oxygen partial pressure for the
calibration gases CO-CO2 and O2-N2 gases and for 99.999% pure argon and helium. The cell
response for the calibration gases was in agreement with values calculated on the basis of
thermodynamic equilibrium and gas composition. Figure 2 shows an expanded version of the data
on the pO2, in torr, for the argon and helium gases. In addition, the argon gas was further purified
to eliminate moisture, which resulted in substantial reduction in pO2 relative to that of unpurified
gas. The data indicate that the pO2 in 99.999% He is -0.1-0.3 torr over the temperature range
400-700°C.
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Effect of Oxygen Exposure on Tensile Properties

Figure 3 shows the engineering stress/engineering strain curves at room temperature for specimens
of V-5Cr-5Ti alloy in as-rolled condition, after annealing for 1 h at 1050°C, after a second
annealing for 100 h at 500°C, and after oxygen charging for 4, 8, and 24 h at 500°C in an
environment with pO2 = 1.0 x 10~6 torr followed by a 100 h annealing at 500°C in vacuum. The
purpose of a 100-h annealing at 500°C is to diffuse the oxygen at the surface of the specimens
obtained by charging for 4, 8, and 24 h in a low-pO2 environment.

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 various oxidation treatments. Table 1 lists the maximum engineering stress and
uniform and total elongation for the specimens with various pretreatments tensile-tested at room
temperature. Maximum engineering stress is -505-537 MPa after oxygen charging and annealing
at 500°C. The uniform elongation values are =0.131-0.155 and are slightly less than the 0.165
observed for the specimen with only an initial annealing treatment of 1 h at 1050°C. Total
elongation for the specimens annealed for 100 h at 500°C decreased substantially from an initial
value of 0.303 to values of =0.198-0.232. Examination of the surfaces and cross sections of the
specimens exposed to different oxygenated treatments showed significant surface cracks spaced
uniformly but appearing to become blunted after a certain depth indicating that the extent of oxygen
diffusion and die local concentration of oxygen in the surface regions of the specimens will
determine the cracking depth. Figure 4 shows the engineering stress/engineering strain curves at
room temperature for specimens of V-4Cr-4Ti alloy in as-rolled condition, after annealing for 1 h
at 1050°C, after exposure in environments with different pO2 at 500°C, and in 99.999% He
environment. Table 2 lists the maximum engineering stress and uniform and total elongation for
the specimens with various treatments tensile-tested at room temperature. The maximum
engineering stress for this alloy in as-rolled condition is similar to that of V-5Cr-5Ti alloy.
However, upon annealing for 1 h at 1050°C, the strength falls to 423.7 MPa, which is somewhat
lower than that for V-5Cr-5Ti alloy. Correspondingly, the uniform and total elongation values
were slightly higher for the V-4Cr-4Ti alloy than for the V-5Cr-5Ti alloy. The effect of 250 h
exposure in oxygen at three different levels is to slightly increase the maximum stress, especially at
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higher pO2 levels; however, the uniform and total elongation values decreased substantially, even
though exposure time was only 250 h and exposure temperature was relatively modest at 500°C.
The specimen tested in 99.999% He gas at 500°C exhibited properties similar to those tested in
oxygen environments. Microstructural characteristics of the tested specimens are presently being
examined by several electro-optical techniques.

700r

0.0 0.050 0.10 0.15 0.20
Engineering Strain

as-rolled; 2: annealed 1 h at 1050°C in vacuum
2 plus 100 h anneal at 500°C in vacuum

0.25 0.30 0.35

4: 2 plus 4 h O charge at 500°C in 10'
5: same as 4 except 8 h O charge
6: same as 4 except 24 h O charge

torr O plus 100 h annealing in vacuum

Figure 3. Engineering stress/engineering strain curves for V-5Cr-
5Ti alloy with several pretreatments tested at room
temperature.

Table 1. Tensile test data at room temperature for V-5Cr-5Ti alloy after several pretreatments

Specimen
pretreatment

As-rolled
Vacuum annealing, 1

h at 1050°C (a)
(a) + vacuum

annealing,
100hat500°C(b)

(a) + 4 h O charge +
(b)

(a) + 8 h O charge +
(b)

(a) + 24 h O charge +
(b)

Maximum
engineering stress

(MPa)
673.7
468.7

537.3

515.1

505.0

511.4

Uniform elongation

0.011
0.165

0.148

0.155

0.146

0.131

Total elongation

0.074
0.303

0.214

0.232

0.221

0.198
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1: as-rolled; 2: annealed 1 h at 1050cC in vacuum
3: 250 h exposure at pO =10"6 torr at 500°C
4: same as 3 except pO =7.6x10"* torr at 500°C
5: same as 3 except pO =0.1 torr at 500°C
6: 275 h exposure in 99.999% He environment at 500°C

Figure 4. Engineering stress/engineering strain curves for V-4Cr-4Ti alloy
exposed to several pO2 environments and tested at room temperature.

Table 2. Tensile test data at room temperature for V-4Cr-4Ti alloy exposed to low-pO2
environments

Specimen
pretreatment

As-rolled
Vacuum annealing, 1

hatl050°C(a)
(a) + 250 h in pO2 =
1 x 10"6 torr at 500°C
(a) + 250 h in pO2 =

7.6 x 10"4 torr at
500°C

(a) + 250 h in pO2 =
0.1 torrat500°C

(a) + 275 h in
99.999% He at 500°C

Maximum
engineering stress

(MPa)
670.1
423.7

426.3

443.0

440.6

437.8

Uniform elongation

0.010
0.186

0.127

0.110

0.133

0.140

Total elongation

0.067
0.322

0.217

0.145

0.202

0.191
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SUBTASK 1.2.2.3, CHEMICAL AND MECHANICAL INTERACTIONS OF
INTERSTITIALS WITH VANADIUM ALLOYS J. R. DiStefano, L. D. Chitwood and J. H.
DeVan (Oak Ridge National Laboratory)

OBJECTIVE

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

SUMMARY

Oxidation studies of V-4Cr-4Ti were conducted in air and reduced oxygen partial pressures (1O'\
10"5 and 10"6 Torr). Reaction rates were determined by weight change measurements and
chemical analyses. Mechanical properties after the exposures were determined by room
temperature tensile tests.

In air at 400 and 500°C, oxide films form on the surface. Initially, rates are high but decrease
with time reaching similar values to those found in oxygen partial pressures of 10"4, 10"5 and 10"6

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

At reduced oxygen partial pressures, rates were measured for times <100 h. Data are relatively
sparse but generally show a slightly higher initial rate before slowing down. At 400°C increases
to -200 ppm oxygen were found with no effect on room temperature elongation. At 500°C
increases in oxygen of -2400 ppm after 50 h/10"5 Torr resulted in a decrease of around 25% in
room temperature elongation. By comparison, exposure to air at 500°C for 12 h caused nearly
the same results.

Results and Discussion

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

Cyclic oxidation behavior of annealed material (1050°C) was determined by repeatedly heating
samples to 400°C for 24 h and then cooling to room temperature (1 cycle). Weight changes and
room temperature tensile properties after exposure for 1-14 cycles (24 - 337 h) are shown in
Table 1. The weight change data best fit a logarithmic time dependence:
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AW (mg/cm2)=U x 10"1 log t (h) - 5.27 x 10"2,

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

AW (mg/cm2)=0.8 x Iff1 log t (h) - 3.3 x 10'2,

Table 1. Results of Cyclic Oxidation of V-4Cr-4Ti at 400°C in Air
Spec.
No.

WE-
43
WE-
44
WE-
45
WE-
46
WE-
47
WE-
48
WE-
49
WE-
50
WE-
51
WE-
52
WE-
53
WE-
54
WE-
55
WE-
58

Time
(h)

24

48

72

96

120

144

169

193

217

265

289

313

337

577

Cycle
s

1

2

3

4

5

6

7

8

9

11

12

13

14

None

Weight
Change
mg/cm2

.085

.135

.165

.215

.205

.185

.160

.265

.205

.190

.190

.200

.280

.270

Rate

mg/cm2/h
3.5 x 10'3

2.8 x 10'3

2.3 x 10''

2.2 x 10''

1.7x10''

1.3 x 10'

9.5 x 104

1.4 xlO 3

9.5 x 10-
4

7.2 x 10'4

6.6 x 10"4

6.4 x 104

8.3 x 10"4

4.7 x 10"4

Room Temp. Tensile
Y.S. U.T.S. Elong.
(MPa) (MPa) (%)
363

350

347

352

350

354

339

359

357

368

357

356

361

358

449

441

446

441

445

445

438

458

451

467

452

452

452

458

30.8

31

31

28.8

30.7

29.5

32

28.6

29.3

26.8

26.0

28.8

28.7

27.8

Even though oxygen increases up to 1500 ppm occurred, room temperature tensile properties
were essentially unchanged by the exposures to air at 400°C. Total elongation averaged 29.3%
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with a standard deviation of only 1.7%. An oxide scale was observed on the surface to a
thickness of < 2 \im (0.1 mil). The specimens also showed a hardness increase immediately
below the scale, an indication of internal oxidation. However, the depth of the increase was
limited to ~ lOjim, further confirmation that bulk properties should not have been affected.

The non-cyclic oxidation of V-4Cr-4Ti was measured in air at 500°C for times to 240 h as shown
in Table 2. Based on a parabolic rate law, the parabolic rate constant was found to be 4.8 x 10"3

(mgVcm4 h). At this temperature, oxygen increases were higher than at 400°C reaching 6080
ppm after 240 h. Room temperature elongation decreased with increasing oxygen pick-up and
was 8.9% after 240 h.

Table 2. Results of Oxidation of V-4Cr-4Ti at 500°C in Air

Air
Air
Air
Air
Air

Time
(h)
12
48
72
95

240

Temp.
(°Q
500
500
500
500
500

AW
ppm
2118
2871
3796
4373
6080

Y.S.
MPa
374
402
392
381
382

U.T.S.
MPa
469
504
483
477
456

Elong.
%

24.8
18.1
13.1
15.3
8.9

Rate
mg/cm2/h
3.1 xlO'2

1.1 x 10"2

9.4 x 103

8.2 x 10"3

4.5 x 103

Reduced Oxygen Pressure The oxidation of V-4Cr-4Ti was also measured at 400 and 500°C at
reduced oxygen pressures of 10"4 and 10"5 Torr. Results are summarized in Table 3. If we
compare oxidation rates under these conditions with those previously measured in air or at Po2 =
1 x 10"6 Torr, discussed below (Table 4), it is interesting to note that after long times there is little
difference. In air an oxide film forms on the specimen at both 400 and 500°C, although it is
significantly thicker at 500°C. Overall the oxidation rate in air at 500°C was about a factor of 10
higher than at 400°C. However, the rate during the first 120 h of exposure at 400°C was about
the same as during the last 135 h at 500°C. In low pressure oxygen, oxide films are not visually
or microscopically apparent and the rates of oxygen uptake do not change dramatically with
time. Although the limited data at reduced pressures do not yet allow reporting a rate law
dependence, the data at 500°C at 10"4 and 10'5 Torr are not inconsistent with parabolic behavior,
which indicates a thermal diffusion process. Since the rate in air is initially much higher, than
after longer times, it appears that formation and growth of the oxide film is a factor. However, it
is not readily apparent why long-term rates in air are essentially the same as those at reduced
pressures where measurable oxide films do not form.

In other experiments, V-4Cr-4Ti was exposed to oxygen at 1 x 10"6 Torr at either 400 or 500°C,
without and without a pre-oxidation in air at the same temperature, respectively. Results are
summarized in Table 5.
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Table 3. Oxidation of V-4Cr-4Ti at Low Oxygen Partial Pressures

Sample
No.

Conditio
ns

Wt.
Change

(mg)

Rate
mg/cm2/h

Y.S.
(MPa)

U.T.S

(MPa)

Elong.
%

l x l 0 4 T o r r
O,/400°C

WE69
70
71

lOh
25h
50h

.06

.04

.07

3.1 xlO'3

8.4 x 104

7.4 x 10"4

358
350
359

441
444
458

35.5
34.0
34.0

1 x 105 Torr
0 , /400°C

WE72
73
74

25
50
100

.03

.03

.07

6.3 x 10"4

3.2 x lO"4

3.7 x 10"4

353
355
359

436
445
452

34.0
35.7
33.3

1 x 10"4 Torr
O,/500°C

WE75
76
77

10
26
50

.15

.31

.45

7.9 x 10"3

6.3 x 10"3

4.7 x 10"3

348
364
366

451
470
480

33.8
28.7
30.0

1 x 10"5 Torr
O,/500°C

WE34
35
36

25
50
100

.38

.59

.79

8 x 10"3

6.2 x 10"3

4.2 x 10"3

343
337
344

454
455
458

30.0
25.3
24.7
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Table 4. Oxidation Rates of V-4Cr-4Ti

PO2 Ton-

Air
1 x 104

1 x 105

1 x 106

Rate (mg/cm2/h)
400°C 500°C

5-35 x 10"4

7-32 xlO"4

3-6 x 10"4

7 x 104

5-30 x 10"3

5-8 x 10"3

4-8 x 103

3-8 x 10"3

Table 5. Effects of Pre-Oxidation in Air

Pre-Oxidation

Pre-
Oxidation
Treatment

None
24h/500°C
12h/500°C
12h/500°C
24h/400°C
24h/400°C

Weight
Change
(ppm)

2106
2118
2210
467
311

Oxidation

Oxygen
Pressure

(Torr)

1 x 10"6

1 x 10-6

1 x 10'6

1 x 10"6

Time
(h)

48
48

48

48

Temp.
(°C)

500
500

500

400

Weight
Change

(ppm)(mg/
cmVh)

1375.005
-29-.0001

-86-.0003

198.0007

Room Temperature
Tensile Properties3

Y.S.
(MPa)

353
366
374"
358
359
363

U.T.S.
(MPa)

449
460
469"
451
476
482

Total
Elong.

(%)

21.5
23.8
24.8"
23.3
25

21.1

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

Work in Progress

Experiments to determine the oxidation of the reference V-4Cr-4Ti alloy at low oxygen partial
pressures are continuing to develop rate equations for the uptake of oxygen as a function of
temperature and oxygen pressure. Samples from these experiments are also being used to
evaluate the effect of oxygen uptake on the mechanical properties of the alloy. Large-grained
material may be more susceptible to embrittlement by oxygen and, therefore, the effect of grain
size is also being studied.
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SUBTASK 1.3.1.1: DENSITY DECREASE IN VANADIUM-BASE ALLOYS IRRADIATED IN THE DYNAMIC
HELIUM CHARGING EXPERIMENT, H. M. Chung, T. M. Galvin, and D. L. Smith (Argonne National Laboratory)

OBJECTIVE

The objective of this work is to determine density change in several promising vanadium-base alloys irradiated in the
Dynamic Helium Charging Experiment (DHCE).

SUMMARY

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

INTRODUCTION

Recent attention in the development of vanadium-base alloys for application in fusion reactor first-wall and blanket
structure has focused on the findings of excellent impact toughness of V-4Cr-4Til '2 and V-5Cr-5Ti3 and virtual
immunity of V-4Cr-4Ti, V—5Ti, and V-3Ti-lSi to embrittlement by fast neutron displacement damage.^ Excellent

resistance of these alloys to neutron-irradiation-induced (negligible helium generation) swelling has also been reported.^
One unresolved issue in the performance of these alloys, however, has been the effect of fusion-relevant simultaneous
generation of helium and neutron damage (at a ratio of 4-5 appm helium/displacement per atom [dpa]) on swelling (i.e.,

density decrease). In the unique DHCE,^ the fusion-relevant helium-to-dpa ratio is simulated realistically by utilizing

transmutation of controlled amounts of ^Li and a predetermined amount of tritium-doped mother alloy immersed in ^Li +
7Li. This report describes results of density measurements on V-4Cr-4Ti, V-5Ti, V-3Ti-lSi, and V-8Cr-6Ti alloys
irradiated to 18—31 dpa at 425-600°C in the DHCE. The results were compared to similar data obtained from non—DHCE
specimens (negligible helium generation) irradiated to 18-34 dpa at 420-600°C. Earlier measurements of density change

that utilized small (=10 mg) TEM disks indicated significant data scattering.5.7 Therefore, heavier (70-110 mg) broken
pieces of tensile specimens were used in this study to determine density decrease more accurately.

MATERIALS AND PROCEDURES

The elemental compositions of the V-4Cr-4Ti, V-5Ti, V-3Ti-lSi, and V-8Cr-6Ti are given Table 1. Tensile specimens,
0.7-1.0 mm thick, were polished and annealed at 1050-1125°C in high vacuum. Microstructures of V^tCr-4Ti,
characterized before and after irradiation in a non-DHCE (negligible helium generation) and a DHCE (0.4-4.2 appm

helium/dpa), have been described elsewhere.7 The only secondary phase in the as-annealed specimens was Ti(O,N,C),
200-500 nm in size, which is normally observed in titanium-containing vanadium alloys with O+N+C > 400 wppm. After
irradiation in a non-DHCE or a DHCE, Ti5Si3 precipitates <20 nm in size were observed in high density.

Table 1. Composition of vanadium-base alloys

ANLID
BL-47
BL-46
BL-45
BL-49

Nominal
Composition

(wt.%)
V-4.1Cr-4.3Ti

V-4.6Ti
V-2.5TM.0Si
V-7.9Cr-5.7Ti

O
350
305
345
400

N
220
53
125
150

Impurity Composition (wppm)
C

200
85
90
127

Si
870
160

9900
360

S
20
10
30
20

P
<40

<100
—
-

Nb
<100
<100
200
<100

Mo
<100

—
140
170

Sheet tensile specimens were irradiated in the Fast Flux Test Facility (FFTF) Cycle 12 Materials Open Test Assembly

(MOTA) 2B at 420, 500, and 600°C to neutron fluences (E > 0.1 MeV) ranging from 3.7 x 1022 n/cm2 (=18 dpa) to 6.4 x

n/cm2 (=31 dpa). Counterpart tensile specimens were also irradiated to similar fluence at similar temperatures in
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non-DHCE (negligible helium generation) capsules in the MOT A—2B. Helium in the DHCE specimens was produced by
utilizing transmutation of controlled amounts of ^Li and a predetermined amount of tritium-doped vanadium mother alloy
immersed in ^Li + ^Li. Table 2 summarizes the actual postirradiation parameters determined from tensile and disk
specimens of the V-4Cr-4Ti alloy, i.e., fast neutron fluence, dose, and helium and tritium content measured shortly after
the postirradiation tests. Helium and tritium were determined by mass spectrometry at Rockwell International Inc., Canoga
Park, CA.

Table 2. Summary of irradiation parameters of Dynamic Helium Charging Experiment and helium
and tritium content of V-4Cr-4Ti specimens

Capsule
ID No.

4D1
4D2
5E2

5D1
5E1

5C1
5C2

Irradiation
Temp.

(°C)
425
425
425

500
500

600
600

Fluence
(E >0.1 MeV)

(1022 n cm-2
6.4
6.4
3.7

3.7
3.7

3.7
3.7

Total
Damage

(dpa)
31
31
18

18
18

00 
00

Calculated Helium
(appm) to dpa
Ratioa at EOlb

(Assumed ka or kw)c

ka=0.073(kw=0.01)
3.8
2.8
2.1

4.4
3.1

1.1
1.1

Measured
Helium

Content^
(appm)

11.2-13.3
22.4-22.7

3.3-3.7

14.8-15.0
6.4-6.5

8.4-11.0
74.9-75.3

Actual
Helium to
dpa Ratio

(appm/dpa)
0.39
0.73
0.11

0.83
0.36

0.54
4.17

Measured
Tritium

Contente

(appm)
27
39
2

4.5
1.7

20
63

a L. R. Greenwood "Revised Calculations for the DHCE," April 30, 1993.
b Beginning of irradiation (BOI) May 27,1991; end of irradiation (EOI) March 19, 1992; 203.3 effective full

power days (EFPD), hot standby at =220°C until November 1992.
c Equilibrium ratio (ka by atom, kw by weight) of tritium in V alloy to that in the surrounding liquid Li.
d Measured June 1994.
e Measured August 1994.

Density decrease (swelling) was determined from weight of nonirradiated and irradiated (DHCE and non-DHCE)
specimens, measured in air and in research-grade CCI4. A typical specimen 70-110 mg (weighed in air) was a piece of
the shoulder region of a 1.0-mrn-thick tensile specimen, cut after a tensile test in an inert atmosphere at the same
temperature as the irradiation temperature or at 20-200°C.^

RESULTS AND DISCUSSION

Density could be determined more accurately by measurements on broken tensile specimens than on 0.3-mm thick,
=10-mg TEM disks. This is shown in Fig. 1, in which data scattering of baseline density of nonirradiated tensile and disk
specimens of V-4Cr-4Ti is presented. The uncertainty limit of the density measured on tensile specimens is significantly
smaller than that measured on small TEM disks.

The decrease in density for V^Cr-4Ti, V-5Ti, V-3Ti-lSi, and V-8Cr-6Ti is given in Figs. 2-5, respectively. For
comparison, density changes determined under similar irradiation conditions in a non-DHCE are shown in Figs. 2-4.
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Figure 1. Densities obtained from =I0-mg TEM disks in weight) and
-70—110-mg broken tensile specimens () of nonirradiated V—4Cr—4Ti,
showing significantly more accurate data from tensile specimens.
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Figure 2. Density changes ofV—4Cr—4Ti (BL-47) after irradiation to 18—34 dpa
at 420-600°C in the DHCE (0.4-4.2 appm He/dpa) (dark bars) and
in a non-DHCE (negligible helium) (light bars). Each bar represents
the average of densities measured on three separate pieces of broken
tensile specimens.
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Density changes of V-5Ti (BL-46) after irradiation to 18-31 dpa at
425-600 °C in the DHCE (9-20 appm He) (dark bars) and in a
non-DHCE (negligible helium) (light bars). Each bar represents the
average of densities measured on three separate pieces of broken
tensile specimens.
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Figure 4. Density changes of V-3Ti-lSi (BL-45) after irradiation to 18-34 dpa
at 425-600°C in the DHCE (6-36 appm helium) (dark bars) and in a
non-DHCE (negligible helium) (light bars). Each bar represents the
average of densities measured on three separate pieces of broken
tensile specimens.
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Figure 5. Density changes of V-8Cr-6Ti (BL-49) after irradiation to 18-34
dpa at 420-600 °C in the DHCE (helium content unknown). Each bar
represents the average of densities measured on three separate pieces
of broken tensile specimens.

Density changes measured for the non-DHCE and DHCE specimens of the reference alloy V-4Cr-4Ti were low (<0.5
%). This small density change seems to be consistent with the negligible density of voids or helium bubbles in the DHCE
specimens of the alloy. At least for helium generation rates in the range of 0.4-4.2 appm He/dpa, there was no evidence
of a significant effect of dynamically charged helium on density change (Fig. 2); the reference alloy V-4Cr-4Ti seems to
be inherently resistant to swelling under the present conditions of the DHCE and non-DHCE, indicating that swelling of
the alloy under fusion reactor conditions is also low.

Although helium generation was rather low (<1.1 appm He/dpa), density changes measured for the DHCE specimens of
V-5Ti, V-3Ti-lSi, and V-8Cr-6Ti were also low (<0.5%), regardless of irradiation temperature and dose. There are
indications that density changes measured for V-5Ti and V-3Ti-lSi irradiated at 425°C (to =31 dpa) are somewhat higher
than those measured for specimens irradiated at 5OO-6OO°C (to =18 dpa).

CONCLUSIONS

1. For the reference alloy V^Cr-^Ti irradiated to =18-31 dpa at 425-600°C in the Dynamic Helium Charging
Experiment (DHCE) with helium generation rates of =0.4^.2 appm He/dpa, density decrease (swelling) was low
(<0.5%). Density changes measured for the DHCE and non-DHCE (negligible helium generation) specimens were
similar, showing insignificant effect of dynamically charged helium. The reference alloy seems to be inherently
resistant to swelling under the present conditions of the DHCE (helium and dpa damage) and non-DHCE (dpa
damage only), indicating that swelling of the alloy under fusion reactor conditions is also low.

2. Although the dynamic helium generation rate was low (<1.1 appm He/dpa), density changes measured for the DHCE
specimens of V-5Ti, V-3Ti-lSi, and V-8Cr-6Ti were also low (<0.5%), regardless of the irradiation temperature
(420-600°C) and dose (18-31 dpa).

3. Density change can be determined significantly more accurately with heavier tensile specimens than with small TEM
disks.
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SUBTASK 1.3.1.2: MICROSTRUCTURAL EXAMINATION OF IRRADIATED
VANADIUM ALLOYS - 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 power system.

SUMMARY

Microstructural examination results are reported for a V-5Cr-5Ti unirradiated control specimen of
heat BL-63 following annealing at 1050°C, and V-4Cr-4Ti heat BL-47 irradiated in three
conditions from the DHCE experiment: at 425°C to 31 dpa and 0.39 appm He/dpa, at 600°C to 18
dpa and 0.54 appm He/dpa and at 600°C to 18 dpa and 4.17 appm He/dpa.

PROGRESS AND STATUS

Introduction

Vanadium is being developed for application as a first wall material for fusion power system. It
has been shown that an alloy of composition V-4Cr-4Ti has optimum properties1 and the effort has
shifted to demonstration that properties provide an adequate design window. However,
degradation of properties has been observed in some heats of V-5Cr-5Ti as a result of high
temperature annealing,2'3 and results from the Dynamic Helium Charging Experiment (DHCE) to
determine consequences of helium production during irradiation require further investigation to
understand microstructural evolution.4"5 The present effort was initiated in order to develop
interlaboratory collaboration and to investigate two issues: the cause of degraded properties in one
heat of V-4Cr-4Ti (Heat BL-63), and the microstructure of a heat of V-4Cr-4Ti (BL-47) following
irradiation in the DHCE experiment. The microstructural evolution in the latter heat included both
precipitation response as a function of temperature and effects of a different rate of helium
production on bubble development.

Experimental Procedure

Four specimens were selected for examination: a control specimen of heat BL-63 following
annealing at 1050°C for 1 h in high vacuum, and three irradiated specimens of heat BL-47 from the
DHCE experiment: at 425°C to 31 dpa and 0.39 appm He/dpa, at 600°C to 18 dpa and 4.17 appm
He/dpa, and at 600°C to 18 dpa and 0.54 appm He/dpa. Heat compositions are provided in Table
1 and irradiation conditions in Table 2. Specimens selected for examination had been examined
previously2'4'5 and had been stored for over a year in a standard laboratory desiccator without any
apparent degradation. Examinations were performed on a JEOL 100CX at ANL.

Results

The control specimen of V-5Cr-5Ti heat BL-63 following annealing at 1050°C was examined to
determine if unusual microstructures were developing at grain boundaries following heat treatment.
A typical grain boundary was examined in a number of dark field imaging conditions, with both
grains
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Figure 1. Imaging "of grain boundary structure in a specimen of V-5Cr-5Ti heat BL-63 followingg g g g p
annealing at 1050°C in bright field (a) and dark field (b).

Figure 2. Microstructure of a specimen of V-5Cr-5Ti heat BL-47 following irradiation in the DHCE experiment at
425°C to 31 dpa and 0.39 appm He/dpa showing bubbles near grain boundaries at low magnification in (a) and
structure near a grain boundary at higher magnification in dislocation contrast (b) and void contrast (c).
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Table 1. Composition of Heats Examined

Heat#

BL-63

BL-47

Nominal
Compositio

n

V-4.6Cr-
5.1Ti

V-4.1Cr-
4.3Ti

Concentration [ppm]

O

440

350

N

28

220

C

73

200

Si

310

870

Table 2. Irradiation conditions for DHCE specimens of V-4Cr-4Ti (BL-47) examined.

Packe
t

Code

4D1

5C1

5C2

Irradiation
Temperature

(°Q

425

600

600

Fluenc
e

(n/cm2)

6.4x10
22

3.7x10
22

3.7x10
22

Dose
(dpa)

31

18

18

Helium
(appm)

11.2-
13.3

8.4-
11.0

74.9-
75.3

Helium
production (appm

He/dpa)

0.39

0.54

4.17

diffracting. In each case, the grain boundary region was strongly visible in dark field using non-
matrix reflections. The most extreme case, where the strong dark field image was obtained for a

very small g , is shown in Figure 1. Figure 1 provides comparison of a boundary in bright field
(a) and in dark field (b) (at a different position of tilt) with the diffraction condition inset showing
the aperture position by a double exposure procedure. It was eventually concluded that this
imaging condition was a result of double diffraction and therefore misleading. The bright field
image shows distortions in the grain boundary thickness fringes probably characteristic of the grain
boundary precipitation observed in previous studies.2'3

The specimen of V-4Cr-4Ti heat BL-47 irradiated in the DHCE experiment at 425°C to 31 dpa and
0.39 appm He/dpa was examined to provide further understanding of the microstructure and
precipitation formed during irradiation. Attempts to produce precipitate dark field images were
unsuccessful due to the small size of the precipitate and the resultant weak diffraction spots. Effort
was therefore shifted to record microstructural features. A low magnification image of bubbles or
voids associated with grain boundaries near a node is provided in Figure 2 (a). Boundaries are not
straight, indicating that migration took place during irradiation. The bubbles appear as equiaxed
white circular features, most often near but not on the boundary. Figures 2 (b) and (c) provide

comparison of another region in g* = <011> strain contrast near (011) and in void contrast,
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respectively, adjacent to a grain boundary. Strain contrast reveals curved dislocation line
segments, typical of climbing dislocations, small equiaxed features as large as 5 nm that are
probably precipitates, and circular features with dark rings most common near the boundary that
can be shown by comparison with Figure 2 (c) to probably be bubbles. Again, bubbles are non-
uniformly distributed. Stereoscopic examination showed that several bubbles were on the
boundary, but many were not. Figure 2 (c) also reveals precipitation on the order of 4 nm in
diameter. The precipitate is only imaged at surfaces and appears typical of a phase formed by
solute segregation. It is anticipated that this phase is rich in
titanium, silicon and phosphorus.67

The specimens of V-4Cr-4Ti heat BL-47 irradiated in the DHCE experiment at 600°C to 18 dpa and
0.54 appm He/dpa and at 600°C to 18 dpa and 4.17 appm He/dpa were examined to provide
further understanding of the effect of helium generation on microstructural development and to
further elucidate precipitation response. It was found that both conditions contained bubbles or
voids, but densities and sizes were low. A low magnification example for the condition containing
about 75 appm He is given in Figure 3 (a), and only a low density of small bubbles on the order of
7 nm can be identified in the matrix. However, careful comparison of boundary features in the two
conditions, shown in Figures 3 (b) and (c) indicate a different distribution of helium bubbles. A
few bubbles as large as 7 nm can be identified in the upper center of Figure 3 (b) for the specimen
containing 10 appm He whereas a much higher density of smaller 3.5 nm bubbles can be observed
in Figure 3 (c) for the specimen containing 75 appm He. Therefore, higher helium levels appear to
promote local regions of higher densities of smaller bubbles, with maximum bubble sizes about the
same in both cases.

Microstructural evolution at 600°C differed from that at 425°C primarily with regard to precipitate
development. Dislocation structure consisted of loops and curved dislocation line segments,
typical of climbing dislocations. Precipitates were elongated and as large as 40 nm long and 7 nm
wide, and were easily imaged using, for example, _<200>. However, differences could not be
identified as function of helium production. Examples of the microstructures are provided in
Figures 3 (d) and (e) for the specimen from packet 5C1 containing 10 appm He and in Figures 3(f)
and (g) for the specimen from packet 5C2 containing 75 appm He. In both cases, g~* = <200>
contrast was used for the bright field image and g~* = _<200> for the precipitate dark field image.
The corresponding diffraction pattern is inset into Figure 3 (e) showing the typical elongation of
the diffraction spot. Note that the operating g* is perpendicular to the sense of elongation,
indicating that the shape is probably plate-like, seen on edge. It is anticipated that this phase is
TiP6 based on the _[200] reflection, but similar morphologies have been identified previously as
Ti5Si3.

4 Therefore, further investigation is necessary to identify the precipitate.

Discussion

The microstructural examinations reported here, although incomplete, agree with previously
reported results on these or similar specimens.4"6 However, the precipitate development found as a
function of irradiation temperature and heat-to-heat variations in minor impurities should be taken
into account because precipitation involves different chemical species at different temperatures.
Such a response can arise because a precipitate becomes unstable above a critical temperature, but
disappearance of a phase at lower temperatures is unusual unless precipitate dissolution is
occurring due to cascade mixing, a phenomenon not generally found unless the irradiation
temperatures are very low, and often leading to amorphization.

This work provides the novel observation that from the DHCE experiment it is found that increased
helium levels lead to a higher density of smaller helium bubbles in localized regions that can be

112



overlooked because of their size. Mechanical property testing appears to show however that such
increases in bubble density have little effect on deformation response.8

CONCLUSIONS

Collaborative microstructural examinations have been performed on a V-5Cr-5Ti control specimen
of heat BL-63 following annealing at 1050°C, and specimens of V-4Cr-4Ti heat BL-47 irradiated
in three conditions from the DHCE experiment: at 425°C to 31 dpa and 0.39 appm He/dpa, at
600°C to 18 dpa and 0.54 appm He/dpa and at 600°C to 18 dpa and 4.17 appm He/dpa. Results
demonstrate that images of grain boundaries in BL-63 showing continuous coatings of unexpected
phases are probably a result of double diffraction. Double diffraction effects must be ruled out
before such images can be accepted as arising from precipitation. In BL-47 irradiated in DHCE,
increases in helium generation results in high densities of smaller bubbles. However, precipitation
response as a function of temperature is not completely understood.

Future work

It is planned to shift this collaborative work to the JEOL 201 OF at PNNL in order to provide
microchemical analysis when specimens and funding are available.
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Figure 3. Microstructures of a specimens of V-5Cr-5Ti heat BL-47 following irradiation in the
DHCE experiment at 600°C to 18 dpa and 0.54 or 4.17 appm He/dpa showing bubbles near grain
boundaries at low magnification with 75 appm He in (a), bubbles near a grain boundary at higher
magnification with 10 appm He in (b) and 75 appm He in (c), dislocation and precipitate structures
with 10 appm He in (d) and (e) and with 75 appm He in (f) and (g).

114



REFERENCES

1. B. A. Loomis, A. B. Hull, and D. L. Smith, J. Nucl. Mater.. 179-181 (1992) 148.

2. H. M. Chung, J. Gazda, L. J. Nowicki, J. E. Sanecki, and D. L. Smith, DOE/ER-
0313/15,207

3. D. S. Gelles and Huaxin Li, DOE/ER-0313/19, 22

4. H. M. Chung, B. A. Loomis, H. Tsai, L. J. Nowicki, J. Gazda, and D. L. Smith,
DOE/ER-0313/16, 204

5. H. M. Chung, L. J. Nowicki, J. Gazda, and D. L. Smith, DOE/ER-0313/17, 211.

6. H. M. Chung and D. L. Smith, J. Nucl. Mater.. 191-194 (1992) 942.

7. H. M. Chung, B. A. Loomis, and D. L. Smith, J. Nucl. Mater.. 212-215 (1994) 804.

8. H. M. Chung, B. A. Loomis, L. J. Nowicki, and D. L. Smith, DOE/ER-0313/19, 77.

115



This page is intentionally left blank.



SUBTASK 1.3.1.3: MICROSTRUCTURAL EVOLUTION OF V-4Cr-4Ti DURING ION
IRRADIATION AT 200°C, J. Gazda1, M. Meshii2, B.A. Loomis1 and H.M. Chung1 (Argonne
National Laboratory)' (Northwestern University) 2

OBJECTIVE
The objective of this study is to simulate microstructures produced by irradiation during fusion-
energy neutrons in the reference vanadium alloy V-4Cr-4Ti at relatively low temperature
(200°C) utilizing ion irradiation of bulk specimens to understand the concomitant microstructural
evolution of the alloy.

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

INTRODUCTION
Vanadium-base alloys are the most promising candidate low activation materials for application
in first wall structures of magnetic fusion reactors. Recently, the V-4Cr-4Ti alloy was identified
as having the optimal combination of mechanical and physical properties. 1*2 The virtual
immunity to embrittlement and excellent resistance to swelling of several V-Cr-Ti, V-Ti, and V-
Ti-Si alloys have been reported previously under both ion and neutron irradiation in the
temperature range of 420 - 600°C. -V,5,6 However, data on the performance of the alloy in the
low to moderate temperature range (<400°C) is limited. Confirmation of minimal swelling and
demonstration of resistance to embrittlement by displacement damage and helium in this
temperature range are particularly important issues.

The customary method for determining the irradiation performance of fusion candidate materials,
i.e., tests utilizing fast fission neutrons (E>0.1 MeV), is now much more difficult to conduct due
to reactor shutdowns. Therefore in this study, we chose an alternative approach to evaluate the
irradiation-induced microstructural evolution of vanadium-base alloys at moderate-to-low
temperatures on basis of extrapolation of results from ion irradiation experiments. Work
consisted of series of ion irradiations at 200°C to obtain doses of 0.5, 2 and 5 dpa in the
maximum damage region of bulk specimens. Microstructural changes in the production-scale
(500 kg) heat of V-4Cr-4Ti alloy were generated by 58Ni++ ion beams produced in the Tandem
ion accelerator/high voltage electron microscope facility located at Argonne National
Laboratory. Conventional transmission electron microscopy (TEM) observations were
performed to identify the type and number density of produced defects.
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MATERIAL AND PROCEDURES

Fabrication of the V-4Cr-4Ti alloy (Heat ID 832665) was described in detail elsewhere7. The
composition of the extruded plate used for preparation of the present specimens is given in Table
1. Procedures for preparation of the specimens followed procedure described in the previous
report,^ with one modification: discs were ground to =125 Jim thickness before polishing and
annealing steps. The ion irradiations were performed at the Argonne Tandem Accelerator facility
operated by the Materials Science Division. Beams of 4.5 MeV 58Ni++ ions were produced by 2-
MV NEC ion accelerator, while the vacuum in the ion chamber used for the irradiations was
maintained at lxlO'6 Pa. The irradiation temperature was 200±2°C. Procedure for final
preparation of foils for TEM observations was as described in Ref. 8. Microstructure
observations were conducted using Philips CM30 transmission electron microscope (TEM).
Number density and dislocation loop size measurements were conducted using bright field
images from g=(200) and g=[0-ll] diffraction vectors near the [Oil] foil orientation. Dislocation
loop size was measured from prints, using Zeiss particle size analyzer/counter.

Table 1. Chemical composition of production heat of V-4Cr-4Ti alloy"
Heat
ED
83266
5

ANL
ID
BL-71

Cr

3.8

n
3.9

Cu

<50

Si

783

0

310

N

85

C

80

S

<10

P

<30

Ca

<10

Cl

<2

B

<5

' Cr and Ti in wt. %, impurities in wppm.

RESULTS AND DISCUSSION
After irradiation up to 5 dpa at 200°C, the microstructure consisted of "black dot" defects (BD)
and dislocation loops. Line dislocations were not observed in any of the specimens at this
temperature and in this dose range. Two types of dislocation burgers vectors, ao<100> and
ao/2<lll>, were found to coexist in all of the specimens. The combined number density of
defects and dislocations were compared for specimens with different irradiation doses. These
comparisons are presented in Fig. 1. The plots given in Fig. 2 are based on the relative number
density of defects resulting from counting visible defects in micrographs with g=[0-ll]. The
diffraction conditions in foils with such orientation allow only for visibility of 1/2 of the total
number of &J2<\ 11> type loops, and 2/3 of the total number of ao<lOO> type loops in the BCC
vanadium alloys. However, because the evidence for formation of equal numbers of each type of
loops was not obtained, these proportions cannot be easily applied to the numbers resulting from
the measurements. Therefore, relative numbers obtained under consistent diffraction conditions
are quoted.

Examples of typical microstructures of specimens irradiated to 0.5, 2, and 5 dpa at 200°C are
shown in Fig 1. At 0.5 dpa the microstructure is dominated by BDs, with only limited number of
dislocation loops resolvable, their diameters reaching at most 20 nm. Similar features were
observed in specimens irradiated to 2 dpa, but the number of resolvable loops increased. After 5
dpa the loops become prevailing feature of microstructure with their diameters reaching up to 50
nm. However, significant number of BDs still remained after this damage dose. Figure 2(a)
gives the observed distribution of BD's and loop diameter sizes. At all doses, the combined
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number density of BD's and loops remained approximately the same as shown in figure 2(b).
The microstructure at 200°C was compared with one described in Ref. 8 that was obtained after
of 4.5 MeV 58Ni++ ion irradiation to 5 and 10 dpa at 350°C. The number density of defect was
approximately the same, whereas specimens irradiated to 10 dpa also showed formation of
dislocation segments not observed at 200°C.

Figure 1. Microstructure of V-4Cr-4Ti alloy after 58M++ ion irradiation at 200°C to : (a) 0.5,
(b) 2, and (c) 5 dpa. Kinematical two beam conditions g=(0-ll), near [Oil] foil
orientation.

The data indicate early formation of high density of defect clusters which act as point defect
sinks during continuing irradiation. Growth of dislocation loops is sustained by production of
freely migrating point defects from the remains of cascades. The other defect
sinks present in the specimens included grain boundaries and interfaces between matrix and
Ti(CNO) thermal precipitates formed during fabrication of the alloy. The high density of sinks
shortens diffusion paths of point defects and efficiently removes them from solution. Presence
of dislocation segments in specimens irradiated to 10 dpa at 350°C could be explained by
unfolding of dislocation loops when they reach larger size.
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Figure 2. Evolution of microstructure of V4Cr4Ti under ion irradiation at 200°C
and 350°C: (a) distribution of BD's and loop diameters; (b) relative
number density of loops and BDs.

Cavity formation was not observed in any of the specimens, including those irradiated to 5 dpa.
In a previous investigation8 with 4.5 MeV 58Ni++ ion irradiation at 350°C to ~5 and -10 dpa
cavity formation was also not observed. Likewise a similar heat of V4Cr4Ti (BL47) was
reported5 to be resistant to cavity formation during fast neutron irradiation at ~420°C. Thus, the
alloys of V-4Cr-4Ti composition appear to be resistant to void swelling at even low temperatures
down to 200°C.

CONCLUSIONS
1. Consistent with the results from void swelling characterization of V-4Cr-4Ti (Heat

832655) irradiated at 350°C to -10 dpa by 58Nr* ions and V-4Cr-4Ti (Heat BL-47)
irradiated at ~420°C to -34 dpa by fast neutrons (E>0.1 MeV), no cavities were observed
in V-4Cr-4Ti (Heat 832655) specimens irradiated by 5SNV* ions at 200°C to ~5 dpa. This
indicates that the alloy class is resistant to void swelling at low temperatures, down to
200°C.

2. After irradiation with 4.5 MeV 58Ni++ at 200°C: a) the predominant features of
microstructure were small (<50 nm) dislocation loops and "black dot" defects; b) the size
of dislocation loops increased with irradiation dose, whereas the combined number
density of "black dots" and dislocation loops remained constant up to fluence of 5 dpa;
These findings indicate early formation of a large density of defect clusters acting as
point defect sinks and their growth into dislocation loops during continuing irradiation.

3. The size and combined defect and loop number density after ion irradiation at 200°C
were similar to those resulting from ion irradiation at 35O°C.
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SUBTASK 1.3.2.1: 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-II. 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 vs. 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 >500°C, however. Initial 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 s~l.

IRRADIATION CONDITIONS
Details of the conventional and helium-charging irradiation experiments at <430°C in the FFTF-
MOTA, HFIR, and EBR-II 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).
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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-lSi determined from the irradiation experiments at 200-430°C are plotted in Fig.
1. For the similar temperature range of 380-425°C, 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-II, whereas Heat VX-8 (irradiated in one of the
subcapsules) showed excellent work-hardening capability.

Table 1. Chemical composition of vanadium alloys.
Nominal Comp. Impurity Concentration (wt. ppm)

Heat ID

BL-50

BL-62

BL-52

BL-46

BL-12

BL-15

BL-10

BL-24
BL-40

BL-41

BL-43

BL-49

BL-63a

BL-27

BL-45

QN74b

BL-47

VX-8C

832665d

(wt.%)

l.OTi

3.1Ti

3.1Ti

4.6Ti

9.8Ti

17.7Ti

7.2Cr-14.5Ti

13.5Cr-5.2Ti
10.9Cr-5.0Ti

14.5Cr-5.0Ti

9.2Cr-4.9Ti

7.9Cr-5.7Ti

4.6Cr-5.1Ti

3.1Ti-0.25Si

2.5Ti-lSi

4.0Cr-4.1Ti

4.1Cr-4.3Ti

3.73Cr-3.93Ti

3.8Cr-3.9Ti

O

230

320

210

305

1670

830

1110

1190
470

450

230

400

440

210

345

480

350

350

310

N

130

86

310

53

390

160

250

360
80

120

31

150

28

310

125

79

220

70

85

C

235

109

300

85

450

380

400

500
90

93

100

127

73

310

90

54

200

300

80

Si

1050

660

500

160

245

480

400

390
270

390

340

360

310

2500

9900

350

870

500

783

a80-kg heat fabricated with sponge Ti
^Contains =250 appm boron-10.
c100-kg heat, obtained from Russian Federation, contains (in

wppm) 1120 Al, 280 Fe, 500 Co, 270 Mo, 1280 Nb, 19
Zr.

^500-kg heat produced in Teledyne Wha Chang Albany.
eAll others 15- to 30-kg laboratory heats.
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Table 2. Summary of irradiation experiments

Experiment ID

HFIR

C0BRA-1A2

EBR-HX530

FFTF-nonDHCE

FFTF-DHCE

Subcapsule

200J

400J

V499

V495

S8

S9

many

many

Environment

He

He

Li

Li

Li

Li

Li

Li

Temperature (°C)

200

400

395

379

394

390

427-600

430-600

dpa He/dpa Ratio

10

10

36

31

4

4

14-46

14-27 0.4-4.2

The 30-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-lSi (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.

Table 3. Uniform plastic strain of vanadium-base alloys irradiated at <430C

Heal ID

BLSO

BU2

BL46

BM2
BUS

BL-10

BL-24

BU0

BWI

BU3
BL49

B U 3 1

BW7

BU5

Nominal

Composition

(wl%)

l.OTi

3.1T1

4.6Ti

9.8Ti

17.7Ti

7.2CM4.5TJ

13.5Ct-5.2Ti

10.9Cr-5.OTi

14.5Cr-5.OTi

9.2CM.9Ti

7.9G-5.7Ti

4.6Cr-5.1Ti

3.1Ti-G25Si

2.5Ti-lSi

QN74b 4DCr-4.1Ti-B

BU7

YX-91

832665"

4.1Cr-4.3Ti

3.7Cr-3.9Ti

3.8Cr-3.9Ti

HF1R-200J

200>C,10dpa

0.56

0.66

0.79

2.42

0.66

0.52

0.2

0.4,0.79

HHR-400J

40CPC, lOdpa

0.99

1.18

1.18

2.91

COBRA-1A2/V499

395T.36dpa

1.44

1.44

1.64

4.53

Irradiation Experiment

COBRA-1A2IV495 EBRII-X53O-S8

379"C.31dpa 394,4dpa

0.65

0.75,0.95

0.65

0.80,0.52

1.68, 1.56

0.92,2.23 (CWK

2.62,3.93

EBRII-X53O-S9

390,4 dps

1.07, 1.31

0.82,0.59

0.65,0.45, 0.34,

0.57,0.65

FFTF-nonDHCE

427'C.dpain(46)

3.7(46)

2.8,3.0 (46)

2.8.5.0.3.54. 1.1 (46)

1.2(44)

1.31(33)

1.8,1.5(38-46)

- 3.7(33)

0.3(33)

FFTF-DHCE

43O°C,dpain(25)

1.8, 5.1, 1.4.1.4 (14-27)

1.0(25)

1.8,1.0(14-25)

6.3(25)

1.9,1J 05-27)

a80-kg heat
^Contains =250 appm boron-10
cColdworked material
d100-kg heat obtained from RF
e500-kg production-scale heat; all others, 15- to 30-kg laboratory heats unless otherwise noted
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Fig. 1.

Uniform plastic strain
of four heats of V-4Cr-
4Ti and one heat of V-
3Ti-1 Si irradiated at
200-430°C to 4-46 dpa
in several experiments.
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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. 2. It appears that the threshold
temperature to meet a minimum uniform elongation of 2% (T2%) could be anywhere between
=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.
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Results given in Fig. 5 shows that one heat of V-3Ti-lSi (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-lSi class alloys to low-temperature
work-hardening capability is inherently less than or similar to that of the V-4Cr-4Ti class.
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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.

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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SUBTASK 1.3.2.2: Low Temperature Irradiation Behavior of V-4Cr-4Ti, D. J.
Alexander, L. L. Snead, S. J. Zinkle, and A. F. Rowcliffe (Oak Ridge National Laboratory)

Summary

Irradiation at low temperatures (100 to 275°C) to 0.5 dpa causes significant embrittlement and
changes in the subsequent room temperature tensile properties of V-4Cr-4Ti. The yield strength
and microhardness at room temperature increase with increasing irradiation temperature. The
tensile flow properties at room temperature show large increases in strength and a complete loss of
work hardening capacity with no uniform ductility. Embrittlement, as measured by an increase in
the ductile-to-brittle transition temperature, increases with increasing irradiation temperature, at
least up to 275°C. With increasing neutron dose, embrittlement is expected to occur at higher
temperatures.

Introduction

The U.S. materials program has identified the V-4Cr-4Ti alloy as a primary candidate for structural
applications in Li-cooled fusion systems. Previous neutron irradiation experiments conducted in
fast reactor facilities in the temperature range 420 to 600°C demonstrated a promising degree of
resistance to radiation damage to doses up to -30 dpa [1]. The present work was undertaken to
examine irradiation behavior in the low temperature regime (100 to 275°C) to define lower
operating temperature limits for this alloy.

Experimental Procedure

The material used for this experiment was taken from the 500 kg heat produced by Teledyne Wah
Change Albany (TWCA) for the U.S. Fusion Program (heat 832665). This material contains
approximately 300 ppm O, 85 ppm N, and 80 ppm C (by weight) [2]. This plate was processed
by TWCA and supplied in the form of 6.4-mm thick plate that has been annealed for 2 h at 1050°C,
in a vacuum better than 105 torr. Additional material was supplied as -40% CW sheet, 1 mm
thick.

Subsize Charpy specimens were machined from the annealed plate. These specimens were 3.3 ¥
3.3 ¥ 25.4 mm with a 30° notch, 0.67 mm deep with a 0.08 mm root radius. The notch was
oriented for crack growth perpendicular to the rolling direction (L-T orientation). The specimens
were annealed for 2 h at 1000°C in vacuum (better than 10~7 torr) after machining. The resultant
grain size was 16 (im. Some specimens were fatigue precracked by cyclic loading in 3-point
bending in stroke control, so the load would shed automatically as the crack extended. The final
load was approximately 130 N, and the final crack length to specimen width ratio (a/W) was
nominally 0.5.

Small SS-3 sheet tensiles (0.76 ¥ 1.52 ¥ 7.6 mm gage section) were machined from the cold-rolled
sheet. These specimens were oriented in the longitudinal orientation (parallel to the rolling
direction) and were annealed for 2 h at 1000°C in vacuum (better than 10~7 torr) after machining.
The final grain size of both the Charpy and SS-3 specimens was around 16 |i.m.

The irradiation capsules were designed for insertion into the core thimble position in the High Flux
Beam Reactor at Brookhaven National Laboratory. The experiment consisted of two separate
capsules each containing five subcapsules (Fig. 1). The irradiation temperatures were varied from
100 to 275°C by varying the width of the gas gap for each subcapsule. The capsules were purged
with ultra high-purity He, evacuated with a turbopump (three cycles), and finally filled to 105 Pa.
Each subcapsule contained eight Charpy specimens and four tensile specimens held against the
holder with a roll pin to provide intimate contact between the holder and the specimens to improve
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the heat transfer. Vanadium alloy tensile specimens were not included in the 275°C capsule. Each
subcapsule had one thermocouple that was attached to a Charpy specimen to monitor temperature
throughout the irradiation. One subcapsule in each capsule had two thermocouples (cf Fig. 1) for
continuous temperature measurement and to detect any asymmetry in heat flow distribution.

Thermocouple ID Charpy 1 and 3

Roll Pin

Charpy
<8 Total)

SS3
<4 Total)

Fig. 1. Schematic illustration of a cross-section of the irradiation capsule, showing locating of
the subsize Charpy and tensile specimens i a subcapsule.

Each of the two capsules was irradiated for 545 h (23 days) for estimated fast (E > 0.1 MeV) and
thermal fluences of 8 ¥ 1024 and 3 ¥ 1024 n/m2, respectively. This dose was calculated to produce
about 0.1% Cr and a damage level of 0.4 dpa. Flux monitors in the capsule will be analyzed in
the future to provide a more accurate determination of the fluence. It was noticed that the
temperature typically increased about 10°C during the course of the irradiation, although the reason
for this increase is not clear. The temperatures recorded by the two thermocouples in each
subcapsule differed by <10°C for each irradiation temperature.

The subsize Charpy specimens (both blunt notch and precracked) were tested in air on a pendulum
machine modified for small specimens. The tensile specimens were all tested in air at room
temperature, with a single test for each irradiation temperature. The tensile tests were conducted on
a servohydraulic machine at an initial strain rate of 10-3 s-1. The load vs crosshead displacement
test record was used to determine the tensile properties.

Vickers hardness measurements were made at room temperature with a 500 g load using the grip-
section of SS-3 specimens prior to tensile testing; two specimens were tested in each condition,
with at least 20 VHN measurements on each specimen.

The room temperature resistivity of the unirradiated control and irradiated tensile specimens was
measured prior to tensile testing, using standard 4-point probe techniques (ASTM B 193-87,
Standard Test Method for Resistivity of Electrical Conductor Materials, reapproved 1992). An
electrical current of 100 mA was supplied by a Keithley model 237 Source Measure Unit through
spring-loaded electrical contacts located in the end tab regions of the specimens. The potential drop
in the gage region of the specimen was measured between two spring-load electrical contacts that
were separated by a distance of 7.1 mm with a Keithley model 183 Sensitive Digital Voltmeter with
a low thermal connector (resolution limit of 1 nV). Potentials associated with thermal emfs in the
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electrical leads were subtracted by using the "relative reading" function of the model 182 voltmeter.
Three different tensile specimens were measured for each irradiation temperature. The typical
measured resistances were -1.5 to 1.8 mW. The gage dimensions were measured to an accuracy
of ±2 urn in two different locations using a Mitutoyo digital micrometer in order to convert the
resistance measurement to resistivity values. The experimental error in the resistivity
measurements was mainly due to uncertainties in the gate cross-sectional area; the typical measured
standard error was ±0.7 nW-m. The temperature was recorded for each measurement (24.5 to
25°C), and the data were corrected to a reference temperature of 20°C using the V-Ti-Cr alloy
resistivity temperature coefficient [3,4,5] of 0.75 nW-m/K.

Results and Discussion

The room temperature yield strength and hardness are increased significantly by irradiation from
100 to 275°C(Fig. 2). The increase in yield strength and hardness increases with increasing
irradiation temperature, and the yield strength and hardness show similar responses to irradiation.
In addition, the tensile flow properties at room temperature change significantly. For each
irradiation temperature there is a complete loss of work hardening capability (Fig. 3). Following
yielding, the material fails rapidly through plastic instability.

780

760

740

620

Unirradiated Yield Strength 326.5 MPa
.Strain Rate lxl0"3/s
"Horizontal Bars Represent Temperature
Range During Irradiation

Yield Strength

Unirradiated Hardness 133.4 +/- 0.8 VHN
500 gload
Standard Error of Irradiated Material +/-1 VHN

280

270

260

250

240

230

220

210

200

n

S
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•1
CU3n
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100 150 200 250

Mean Irradiation Temperature (C)
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Fig 2. Effect of irradiation on yield strength and microhardness, measured at room temperature.
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Fig. 3. Stress-elongation curves measured at room temperature, showing the significant decrease
in total elongation and the complete loss of work hardening capacity following irradiation.

Irradiation at these temperatures (100 to 275°C) produces a very large increase in the ductile-to-
brittle transition temperature (DBTT) and a large decrease in the upper-shelf energy (USE) (see
Fig. 4). The shift in the DBTT increases with increasing irradiation temperature.

The precracked specimens have higher DBTTs than the blunt notch specimens irradiated at the
same temperature. The USE is much lower, primarily due to the greatly reduced cross-sectional
area for the precracked specimens.

The existence of a radiation-damage regime associated with rapid hardening and susceptibility to
brittle cleavage failure is a common characteristic of BCC metals and alloys. However, the
magnitude of the property changes in the V-4Cr-4Ti alloys were larger than those observed, for
example, in many reduced activation ferritic-martensitic steels irradiated at ~250°C [6]. Other
factors which could contribute to the observed embrittlement are (a) the inadvertent introduction of
hydrogen during pre or postirradiation handling and (b) the pick-up of oxygen and nitrogen from
the capsule atmosphere during irradiation. These are considered remote possibilities; hydrogen-
induced embrittlement has never been observed as a result of the handling procedures used for
unirradiated specimens at ORNL and the irradiation temperatures are too low for significant
transfer of interstitials into the specimen interior to occur. Nevertheless, two experiments were
carried out to test these possibilities.

Several irradiated Charpy specimens were annealed at 400°C for 1 hr in a vacuum of 10~7 torr.
These conditions were chosen to remove hydrogen while minimizing recovery of radiation
damage. The results of subsequent Charpy testing of these specimens are indicated by the solid
symbols in Fig. 5. It can be seen that vacuum annealing did not result in significant recovery of
impact properties, and it is concluded that hydrogen-pick-up is not a significant factor in the
observed embrittlement.
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Fig. 4. Impact properties of V-4Cr-4Ti, showing significant embrittlement due to irradiation.
Top: blunt notched speciments; bottom: fatigue precracked specimens.
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Fig. 5. A comparison of impact properties of specimens after annealing 1 h at 400°C in vacuum
with as-irradiated specimens. Annealing had little effect on the impact properties. Top:
blunt notched specimens; bottom: precracked specimens.

In a second experiment, one set of unirradiated pre-cracked specimens was placed in aluminum
capsules and helium back-filled using procedures identical to those used for the subcapsules for the
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irradiation experiment. These capsules were then held at 275°C or 400°C for 21 days. This
exposure was sufficient to produce surface oxide films on both sets of specimens. The results of
impact tests on the specimens are shown in Fig. 6. At the lower temperatures, impact energies
were somewhat above those for the as-annealed specimens, whereas the higher temperatures,
impact energies were slightly lower. However, it is quite clear that the helium-exposed control
specimens do not exhibit the completely brittle behavior of the irradiated specimens tested over the
same temperature range.

V-4O-4T I
ANNEALED 1000°C/2 h
PRECRACKED 1/3 CHARPY
IRRAOIATEO TO O.S dpo IN HFBR

O UNIRRADIATEO
Q IRRAOIATEO AT IOB*C
O IRRAOIATEO AT 204*C
A IRRADIATED AT 235°C

i UNIRRAOIATED, HELD AT 27S*C
UNIRRADIATED. HELD AT 400*C

•200 - ISO -100 -50 0 50 100 150

TEMPERATURE <°C)
200 250 300 350

Fig. 6. Impact properties of precracked unirradiated specimens after holding for 21 days at 275
or 400°C in He atmosphere, as compared to unirradiated specimens. Holding at 275 or
400°C had little effect on the impact properties, indicating that no embrittling interstitials
were picked up from the He atmosphere.

The room temperature resistivity measurements provide further evidence that interstitial elements
are not creating the embrittlement. The room-temperature resistivity increased for irradiation at
108°C as compared to the unirradiated materials (see Fig. 7). This increase in resistivity is solely
due to generation of point defect clusters in the lattice, since this temperature is too low for O, C,
or N migration in vanadium. The measured migration temperatures and migration enthalpies of C,
O, and N in vanadium for 1 h isochronal anneals are ~185°C (1.18 eV), ~185°C (1.26 eV), and
~275°C (1.48 eV) [7]. Similar activation energies have been obtained for oxygen diffusion in V-
4Cr-4Ti alloys [8]. After irradiation to 0.4 dpa at ~200°C, the resistivity was similar to the
unirradiated value. Electron microscopy studies performed on vanadium irradiated to -0.1 dpa
have found that the defect cluster density decreased by about an order of magnitude as me
irradiation temperature increased from 70 to 200°C [9]. Therefore, the lower resistivity of the
HFBR specimens irradiated at ~200°C compared to 108°C is likely mainly due to a reduced defect
cluster density. In addition, C and O interstitial solutes have moderate mobility at these
temperatures [7]. These solutes could migrate to the remaining defect clusters and increase the
dislocation barrier strength of the clusters, in a manner analogous to radiation anneal hardening.
This proposed interstitial solute strengthening of defect clusters is a possible explanation for the
observed increase in microhardness and tensile strength of vanadium irradiated at 200°C compared
to 108°C. The observation that the resistivity did not increase dramatically at an irradiation
temperature of ~200°C indicates that the observed increase in radiation hardening was not due to
solution hardening from pickup of O or C interstitial solutes from the surrounding environment.
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The specific resistivities for O, C, and N solutes in vanadium are -54 to 87 nW-m/at.% solute [7].
Therefore, the incorporation of significant (>1000 appm) concentrations of O or C in the matrix as
solid solution impurities would have caused an easily detected (>5 nW-m) increase in the
resistivity. The resistivity measured for an irradiation temperature of 240°C was less than that
measured in unirradiated controls. One possible explanation for this result is that ballistic
dissolution of the submicroscopic precipitates containing Ti-(O, C, N) has occurred, and that many
of the O, C, and N interstitials have migrated to defect clusters. This process would cause a
reduction in the measured resistivity compared to the unirradiated alloy if the defect cluster density
was much lower than the initial submicroscopic precipitate density, since the resistivity per solute
atom should decrease with increasing size. This process would also explain the observed increase
in radiation hardening at 240°C compared to the 200°C irradiation (increased barrier strength of
defect clusters containing interstitial solute atoms). Additional work, including transmission
electron microscopy, is needed to verify this proposed explanation for the temperature-dependent
radiation hardening behavior of V-4Cr-4Ti alloys.
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Resistivity and microhardness after irradiation, as measured at room temperature.

Summary and Conclusions

It is clear from this experiment that irradiation to 0.5 dpa at low temperatures (100 to 275°C) causes
significant embrittlement of V-4Cr-4Ti. This embrittlement is not due to pickup of interstitial
solutes during the irradiation, but is directly related to radiation hardening. The degree of
embrittlement increases with increasing irradiation temperature, at least up to 275°C. The
resistivity results suggest that the effectiveness of defect clusters as barriers to dislocation motion is
enhanced by the migration of oxygen and carbon to defect clusters at temperatures above ~200°C.

Irradiation at these low temperatures causes significant changes in the subsequent tensile flow
properties at room temperature, with large increases in strength and a complete loss of work
hardening capacity with no uniform ductility. The loss of work hardening may be related to
dislocation channeling; further work is needed to characterize the defect microstructure produced
during irradiation to identify the mechanism of hardening.
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The impact data for the 235 and 274°C irradiation temperatures are identical, which indicates that
for a neutron dose of -0.5 dpa, maximum hardening and embrittlement occurs at around 250 to
285°C. At higher neutron dose levels, it is expected that large increases in DBTT will occur at
higher irradiation temperatures.

Further testing of fracture toughness specimens is needed to quantify the fracture behavior of V-
4Cr-4Ti and to produce data that could be used in specific design situations. However, the CVN
data presented here is sufficient to indicate that, under dynamic loading conditions, a V-4Cr-4Ti
structure would be prone to brittle behavior after accumulation of -0.5 dpa at operating
temperatures below ~300°C.
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SUBTASK 1.3.2.3: TENSILE PROPERTIES OF V-(4-15)Cr-5Ti ALLOYS
IRRADIATED AT 400°C IN THE HFIR, H. M. Chung, L. Nowicki, and D. L. Smith,
(Argonne National Laboratory)

SUMMARY

V-(4-15)Cr-5Ti alloys were irradiated in a helium environment to =10 dpa at =400°C in the
High Flux Isotope Reactor (HFIR). This report presents results of postirradiation tests of tensile
properties of V-4Cr-4Ti, V-8Cr-6Ti, V-10Cr-5Ti, and V-15Cr-5Ti. Despite concerns on the
effects of transmutation of vanadium to Cr and impurity pickup from the helium environment, all
of the alloys exhibited ductile tensile behavior. However, the alloys exhibited ductilities
somewhat lower than those of the specimens irradiated to a similar dose and at a similar
temperature in an Li environment in fast reactors. Uniform plastic strain in the V-Cr-(4—5)Ti
alloys decreased monotonically with increasing Cr content.

INTRODUCTION

Recently, attention to the vanadium alloys has focused on V-Cr-Ti ternary alloys containing =5
wt.% Ti. Most of the data base information on the irradiation performance of these alloy class
was obtained from specimens irradiated in an Li environment in fast reactors such as the Fast
Flux Text Reactor (FFTF) and EBR-II. In the present irradiation experiment in the HFIR, a
large number of vanadium-base alloys were irradiated to investigate their performance at 200
and 400°C in a helium environment. A primary concern on the irradiation performance at 400°C
in the HFIR has been the effects of corrosion of the alloys by uptake of impurities (such as O, C,
and N) from the helium environment.

A higher Cr content in V-Cr-5Ti ternary alloys is known to provide better resistance to
corrosion, as well as higher strength, whereas more pronounced irradiation-induced
embrittlement is a major drawback of the high-Cr alloys. Therefore, several alloys of the
V-(4-15)Cr-5Ti family, i.e., V-4Cr-4Ti, V-8Cr-6Ti, V-10Cr-5Ti, and V-15Cr-5Ti, were
irradiated at =400°C to determine the effects of Cr on mechanical properties and density change.
This report presents results of postirradiation tests of tensile properties of these alloys irradiated
at 400°C. Tensile tests on alloys irradiated at 200°C are in progress, and initial results indicate
very different brittle-type behavior for most of these alloys. Therefore, the irradiation
performance at 200°C will be reported in separate.

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 that had been annealed at a nominal temperature of
=1125°C. 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 400°C in flowing argon at a strain rate of

0.0011 s~l. The thickness and gauge width of each specimen were measured individually before
each tensile test.

139



The tensile specimens were irradiated in the MFE-RB* 400J-1 capsule in the removable
beryllium (RB*) position in the HFIR. The specimens were irradiated at =400°C to -10 dpa in
circulating helium. Details of the capsule design and irradiation conditions are reported in Ref.
1. 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.
The Hf shield was designed to tailor the neutron spectrum to closely simulate the fusion-relevant
helium-to-dpa ratio in stainless steels (i.e., =14 appm/dpa) rather than in vanadium. Under these
irradiation conditions, appreciable transmutation of vanadium to Cr is expected. According to
the calculation reported by Gomes and Smith, Cr content in V-4Cr-4Ti is predicted to increase

to =5.6 wt.% after irradiation to =10 dpa in the Hf-shielded capsules in HFIR.2 At this time,
however, results of chemical analysis of Cr in the vanadium alloys are not available.

Table 1. Chemical composition of vanadium alloys irradiated at
400°C in HFIR

Heat ID
BL-41
BL-43
BL-49
BL-47

Nominal
Comp.
(wt.%)

14.5Cr-5.0Ti
9.2Cr-4.9Ti
7.9Cr-5.7Ti
4.1Cr-4.3Ti

Impurity Concentrations

0
450
230
400
350

(wt.ppm)
N
120
31
150
220

C
93
100
127
200

Si
390
340
360
870

RESULTS AND DISCUSSION

Tensile properties of the alloys irradiated at 400°C in a helium environment in HFIR were
similar to the tensile properties measured after irradiation in a lithium environment in the
sodium-cooled fast reactor FFTF. Ductile behavior of V-4Cr-4Ti, V-8Cr-6Ti, V-10Cr-5Ti,
and V-15Cr-5Ti alloys was manifested by significant levels of uniform plastic elongation, total
elongation, and work-hardening capability. This is shown, as an example, in the stress-strain
curve of V-8Cr-6Ti (Heat ID BL-49) in Fig. 1. Similar stress-strain curves of the same heat,
determined after irradiation in Li-bonded capsules in the FFTF, are also shown in the figure for
comparison.

In the latter types of irradiation in an Li environment, tensile properties of V-8Cr-6Ti were
determined after irradiation at the comparable temperature of =420°C under the condition of

significant helium generation in the Dynamic Helium Charging Experiment 3 (DHCE) and under
a non-DHCE condition (with negligible helium generation). In spite of the lower damage level
of ==10 dpa in the HFIR, total elongation was somewhat lower than the elongation measured after
irradiation to =31-34 dpa in Li environment under both DHCE and non-DHCE conditions.
Although the relative effect of increased Cr (from transmutation) and impurities (from the
helium environment) must be determined quantitatively from postirradiation chemical analysis,
the lower elongation in the HFIR specimen is believed to be associated primarily with
vanadium-to-Cr transmutation and higher impurity contamination such as oxygen from the
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circulating helium. The slightly lower irradiation temperature is also conducive to somewhat
lower tensile ductility.

In Figs. 2 and 3, effects of Cr (concentration measured before irradiation) on tensile strength and
ductility are shown for the present family of V-(4-15)Cr-5Ti alloys. Uniform plastic elongation
decreased significantly (to <2%) for Cr > 7 wt.%. However, V^Cr-^JTi retained good ductility
and high strength.
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Fig. 1.
Comparison of stress vs. strain
curves of V-8Cr-6Ti irradiated at
400-420°C in helium in HFIR and in
lithium in FFTF in non-DHCE and
DHCE.

Fig. 2.
Effects of Cr content on yield and
ultimate tensile strength of
V-(4-15)Cr-5Ti alloys irradiated at
=400°C to =10 dpa in helium in the
HFIR.

Fig. 3.
Effects of Cr content on total strain
and uniform plastic strain of
V-(4-15)Cr-5Ti alloys irradiated at
=400°C to =10 dpa in helium in the
HFIR.
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CONCLUSIONS

1. Despite concerns about the effects of vanadium-to-Cr transmutation and impurity pickup
from the helium environment, V-4Cr-4Ti, V-8Cr-6Ti, V-10Cr-5Ti, and V-15Cr-5Ti alloys
exhibited ductile tensile behavior after irradiation at 400°C to =10 dpa in the HFIR.

2. The alloys exhibited ductilities somewhat lower than those of the specimens irradiated to a
similar dose at similar temperature in an Li environment in fast reactors. Vanadium-to-Cr
transmutation by thermal neutrons and impurity uptake from helium such as oxygen are
believed to be the primary factors.

3. Uniform plastic elongation in V-(4-15)Cr-5Ti alloys decreased significantly (to <2%) for
Cr > 7 wt.%. However, the V-4Cr—4Ti alloy specimens, predicted to have a composition
close to V-5.6Cr-5Ti after the irradiation to =10 dpa, retained good ductility and high
strength.
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SUBTASK 1.3.2.4: TENSILE PROPERTIES OF VANADIUM ALLOYS
IRRADIATED AT 390C°C in EBR-II, H. M. Chung, H.-C. Tsai, 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-IIX-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-lSi 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-lSi
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.

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
< 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)1 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-II 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.
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IRRADIATION CONDITIONS

Details of the X-530 experiments, the last irradiation experiment in EBR-II before its shutdown,
are described elsewhere.4 The tensile spevcimens were irradiated at =390-394°C to =4 dpa in 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).

Table 1. Chemical composition of vanadium alloys irradiated to ~4 dpa at
=390°C in lithium in the EBR-IIX530 experiment

Heat ID

BL-45

BL-62

BL-46

QN74a

BL-63

VX-8b

832665C

Irradiated in

Subcapsule

S8

S8

S8

S9

S8

S8 and S9

S9

Nominal Compo.

(wt.%)

2.5Ti-lSi

3.1Ti

4.6Ti

4.0Cr-4.1Ti-B

4.6Cr-5.1Ti

3.73Cr-3.93Ti

3.8Cr-3.9Ti

Impurity

O

345

320

305

480

440

350

310

Concentration (wt.

N

125

86

53

79

28

70

85

C

90

109

85

54

73

300

80

ppm)

Si

9900

660

160

350

310

500

783

Contains =250 appm boron-10.

"lOO-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 Wha Chang Albany.

^All others are 15- to 30-kg laboratory heats.

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 IB, 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 S9, 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.
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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.

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
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possibly, due to subtle differences in irradiation conditions. This behavior was, however, not
observed at irradation temperatures > 500°C.

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

1. Vanadium alloys were irradiated in two Li-bonded Type 304 stainless steel subcapsules to ~4
dpa at =390°C in the X53O experiment in EBR-H. 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-hardeninhg capability, which was manifested by very low uniform
plastic strains.

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

3. 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.

4. A 15-kg heat of V-3Ti-lSi (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.

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

Chemical analysis and microstructural characterization will be conducted, with a focus on
specimens from V-3Ti-lSi (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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SUBTASK 1.3.2.5: 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-(l-18)Ti, V-4Cr-4Ti, V-8Cr-6Ti, V-9Cr-5Ti, V-3Ti-lSi, 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-18TL 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 neglible 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).l 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-ITi, V-5Ti, V-lOTi, V-18Ti, V-4Cr-4Ti,
V-8Cr-6Ti, V-9Cr-5Ti, V-3Ti-lSi, 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.

The tensile specimens were irradiated in the MFE-RB* 200J-l 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.
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Table 1. Chemical composition of vanadium alloys
irradiated to =10 dpa at 200°C in helium in the
HFIR

Heat ID

BL-50
BL-46
BL-12
BL-15

BL-47
BL-49
BL-43

BL-45
BL-60

Nominal Comp.

(wt.%)

1.0Ti
4.6Ti
9.8Ti
17.7Ti

4.1Cr-4.3Ti
7.9Cr-5.7Ti
9.2Cr-4.9Ti

2.5Ti-1Si
3Ti-0.1C

Impurity

O

230

305

1670
830

350

400

230

345
-

Concentration

N

130

53

390

160

220

150

31

125
-

(wt. ppm)

C

235

85

450

380

200

127

100

90
-

Si

1050
160

245

480

870

360

340

990C
-

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 HFTR were similar to the tensile properties
reported for the 500-kg 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.l
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.

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 understanding
of the mechanism(s) of loss of work-hardening capability, microstructural characterization is being
conducted by means of several metallographic techniques.
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CONCLUSIONS

1. Uniform plastic strain of V-ITi, V-5T1, V-lOTi, V-4Cr-4Ti, V-8Cr-6Ti, V-9Cr-5Ti, V-3Ti-
lSi, 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 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.

2. 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.

3. Loss of work-hardening capability of vanadium alloys at low irradiation temperatures (<430°C)
seems to vary strongly from heat to heat, indicating that minor impurities and fabrication
procedures are important factors.
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SUBTASK: 1.3.2.6 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-lSi (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.1 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-lSi (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-lSi 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-lSi 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-lSi 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.1 Following that investigation, effects
of simultaneous neutron irradiation and helium generation in these alloys were investigated in the Dynamic Helium
Charging Experiment (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-lSi, 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 =l-mm-thick cold-worked sheets, were annealed in high vacuum for 1 h at 1125°C (V-4Cr-4Ti) or
1050°C (V-3Ti-lSi and V-5Ti).

The alloy 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 10^2 n/cm^ to 4.8 x 10^3 n/cm^ which correspond to 14-27 dpa in vanadium. Helium in the alloy specimens was
produced by utilizing transmutation of controlled amounts of ^Li and predetermined amounts of tritium-doped
vanadium mother vanadium immersed in ^Li + ^Li. Table 2 summarizes actual postirradiation parameters determined
from tensile and disk specimens of the V-4Cr-^Ti 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.
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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 1. Chemical composition of alloys investigated.

Alloy
ANLID
B1^45
BI^-46
B1^47

Ingot
Size (kg)

15
15
30

Nominal Composition
(wt.%)

V-2.5Ti-lSi
V-4.6Ti

V-4.1Cr-4.3Ti

O
345
305
350

Impurity Composition (wppm)
N
125
53

220

C
90
85

200

Si
9900

160
870

Table 2. Summary of irradiation parameters of Dynamic Helium
Charging Experiment, and helium and tritium contents
measured in V-4Cr-4Ti.

Capsule
ID No.

Irradiation
Temp.

(°C)

Total
Damage

(dpa)

Measured
Helium
Content
(appm)

Actual Helium
to dpa Ratio

(appm/dpa)

Measured
Tritium
Content
(appm)

4D1
4D2
5E2
5D1
5E1
5C1
5C2

430
430
430
500
500
600
600

25
27
14
14
16
14
18

11.2-13.3
22.4-22.7

3.3-3.7
14.8-15.0
6.4-6.5
8.4-11.0

74.9-75.3

0.48
0.84
0.25
1.07
0.40
0.69
4.17

27
39
2

4.5
1.7
20
63

Tensile properties were measured at 23°C, 100°C, 200°C, and at the irradiation temperatures in flowing argon at a

strain rate of 0.0011 s~*. 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 (14-27 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-lSi (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.

Effects of Test Temperature

Yield strength, ultimate tensile strength, uniform plastic strain, and total 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-lSi 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-lSi irradiated at =430°C in a DHCE exhibit a temperature dependency similar to that of the
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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 ID #832665) in a
conventional irradiation experiment (X-530 experiment) in Li-bonded stainless steel capsules in EBR-II to =4 dpa at
=390°C.4 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 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.
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Fig. 1. Yield strength (A), ultimate tensile strength (B), uniform plastic strain (C), and total plastic strain
(D) ofV-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).

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

In contrast to V-4Cr-4Ti, the 15-kg V-3Ti-lSi (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.
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Helium Effect at =430°C

Interestingly, ductilities of the DHCE specimens of V-4Cr-4Ti and V-3Ti-lSi 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-lSi 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 vs. 14-27 dpa.

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-lSi-Y,Al alloy (irradiated at =430°C in DHCE to =24 dpa, 177

appm He),^ is believed to be important in evaluating the performance of V-4Cr-4Ti and V-3Ti-lSi 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 of a fusion reactor. In
this respect, V-3Ti-lSi 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 properties of V-4Cr-4Ti and V-3Ti-lSi alloys at 300-470°C at higher dose (>30
dpa) and higher helium/dpa ratio (=4-5 appm He/dpa).
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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-JSi (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).

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-lSi (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
Dynamic Helium Charging Experiment increased monotonically for decreasing test temperature.

2. Uniform and total plastic strains of V-4Cr-4Ti and V-3Ti-lSi 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.
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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.

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 Dynamic Helium Charging Experiment 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 elongation was a result of strong localization of plastic deformation rather than material
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.

5. In contrast to V-4Cr-4Ti (BL-47), a 15-kg heat of V-3Ti-lSi (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-lSi
alloys, because susceptibility to 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-lSi appears to be more advantageous than V-4Cr-4Ti,
although other factors such as creep strength of the alloy could be inferior.
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1. Tensile data obtained from conventional irradiation experiments (i.e., negligible helium generation), especially
data for <500°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-lSi 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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SUBTASK 1.3.3.1: ATR-A1 IRRADIATION EXPERIMENT ON VANADIUM
ALLOYS AND LOW-ACTIVATION STEELS, H. Tsai1, R. V. Strain1,1. Gomes1, A. G.
Hins1, and D. L. Smith1, H. Matsui2 (Argonne National Laboratory)' (Tohoku University)2

SUMMARY

To study the mechanical properties of vanadium alloys under neutron irradiation at low
temperatures, an experiment was designed and constructed for irradiation in the Advanced Test
Reactor (ATR). The experiment contained Charpy, tensile, compact tension, TEM, and creep
specimens of vanadium alloys. It also contained limited low-activation ferritic steel specimens as
part of the collaborative agreement with Monbusho of Japan. The design irradiation temperatures
for the vanadium alloy specimens in the experiment are =200 and 300 C, achieved with passive
gas-gap sizing and fill-gas blending. To mitigate vanadium-to-chromium transmutation from the
thermal neutron flux, the test specimens are contained inside gadolinium flux filters. All specimens
are lithium-bonded. The irradiation started in Cycle 108A (December 3, 1995) and is expected to
have a duration of three ATR cycles and a peak fluence of 4.5 dpa.

OBJECTIVE

The principal objective of the ATR-A1 irradiation experiment is to obtain mechanical property data
for vanadium alloys irradiated at two low temperatures (=200 and 300°C). Such data, important
for fusion first-wall/blanket applications, are presently lacking.

DESCRIPTION OF EXPERIMENT

Advanced Test Reactor f ATR)

The ATR is a light-water-moderated and -cooled reactor with highly enriched uranium in plate-type
fuel. The cooling water enters the reactor core, which is 1.22 m (4 ft) high, from the top at a
nominal temperature of =52°C. Forty fuel elements are arranged in a serpentine pattern that forms
four corner lobes and one central lobe. The ATR-A1 experiment is a drop-in capsule occupying
the A-10 irradiation channel in the southeast lobe. Compared to other available irradiation
positions, the A-10 channel has among the highest fast neutron fluxes and lowest thermal fluxes in
ATR. Although the reactor is water cooled, with double encapsulation and other precautions,
lithium can be used as the thermal bond for the specimens in the subcapsules. Lithium bonding
ensures a high degree of temperature uniformity and impurity control for the vanadium alloy
specimens.

The nuclear power for the southeast lobe where the ATR-A1 experiment resides is 25 MW and is
projected to remain at that level for the duration of the experiment. (This power level is somewhat
lower than the initial forecast of 27 MW, the design specification for the vehicle. The reduced
power would thus have a corresponding effect on the specimen temperature and fluence. All
temperature and dpa data reported in this article are based on the actual 25 MW power.)

Irradiation Vehicle

The irradiation vehicle is a drop-in capsule consisting of four segments and a handling fixture. The
test specimens are contained in lithium-bonded subcapsules that are placed in the gas-filled capsule
segments. Configuration of the capsule segments is shown in Fig. 1. The upper two capsule
segments (AC4 and AC3) each contain three subcapsules, the third segment (AC2) contains five
subcapsules, and the bottom segment (AC1) contains four subcapsules. With a few exceptions,
the capsule segments are constructed to the ASME Boiler & Pressure Vessel Code, Section III.
The materials for both the capsule tube and end fittings are Type 304 stainless steel. The tubing for
the bottom and top segments has an OD of 0.580 in. and an ID of 0.546 in., and that for the two
middle segments has an OD of 0.580 in. and an ID of 0.540 in. The variations of the inside
diameter, i.e., gap width, in conjunction with the fill gas selection, provide the test temperature
control for the subcapsules. The fill gases are 15%Ar-85%He for segment AC4; pure He for AC3
and AC2; and 5%Ar-95%He for AC1. All gases are purchased pre-blended. The fill gas is
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pressurized to 130 psig at room temperature to partially counterbalance the ATR system pressure of
=335 psig.
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Fig. 1. Schematic of ATR-A1 Showing Capsule Segments and Subcapsule Locations

The test specimens are contained in 15 subcapsules, numbered ASl, AS3 through AS 14, AS 16
and AS 17. Their locations in the capsule segments are shown in Fig. 1. Subcapsules AS4 and
AS 16 contain only ferritic steel specimens; the remaining subcapsules contain only vanadium alloy
specimens. The subcapsule end fittings and tubes are Type 304 stainless steel. The end fittings
center the subcapsule in the capsule segments, thereby maintaining the gas gap between the two.
The dimensions of all but one subcapsule, are 0.530 in. OD x 0.500 in. ID x 3.07 in. long. The
exception is SA7, which has the same diameters but a length of only 2.00 in.

A gadolinium filter set, consisting of a tube, a top end disk and a bottom end disk, is used in each
subcapsule to reduce the thermal neutron flux. The filter tubes for all but two subcapsules (SA3
and AS 10) are 0.490 in. OD x 0.354 in. ID. For SA3 and SA10, which contain disk compact
tension (DCT-A) specimens with an outside diameter of 0.378 in., the filter tube is thinned to
produce an inside diameter of 0.390 in. These two subcapsules are located away from the
midplane of the reactor (see Fig. 1) to limit their exposure to a level commensurate with the
reduced filter thickness. The end disks for all filters are 0.490 in. dia. and 0.075 in. thick. Pretest
physics calculations indicate that the filter thicknesses are adequate for the irradiation and will limit
vanadium-to-chromium transmutation at discharge to <0.5 wt.%, the compositional tolerance of
the as-procured alloy materials.

A predetermined weight of lithium is charged in each subcapsule to provide the heat transfer
medium. The lithium, in the form of a solid disk, is loaded into the subcapsules first. After the
specimens and filter are loaded, the subcapsule is heated to melt and settle the lithium and wet die
surfaces. All operations with exposed lithium are performed in a glovebox with an ultrahigh-purity
helium atmosphere.

Dosimeters for determining the spectral and spatial distributions of neutron flux are incorporated in
the ATR-A1 experiment. Two spectral/spatial sets and three spatial sets are loaded in selected
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subcapsules. The monitoring materials are Fe, Ti, Nb, Cu, Mn-20% Cu, and 0.1% Co-Al for the
spectral data and Fe and 0.1% Co-Al for the spatial data. All monitoring materials are wires of
=0.030-in. dia. x 0.15-in length. The wires are individually contained in high-purity vanadium
capsules sealed with a laser weld. The placement of the dosimeters in the ATR-A1 subcapsules is
shown in Table 1.

Six melt-wire temperature monitors, three for low temperature (~200°C) and three for high
temperature (=300°C), are included to provide data on the peak temperature experienced during the
irradiation. The monitoring materials are Pb/Sn alloy, Se, Sn, and Bi for the low-temperature
monitors and Sn, Bi, Pb, and Zn for the high-temperature monitors. All materials are in the form
of 0.025 to 0.030-in. dia. wires or particles and sealed in vanadium alloy holders. Locations of
the temperature monitors in the capsule are given in Table 1.

Thermal Analysis

Physics calculations were performed by both ATR and ANL personnel to predict the gamma
heating rates in test specimens and construction materials in the ATR-A1 experiment. Based on the
calculated gamma heating rates (as functions of axial position), the capsule, subcapsule, and
specimen temperatures were calculated with the THTB heat transfer code. The predicted specimen
temperatures in the subcapsules, based on a 25-MW lobe power, are summarized in Table 2.

Damage Calculation

Damage (displacement per atom, or dpa) in the vanadium alloy specimens was predicted by ATR
personnel on the basis of a lobe power of 27 MW. Correcting for the reduced lobe power of 25
MW and using the projected irradiation duration of 133 EFPDs, peak damage is estimated to be
4.54 dpa near the core midplane. The spatial distribution of damage as affected by the axial flux
profile is shown in Table 2.

U.S. Vanadium Alloy Test Matrix

• The key variables of the U.S. test matrix areMaterial (Heats 832665, T87, T89, T90, T91,
T92, BL-47 and the boron-doped BL-70) (see Table 3),

• Heat treatment conditions (final vacuum annealing at 1000°C for 1.0 or 2.0 h),
• Weldment (EB, laser, and resistance),
• Irradiation temperatures (=200 and 300°C).

The test specimen types are Charpy, tensile, compact tension, transmission-electron-microscope
disks, and biaxial creep (pressurized tubes); a summary of the test matrix is presented in Table 4.

Pressurized creep specimens of vanadium alloys are being irradiated for the first time. The creep
specimens are 0.180 in. OD x 0.160 in. ID x 1.0 in. long tubes with welded end plugs. The tubing
is produced by a repeated drawing/cleaning/annealing process on a piece of V-4wt.%Cr-4wt.%Ti
material from the 832665 heat. The circumferential plug-to-tube welds are made with an electron-
beam welder in vacuum. The specimen is then pressurized, through a 0.010-in. dia. hole in the
top end plug, with high-purity helium in a high-pressure chamber. The final closure weld of the
0.010-in. dia. hole is made with a laser through the quartz window in the chamber. The pressure
loadings and calculated hoop stresses in the specimens are shown in Table 5.
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Table 1. Loading Diagram of ATR-Al Specimens and Monitors

Subcap. Target Test
PP.. NO. Temp. Mtti
X5 AS! 200 V

14 AS3 200 V

13 AS* 200 FS

12 ASS 200 V

11 AS6 200 V

tO ASS 200 V

9 AS9 300 V

8 AS10 300 V

7 ASH 300 V

6 AS12 300 V

5 AS14 300 V

4 AS16 300 FS

3 AS7 300 V

2 AS13 300 V
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The main variables of
vanadium alloys are V|-4Cr
of specimens are made
the effects of specimen
Table 6.

it Matrix

126 0
126 0

the JP vanadium test matrix are material and temperature. The major JP
-4Ti-0.1Si, V-3Fe-4Ti-0.1Si and V-5Cr-5Ti-lYSiAl. A small number

from the U.S. V-4Cr-4Ti (Heat 832665) for comparison purposes to check
geometry on measured data. A summary of the JP test matrix is given in
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Table 2. Predicted Specimen Temperature and DPA in ATR-A1 Subcapsules *

Position
Subcap.
Number

Test
Mat'l

Gas Ga
(mils)

Gas
Compositio

Target
Temp.
CO

Predicted
Temp.
(°C)2

Predicte
d
dpa

15
(top)
14
13
12
11
10
9
8
7
6
5
4
3
2

, 1

AS1

AS3
AS4
AS5
AS6
AS8
AS9
AS 10
ASH
AS 12
ASH
AS 16
AS7
AS 13
AS 17

V

V
FS
V
V
V
V
V
V
V
V
FS
V
V
V

8

8
8
5
5
5
5
5
5
5
6
8
8
8
8

He-15%Ar

He-15%Ar
He-15%Ar
He
He
He
He
He
He
He
He
He-5%Ar
He-5%Ar
He-5%Ar
He-5%Ar

200

200
low
200
200
200
300
300
300
300
300
high
300
300
200

138

185
261
200
220
244
270
285
282
278
282
333
284
243
202

0.68

1.42
2.11
2.92
3.42
3.83
4.14
4.46
4.54
4.38
3.98
3.71
2.92
2.25
1.42

1Based on current projection of 25 MW lobe power and 133 KFPDs exposure.
2Averaged specimen temperatures in subcapsules, some with two tiers of specimens. In
subcapsules with creep specimens, upper-tier temperature may be slightly lower and
lower-tier temperature may be slightly higher than indicated, due to reduced gamma
heating from low-mass creep specimen in upper tier.

Table 3. Nominal Compositions of the Heats

832665

T89

T91

BL-47

V-4wt.%Cr-
4wt.%Ti.
V-4wt.%Cr-
4wt.%Ti.
V-3wt.%Cr-
4wt.%Ti.
V-4wt.%Cr-
4wt.%Ti.

T87 V-5wt.%Cr-5wt.%Ti.

T90 V-6wt.%Cr-6wt.%Ti.

T92 V-6wt.%Cr-3wt.%Ti.

BL-70 V-4wt.%Cr-4wt.%Ti.,
appmB)

(250

Specimen Loading in Subcapsules

The specimens in all subcapsules except SA3, SA7 and AS13 are loaded in two tiers, with the
bottom tier providing a base to support the specimens in the upper tier. Subcapsules SA3 and
SA13 contain exclusively DCT-A specimens, which are cylindrical disks stacked on top of one
another. Subcapsule 7 is short and contains only one tier of specimens. Loading of the U.S. and
Japanese vanadium alloy specimens in the subcapsules are mixed to achieve a high packing
density.

A total of 154 tensile specimens, 144 Charpy specimens, 19 DCT-A specimen, 10 creep
specimens, and 610 TEM disk are loaded in the ATR-A1 experiment. The locations of these
specimens in the subcapsules are shown in Table 1.
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Table 4. U.S. Vanadium Alloy Test Matrix
TCQ

300

200

Material1

832665 (Pri. Anneal)
832665 (Sec. Anneal)

832665, EB Weld
832665 Lz, TIG Weld

BL-47
BL-47 TIG Weld

T89
T87
T91

BL-70
T92
T90

Total
832665 (Pri. Anneal)
832665 (Sec. Anneal)

832665, EB Weld
832665 Lz, TIG Weld

BL-47
T89
T87
T91

BL-70
T92
T90

Total

MCVN
4
4

2
4

42

18
5
4

2
4

15

PCVN SS-3
3 3

2
2
1
2

2
2

2

3 16
3
2

2
2

2
2

2

0 15

Matron
2

2
2

6
2

2
2

6

DCT
3
3

2

2

10
3
2

2

2

9

Creep
4

4
4

4

TEM
16
10

1
10

10
16
16
10
16
10
115
16
10

1
10
10
16
16
10
16
10
115

lPrimary Anneal: 1000°C for 1.0 h.
Secondary Anneal: 1000°C for 2.0 h.

21.5 CVN size specimens.

Table 5. Calculated Hoop Stress in Creep Specimens
Target

Temp.CC)

300

200

Specimen
No.1

Al
A10
A7
Al l
J2
A5
A4
A2
A3
J3

Fill Pressure
(psi, @24°C)

0
950
1421
1910
1825

0
1133
1706
2284
2189

Predicted Irradiation
Temp. (°C)

262
273
272
265
272
134
196
214
235
193

Midwall
Hoop Stress (MPa)

0
96
143
189
191
0

99
154
214
197

1 Prefix A denotes
specimen.

U.S. specimen and prefix J denotes JP
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TfC)

300

200

Table 6. JP Vanadium Alloy
Material

V-4Cr-4Ti-0.1Si
V-3Fe-4Ti-0.1Si

V-5Cr-5Ti-lYiSiAl
V-4Cr-4Ti (832665)

Other V Alloys
Total

V-4Cr-4Ti-0.1Si
V-3Fe-4Ti-0.1Si

V-5Cr-5Ti-lYiSiAl
V-4Cr-4Ti (832665)

Other V Alloys
Total

CVN
7
5

14
4

30
10
5

10
5

30

TS
9
8

18

35
9
8

17

34

Test Matrix
DCT

3

3

3

3

Creep
1

1
1

1

TEM
6
3

25
0

30
64

6
3

25
0

30
64

IRRADIATION CONDITIONS AND SCHEDULE

The ATR-A1 experiment is scheduled to be in the core for three cycles: 108A, 108B, and 109A.
Projected cycle durations are 42, 42, and 49 EFPDs, respectively. Discharge at the end of Cycle
109A is scheduled on May 5, 1996. ATR projects the lobe power to be constant at 25 MW for the
three cycles.

FUTURE ACTIVITIES

Details are being discussed with ATR on the optimal method of disconnecting the capsule segments
at ATR after the irradiation. The disconnected capsule segments will then be shipped to ANL for
disassembly. Opening of the subcapsules to remove the lithium bond and to retrieve the test
specimens is expected to be a routine operation, based on past experience. The cleaned specimens
will be disseminated to participating U.S. and Japanese laboratories for postirradiation examination
and testing.
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SUBTASK 1.3.3.2: STUDY OF IN-REACTOR CREEP OF VANADIUM ALLOY
IN THE HFIR RB-12J EXPERIMENT, R. V. Strain, C. F. Konicek, and H. Tsai
(Argonne National Laboratory)

SUMMARY
Biaxial creep specimens will be included in the HFIR RB-12J experiment to study in-reactor creep
of the V-4Cr-4Ti alloy at =500°C and 5 dpa. These specimens were fabricated with the 500-kg
heat (832665) material and pressurized to attain 0, 50, 100, 150, and 200 MPa mid-wall hoop
stresses during the irradiation.

OBJECTIVE

The objective of this task was to investigate the in-reactor creep of the 832665 heat of V-4Cr-4Ti
alloy at =500°C and 5 dpa. Comparable creep specimens were included in the ATR-A1 experiment
at =200 and 300°C.

SPECIMEN DESIGN AND TEST MATRIX

The creep specimens are 0.180 in. OD x 0.160 in. ID x 1.0 in. long drawn tubes with welded end
plugs. The construction of these creep specimens is identical to that used in the ATR-A1
experiment.

The design mid-wall hoop stresses are 0, 50, 100, 150, and 200 MPa at the target irradiation
temperature of 500°C. These stresses will allow the determination of creep rates over a wide range
with no undue risk of specimen failure. Furthermore, they permit a direct comparison with the
lower-temperature ATR-A1 test data at 0,100,150, and 200 MPa.

FABRICATION OF CREEP SPECIMENS

The procedure used for fabricating the HFIR RB-12J creep specimens is essentially the same as
that used for the ATR-A1 experiment.

• Perform X-ray radiography with machined defect standards to determine the condition
of the as-drawn tubing.

• Produce 1-in.-long tube blanks from defect-free regions of the tubing.
• Measure the ID, OD, thickness, concentricity, and roundness of the tube blanks.
• Produce end plugs from 832665-heat plate stock with electrode discharging machining

(EDM).
• Clean the machined end plugs with nitric acid to remove residual copper from the EDM

brass wire. (Residual copper caused intergranular cracking in some qualification
welds.)

• Clean all tube blanks and end plugs with a pickling solution (HF/HNO3/lactic acid) and
alcohol.

• Weld the top and bottom end plugs to the tube blanks with an electron-beam welder.
• Perform visual and radiographic inspections of the girth welds.
• Measure the diameters of the specimens with a laser profilometer at five axial locations

(0.1, 0.3, 0.5, 0.7, 0.9 in.) and every 10° azimuthal.
• Anneal the specimens at 1000°C for 1.0 h in vacuum, with each specimen wrapped in a

Ti getter foil.
• Pressurize the specimens with high-purity helium and seal the vent hole in the top end

plug with a laser.
• Perform helium leak check, weighing, and length measurement of each specimen.
• Repeat the diameter measurements with the laser profilometer.
• Package the specimens for shipment.
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The required room-temperature pressurization of the specimens was determined with a PNNL-
supplied computer program, "FILPRESS.BAS," which takes into account thermal expansion of
the vanadium tube and helium compressibility. The design values and the actual pressure loading
in the specimens are compared in Table 1. Dimensions of the pressurized specimens are shown in
Table 2.

Six archival creep specimens (identical to the test specimens in every way except without
pressurization) were produced and are in protective storage along with the qualification welds.

Table 1. Design and Actual Pressure Loading in Vanadium Alloy Creep Specimens
for HFIR RB-12J Experiment

Specimen No. Design Mid-Wall
Hoop Stress

(MPa)

Design Pressure
Loading (psi)

Actual Pressure
Loading (psi)

Bl
B12

Bll

B3
B9
B5

0
50

100

150
150

200

3
360

720

1082

1082

1448

8
363

727

1083

1086

1446

Table 2. Dimensions of Vanadium Alloy Creep Specimens for the HFIRRB-12J Experiment

Azimuthally-Averaged Diameter (in.) at Axial Locations of

Specimen
No.

0.1 in. 0.3 in. 0.5 in. 0.7 in. 0.9 in. Specimen
Length

(in.)

B 1(0 MPa)
B12(50
MPa)

Bll (100
MPa)
B3 (150
MPa)

B9(150
MPa)

B5 (200
MPa)

0.18002
0.17980

0.17984

0.17997

0.17991

0.17999

0.17997
0.17979

0.17982

0.18000

0.17989

0.17995

0.18000
0.17978

0.17982

0.18001

0.17988

0.17997

0.18000
0.17979

0.17981

0.18001

0.17987

0.17997

0.18002
0.17976

0.17985

0.18001

0.17994

0.17994

1.002
1.013

1.017

1.007

1.012

1.000

FUTURE ACTIVITIES

At ORNL, the specimens will be loaded in semisealed Zr getter enclosures before being placed in
the RB-12J vehicle. The purpose of the getter enclosures is to prevent excessive impurity pickup
from the flowing helium environment during irradiation. The locations in the vehicle selected for
the specimens are such that all six specimens will receive approximately the same neutron and
thermal exposure during irradiation.
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The RB-12J irradiation is expected to produce =5 dpa neutron damage in the specimens. After
irradiation, the specimens will be retrieved and the diameters will be measured again with the same
profilometer and the same procedure. The creep rates will be determined from the measurements
and compared with those of the ATR-A1 specimens irradiated at lower temperatures.
Microstructural characterization will be performed to elucidate the observed creep behavior.
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SUBTASK 1.4.1.1: Kinetics of Recovery and Recrystallization of the Large Heat of V-4Cr-4Ti,
A. N. Gubbi, A. F. Rowcliffe, W. S. Eatherly and L. T. Gibson (Oak Ridge National Laboratory)

OBJECTIVE

The purpose of this research is to evaluate the kinetics of recovery and recrystallization, and to develop
a microstructural basis for heat treatment of vanadium alloy components.

SUMMARY

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

INTRODUCTION

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

EXPERIMENTAL PROCEDURE

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

(a) Slow cycle annealing: Conventional heat treatments were carried out in a tungsten element
furnace with a vacuum better than 1 x 10"6 torr (<10~4 Pa). Temperatures ranged from 900° to 1100°C
for times ranging from 1 to 4 hours. The time to reach temperature and the time for subsequent cool-
down was approximately 120 minutes.
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(b) Rapid cycle annealing: Specimens were encapsulated in quartz tubes under a vacuum of ~10~5

torr (10~3 Pa) and annealed in an induction heating system capable of reaching a temperature of 12OO°C
in 60 to 80 seconds with a temperature control of ± 5°C. A thermocouple was fixed in contact with the
quartz tube. The rapid cycle annealing was carried out at 1000°C for times from 60 s to 3600 s.
Following the anneal, the quartz capsule was quenched into ice-cold water to produce a cool-down time
of 1 to 2 seconds.

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

RESULTS

Slow cycle annealing

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

At 950°C the hardness dropped rapidly to -155 DPH after only 1 hour at temperature (Fig. 1). New
recrystallized grains appeared and it was estimated that at this point the material was approximately
10% recrystallized (Fig. 2). After 4 hours, the hardness dropped to its minimum value of -145 DPH,
with recrystallization about 30 to 40% complete. The remaining un-recrystallized regions consisted of
well developed sub-grains with a low dislocation density; no additional precipitation could be detected
following any of the treatments at 950°C.
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Figure 2. Optical and TEM microstructures at 950° and 1000°C for the large heat of
V-4Cr-4Ti. The arrow heads indicate nuclei appearing at pre-existing grain boundaries.

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

After a 1 h anneal at 1050°C, recrystallization was complete; the microstructure consisted primarily of
new equiaxed grains interspersed with larger grains which retained their original elongated shape. The
latter were probably old grains which had undergone complete recovery without being swept by new
migrating grain boundaries. New grain boundaries contained a dispersion of fine (0.06 to 0.2 (I)
titanium oxycarbonitride particles. At 1100°C, recrystallization occurred rapidly followed by
development of a bi-modal grain structure. Grain growth was restricted in the vicinity of the bands of
coarse oxycarbonitrides produced
during the initial stages of processing. After annealing for 4 hours, the hardness was significantly
higher than after annealing for 2 hours, probably due to some pick-up of interstitial elements from the
furnace atmosphere.
Rapid cycle annealing
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Figure 3 shows the variation in hardness with annealing times for samples rapidly heated to 1000°C and
quenched after holding for the time shown. Hardness dropped rapidly in the first 2 minutes from 200
DPH to -180 DPH. During the next 8 minutes at 1000°C, very little change in hardness occurred. This
period was followed by further softening until, after 1 hour at temperature, the minimum hardness
value of -150 DPH was approached. Optical metallography and TEM examination showed that the
initial rapid drop in
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Figure 3. Microhardness as a function of annealing time for V-4Cr-4Ti

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

Differential scanning calorimetry

Differential scanning calorimetry has been widely used to provide kinetic information on solid state
reactions such as recovery, recrystallization, precipitation and dissolution, and radiation damage
annealing"" 14 The technique measures the difference between the heat flow required to heat the
material under investigation and a thermally inert reference material. Both materials are heated at a
constant rate and the changes in heat flow due to endothermic or exothermic reactions are recorded
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until the reaction is complete. Kinetic parameters are obtained by plotting the peak temperature as a
function of heating rate. The relationship between the heating rate 8 and the peak temperature TP is
given by

8 = A exp -
RTP

where A is a transformation function and Q is the activation energy 13 which can be determined from

a plot of Ln (8) as a function of reciprocal of TP 9.
In the present study, calorimetric measurements were carried out on the 40% cold-worked material
using fully annealed samples as a reference. Heating rates ranged from 10 to 40°C per min. A typical
thermogram determined for a heating rate of 20°C/min is shown in Fig. 4. A broad region of
exothermic behavior with several subsidiary peaks occurs over the approximate range from 200 to
800°C. A second, more sharply defined exotherm, that is associated with recrystallization, begins at
around 900°C. Gaussian curves were fitted to the recrystallization exotherms and first derivatives were
obtained to determine the peak temperatures for a series of heating rates. A plot of Ln (6) versus the
reciprocal of the peak temperature is shown in Fig. 5.
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Figure 4. DSC thermogram obtained for a heating rate of 20°C/min for V-4Cr-4Ti
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DISCUSSION

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

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

The differential scanning calorimetry measurements show an exothermic recovery process beginning in
the vicinity of 200°C. A hardness recovery process at ~200°C in 85% CW V-4Cr-4Ti was reported by
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Loomis, et a l ^ , followed by several minima and maxima in hardness with increasing annealing
temperature. The low temperature maxima was tentatively ascribed to the diffusion of carbon, oxygen,
hydrogen, and nitrogen to dislocations and the low temperature recovery was ascribed to evolution of
hydrogen, and/or removal of oxygen, nitrogen and carbon from solid solution. The interstitial species
are highly mobile at these temperatures^ and the strong interaction between interstitials and
dislocations is evidenced by the strain-aging phenomena at ~100°C described by Edington, et al.1^.
Thus, the broad exothermic recovery region between 200 and 800°C (Fig. 4) probably encompasses
contributions from several processes, including segregation of interstitial elements to dislocations,
annihilation of vacancies, and the climb and annihilation of dislocations. The second, more well
defined exothermic peak is ascribed to recrystallization. This is consistent with the observation from
the rapid cycle anneal of two fairly distinct stages of hardness recovery separated by a recrystallization
incubation period where very little hardness recovery occurs.

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

CONCLUSIONS

The recovery and recrystallization phenomena of V-4Cr-4Ti in slow cycle annealing are quite different
from that observed in rapid cycle annealing. The large driving force for recrystallization due to rapid
heating results in first nuclei appearing after only 1 min at 1000°C. There is a two-stage hardness
reduction; the first stage involves recovery due to cell formation and annihilation of dislocations, and
second stage is associated with the growth of recrystallization nuclei. This is consistent with results
obtained from the differential scanning calorimetry in which there is a broad exothermic peak from
-200° to 800°C due to recovery followed by a sharp exotherm associated with recrystallization. The
activation energy for recrystallization for V-4Cr-4Ti, which is determined as 576 ± 75, kJ/mole is
significantly higher than that for pure V, and is thought to be related to Ti and Cr in solid solution.
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SUBTASK 1.4.1.2: Effect of Time and Temperature on Grain Size of V and V-
Cr-Ti Alloys, K. Natesan and D. L. Rink (Argonne National Laboratory)

OBJECTIVE

The objectives of this task are to evaluate the effect of temperature and exposure time on grain
growth kinetics and associated microstructural changes in V, V-4 wt.%Cr-4 wt.%Ti, and V-5
wt.%Cr-5 wt.%Ti alloys and to correlate the information with the long-term mechanical properties
of the materials.

SUMMARY

Grain growth studies were conducted to evaluate the effect of time and temperature on the grain
size of pure V, V-4 wt.%Cr-4 wt.%Ti, and V-5 wt.%Cr-5 wt.%Ti alloys. The temperatures used
in the study were 500, 650, 800, and 1000°C, and exposure times ranged between 100 and =5000
h. All three materials exhibited negligible grain growth at 500, 650, and 800°C, even after =5000
h. At 1000°C, pure V showed substantial grain growth after only 100 h, and V-4Cr-4Ti showed
growth after 2000 h, while V-5Cr-5Ti showed no grain growth after exposure for up to 2000 h.

EXPERIMENTAL PROGRAM

The materials selected for the evaluation included pure V, V-5 wt.%Cr -5 wt.%Ti (designated as
BL-63), and V-4 wt.%Cr-4 wt.%Ti (designated as BL-71). Sheet samples of the materials were
annealed for 1 h at 1050°C prior to their use in grain growth studies. Coupon specimens
measuring =15 x 7.5 x 1 mm were enclosed in Vycor capsules in vacuum and exposed at
temperatures of 500, 650, 800, and 1000°C for several time periods in the range of 100-5000 h.
After exposure, specimen surfaces and cross sections were examined by scanning electron
microscopy. The aged specimens were analyzed for grain size with the ASTM/E-112 Intercept
procedure.

RESULTS AND DISCUSSION

The grain size of a material and the grain growth rate for the material as a function of temperature
and exposure time can influence the mechanical properties of the material, as well as the transport
of interstitial elements such as O, C, N, and H. A finer grain size can lead to increased diffusion
of interstitials via grain boundaries, with a resultant increase in total concentration of the interstitial
elements. On the other hand, grain boundary diffusion of these elements can also result in a fine
precipitates of second-phase particles that can pin the grain boundaries and thereby stabilize the
microstructure over extended periods of time at temperature.

Figures 1-3 show measured grain size values as a function of exposure time for V, V-4 wt.%Cr-4
wt.%Ti, and V-5 wt.%Cr-5 wt.%Ti alloys after exposure at 500, 650, 800, and 1000°C. The
results in Fig. 1 indicate that the initial grain size of the V specimens was =120-140 fim and that
the grain growth in pure V is negligible at 500, 650, and 800°C for times up to =5000 h. The
specimen exhibits a substantial grain growth at 1000°C even after 100 h exposure. Even though
many grains were examined by the line-intercept method, a significant variation in grain size was
noted in the specimens exposed at 1000°C. This is indicative that at some locations, the larger
grains gave very few intercepts while in other locations with smaller grains a large number of
intercepts was noted. This also reveals the dynamic nature of grain growth at 1000°C, which
involves time-dependent dissolution of smaller grains and growth of a few larger grains.

Grain size measurements on the V-4 wt.%Cr-4 wt.%Ti alloy (see Fig. 2) showed virtual absence
of grain growth at 500, 650, and 800°C after =5000 h. The initial grain size of the alloy was in the
range of 18-20 |im and changed little with exposure. At 1000°C, the alloy showed no grain
growth after 100 and 600 h but showed an increase to 62-84 u,m after 2000 h. Similar
measurements made on V-5 wt.%Cr -5 wt.%Ti alloy showed virtually no grain growth under all
conditions tested. The specimens are presently being examined by several electron-optical
techniques to examine the grain boundary precipitate phases.
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SUBTASK 1.4.1.3: Production and Fabrication of Vanadium Alloys for the
Radiative Divertor Program of Diii-D, W. R. Johnson, J. P. Smith, and R. D. Stambaugh
(General Atomics)

SUMMARY

V-4Cr-4Ti alloy has been recently selected for use in the manufacture of a portion of the DIII-D
Radiative Divertor upgrade, as part of an overall DIII-D vanadium alloy deployment effort
developed by General Atomics (GA) in conjunction with the Argonne and Oak Ridge National
Laboratories (ANL and ORNL). The goal of this work is to produce a production-scale heat of the
alloy and fabricate it into product forms for the manufacture of a portion of the Radiative Divertor
(RD) for the DDI-D tokamak, to develop the fabrication technology for manufacture of the
vanadium alloy Radiative Divertor components, and to determine the effects of typical tokamak
environments on the behavior of the vanadium alloy. The production of a ~1300-kg heat of V-
4Cr-4Ti alloy is currently in progress at Teledyne Wan Chang of Albany, Oregon (TWCA) to
provide ~800-kg of applicable product forms, and two unalloyed vanadium ingots for the alloy
have been produced by electron beam melting of raw processed vanadium. Chemical compositions
of one ingot and a portion of the second were acceptable, and Charpy V-Notch (CVN) impact tests
performed on processed ingot samples indicated ductile behavior. Material from these ingots are
currently being blended with chromium and titanium additions, and will be vacuum-arc remelted
into a V-4Cr-4Ti alloy ingot and converted into product forms suitable for components of the DIII-
D RD structure. Several joining methods selected for specific applications in fabrication of the RD
components are being investigated, and preliminary trials have been successful in the joining of V-
alloy to itself by both resistance and inertial welding processes and to Inconel 625 by inertial
welding.

PROGRESS AND STATUS

1. Introduction

General Atomics (GA), along with the Argonne and Oak Ridge National Laboratories (ANL and
ORNL), has developed a plan for the utilization of vanadium alloys in the DIH-D tokamak which
will culminate in the fabrication, installation, and operation of a vanadium alloy structure in the
DITI-D Radiative Divertor (RD) upgrade. 1>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 consists of three phases: first, small vanadium alloy coupons will be exposed in DID-
D at positions in the vessel floor and behind the existing divertor structure; second, a small
vanadium alloy component will be operated in conjunction with the existing divertor, and third,
during the forthcoming RD upgrade, a portion of the upper section of the new double-null, slotted
divertor will be fabricated from vanadium alloy product forms. A major portion of the program is
research and development to support fabrication and resolve key issues related to environmental
effects. The plan is being carried out in conjunction with GA and the Materials Program of the
Department of" Energy's Office of Fusion Energy (DoE/OFE). The execution of the plan is a joint
effort by GA, the DDI-D Program, and DoE Material Program participants, primarily ANL and
ORNL.

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

The alloy has been, and is currently being exposed in DJH-D during various stages of DIII-D
operation to assess the effects of a typical tokamak environment on the behavior of the alloy.
Procurement of product forms (sheet and rod) of the alloy has also been initiated, and a ~1300-kg
V-4Cr-4Ti alloy ingot is currently in processing at TWCA to provide ~800-kg of material for the
manufacture of a portion of the upper section of the DIII-D radiative divertor. In addition,
fabrication studies are in progress to develop joining methods applicable to manufacture of the
vanadium alloy RD components.
2. PHASE 1: Specimen and Coupon Exposures and Analysis

In March of 1995, minature Charpy V-notch (CVN) impact and tensile specimens of V-4Cr-4Ti
alloy from a large production-scale heat fabricated for ANL by TWCA (500-kg, Heat ID#832665)4

were installed in DIII-D in positions behind the divertor baffle. These specimens were scheduled
for long-term exposure (~1 year). ANL supplied the samples, and GA provided the design and
fabrication of the hardware for retaining the samples. The specimen environment was monitored
(i.e., thermocouples, residual gas analyzer, and pressure guages) during various stages of DIII-D
operation (e.g., baking, discharge cleaning, boronization, plasma discharges, etc.). Comparison
of specimen and vessel thermocouple readings indicate that the specimens closely followed (within
~5C) the outer vessel wall temperature (i.e., the inner wall of the outer toroidal surface of the
vessel). These samples were removed during the January 1996 DEI-D vent, having experienced
numerous thermal cycles up to temperatures of -35OC as well as exposure to trace amounts (10~9-
10"6 atm) of potentially embrittling impurities (e.g., H2, O2, H2O, N2, B, CO, CO2, and a
number of hydrocarbons). GA is currently analyzing the enviornmental data while ANL is
performing an evaluation of the specimens. These data will be used to provide a preliminary
assessment of the effects of a tokamak environment on the behavior of the alloy. During the
January 1996 vent, additional V-4Cr-4Ti alloy CVN and tensile specimens were installed in the
DIII-D specimen holder, and will be exposed (and monitored) until the next DIII-D vent.

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

3. PHASE 2: Small Component Exposure

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

4. PHASE 3: Radiative Divertor Program

The final step in the deployment of a vanadium alloy in DID-D is the design, manufacture, and
installation of a portion of the upper half of the RD structure using V-4Cr-4Ti alloy, with the other
portions being fabricated from Inconel 625. The V-4Cr-4Ti alloy structure will contain toroidally-
continuous, water-cooled structural panels with inertially-cooled graphite tiles mechanically
attached to their surfaces by welded studs. The panels will be water cooled during machine
operation, experiencing a maximum temperature of ~60C. During post-vent clean-up, hot air will
replace the water in the coolant channels of the structure, and the structure (along with the DIH-D
vessel) will be baked to ~400C. The panels will be supported from the vacuum vessel by Inconel
718 supports which will provide the required strength for reacting disruption loads and the
flexibility for withstanding differential thermal growth during baking. Due to the lower electrical
resistivity of the V-4Cr-4Ti alloy as compared to Inconel 625, the toroidal current flow during
disruption will be approximately 4 times larger. The design of the panels and supports will be
modified to react the larger loads. 1

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

4.1 Fabrication of Product Forms For The Radiative Divertor

The production campaign for the V-4Cr-4Ti alloy product forms will consist of electron beam
melting of unalloyed vanadium ingot materials, alloying with high purity Cr and Ti and vacuum-arc
melting (two times) of a large-scale (~1300-kg) V-4Cr-4Ti alloy ingot, extrusion of the alloyed
vanadium ingot into rectangular bars; and subsequent conversion by rolling (and drawing) and heat
treatments into ~800-kg of 4.76 mm thick sheet and 10.16 mm diameter rod product forms. The
specification for the alloy was developed by GA with input from ANL and ORNL personnel.
Particular attention was given to the control of impurities to meet the immediate goals for the RD
program and also future goals for further deployment of vanadium alloys in advanced fusion
systems including the minimization of Nb, Mo, and Ag for low neutron activation; the
optimization of Si (400 - 1000 ppm) to suppress neutron-induced swelling; and the limiting of O,
N, C, Cu, S, P, Cl, Ca, K, Mg, Na, and B to avoid grain boundary segregation and precipitation

of embrittling phases.^ The final specification of unalloyed vanadium and alloyed vanadium ingot
chemistries for the V-4Cr-4Ti alloy procurement is listed in Table 1.

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

Lots of raw vanadium were then selected into two groups by TWCA in collaboration with GA
based on their overall chemistries with respect to meeting all of the specification requirements, and
two 395 mm diameter vanadium ingots were processed by electron beam melting. Chemical
analysis of the resulting ingots indicated that both ingots were generally within specification limits
for all elements except primarily for Nb (See Table 1). One ingot (~900-kg) had a Nb level of
which averaged -40 wppm and another larger ingot (~2200-kg) had a Nb level of several hundred
wppm. Samples (-0.5 in. x -0.5 in. x -1.5 in.) were also excised from the surfaces of the low-
Nb ingot and the higher-Nb ingot portion at their mid-lengths for mechanical property
measurements to confirm their purity (and microstructure). These samples were subsequently
processed by cold rolling and annealing at ORNL, and were then machined into CVN specimens
and tested at ANL at -196C and above to evaluate their toughness (ductility), a property which is
extremely sensitive to impurities in vanadium. Both ingot materials exhibited ductile behavior and
had impact etoughness (ductility) values similar to that obtained by ANL for the pure vanadium
ingot material for the 500-kg V-4Cr-4Ti alloy heat. 5 And therefore, since the blending of the low-
Nb ingot with a portion of the higher-Nb ingot was expected to result in only a doubling of the
final Nb level, from -40 wppm to -90 wppm Nb, and this increase was not expected to
compromise the properties of the alloy for its intended application, a decision was made to blend
the ingot materials to produce the ~1300-kg of the alloy.
During February 1996, consolidation of the two vanadium ingot materials with each other was
initiated at TWCA, to be followed by addition of high purity Cr and Ti (double vaccum-melted Ti),
and alloying by vacuum arc melting (twice) of the V-4Cr-4Ti alloy ingot.

4.2 Manufacturing Technology Development

As manufacturing development is a major focus of this project a significant amount of research and
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. In addition to the welding
development work on vanadium alloys being conducted at ANL and ORNL (laser, electron beam,
GTA, etc.) to support this program, GA is using private IR&D funds to complement these efforts,
investigating several different joining processes which are attractive for fabrication of RD
components including resistance seam, electrodischarge (stud), inertial, and electron beam
welding. The scope of the GA joining development efforts has been limited by the availability of
material, some of which has been purchased from TWCA (V-5Cr-5Ti; Heat ID #932394) and
some of which has been supplied by ANL (V-5Cr-5Ti alloy; Heat ID #832394 and V-4Cr-4Ti
alloy; Heat ID #832665). Support is also being provided by ANL and ORNL in the development
of basic engineering design properties.

Resistance Welding Studies

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

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

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

Inertial Welding Studies

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

Stud welding trials utilizing the drawn arc method were performed between vanadium alloy (V-
5Cr-5Ti; TWCA Heat #832394) stud (9.6 mm diameter) and plate (3.8 mm thickness) materials.
A representative from the stud welding equipment manufacturer (TRW Nelson Stud Welding
Division of Walnut, CA) assisted in the trials. A range of welding parameters were used without
success. The weld materials would not stay in the weld area, blowing out from the sides.
Cracking was also observed (audible) during cool down of the materials. Visible bonding never
exceeded -50%, and for many of the trials achieved much less than this value. A second set of
trials was performed with a different stud geometry, but were also unsuccessful. These failures,
and the successes achieved in the vanadium alloy inertial weld trials, prompted the investigation of
portable friction welding as a process for the attachment of studs. Preliminary V-5Cr-5Ti alloy
stud-to-plate, portable friction welding trials were performed at RamStud Inc. of Smyrna, GA,
and substantial bonding was achieved. Evaluation of these trials is currently in progress.

Electron Beam Welding Studies

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

CONCLUSIONS

A program for utilizing vanadium alloys in DHI-D has been developed, and production of material
for this program has started. Two vanadium ingots have been electron beam melted as base
materials for a ~1300-kg V-4Cr-4Ti alloy ingot. Chemical analyses of one ingot (900-kg) and a
portion (~400-kg) of another larger (~2200-kg) ingot, Charpy V-notch impact test results on
material excised from both ingots and cold rolled/annealed into plate were found to be satisfactory
to continue the processing of the V-4Cr-4Ti alloy. Preliminary successes were achieved in
developing similar metal weldments of vanadium alloys by resistance spot and inertial welding
methods, and in producing vanadium alloy/Inconel 625 dissimilar metal weldments by inertial
welding.
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TABLE
CHEMICAL COMPOSITION GOALS FOR
AND CHEMISTRIES OF VANADIUM INGOTS

V-4Cr-4Ti ALLOY

Element

Cr

Ti

Si

H

O

N

C

Al

Fe

Cu

Mo

Nb

Cl

Ga

Ca

Na

K

Mg

P

S

B

Ag

V

Content,

Specification
For

Unalloyed
Vanadium

Ingot

-

-

400-1000

<10

<400

<200

<200

<200

<300

<50

<50b

<20b

<3

<10

<lb

< l b

<lb

<30

<30

<5

<1

balance

parts/million by

Unalloyed
Vanadium Ingot

[Heat ID
#820645]

(Average of 3
Measurements)

-

-

173

<3

313

113

24

243

147

<50

<50

40

c

<5

<10d

<5d

<5d

<10d

<30

<10

<5

<5d

balance

weight (ppm)a

Unalloyed
Vanadium Ingot

[Heat ID
#820642]

(Average of 3
Measurements)

-

-

197

<3

213

153

25

167

135

<50

<50

226

c

<5

<25d

<5d

<5d

<10d

<30

<10

<5

<5d

balance

Specification
For

Alloyed
Vanadium

(V-4Cr-4Ti)
Ingot

4 ± 0.5 wt. %

4 ± 0.5 wt. %

400-1000

<10

<400

<200

<200

<200

<300

<50

<50b

<20b

<3

<10

<lb

< l b

<lb

<lb

<30

<30

<5

<1

balance
aUnless otherwise specified in weight %; ''Desired values - <5 ppm Mo, <1 ppm Nb, <1 ppm total

Ca+Na+K+Mg; c Not analyzed; " Request initiated to TWCA for re-analysis to higher sensitivity level
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SUBTASK 1.4.2.1: RECENT PROGRESS ON GAS TUNGSTEN ARC
WELDING OF VANADIUM ALLOYS, J.F. King, M.L. Grossbeck, G.M. Goodwin, and
D. J. Alexander (Oak Ridge National Laboratory)

SUMMARY

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

PROGRESS AND STATUS

Introduction

The vanadium alloy welding program at ORNL focuses on both gas tungsten arc (GTA) and
electron beam (EB) welding methods. The alloy V-4Cr-4Ti of Teledyne Wah Chang heat 832665
was used for the welding research. However, some welds were made on V-45Cr-5Ti from
Teledyne Wah Chang heat 832394. Thin plate, usually 0.76 or 1.0 mm in thickness is used for
welds that will be studied by microanalytical techniques or by tensile testing. Plate 6mm in
thickness is used for welds to be studied by charpy testing as well as microanalytical techniques.
The 6mm plate proved to be more challenging since multiple passes are required and the larger heat
sink results in slower cooling of the weld zone with consequent contamination by higher levels of
impurities.

Experimental Methods and Results

GTA welds in the 6mm plate were made in an argon filled glove box previously evacuated to a
pressure of the order of 10"4 Pa. Moisture levels typically below 40 ppm as measured by a CEC
moisture monitor were achieved. A 75° included angle V-groove with a 2.4 mm root opening joint
geometry was used for the weldments. The filler wire was of matching composition of the same
V-4Cr-4Ti heat as the base metal. Multi-pass welds were made using direct current, electrode
negative, at a current range of 100 to 140 amperes and 12 volts.

Earlier research on this alloy and the similar V-5Cr-5Ti alloy using similar welding methods has
shown that a post-weld heat treatment (PWHT) is necessary1. Charpy V-notch testing
demonstrated shifts in the ductile to brittle transition temperature (DBTT) of greater than 200°C
following welding. Post weld heat treatments resulted in some cases, depending upon the alloy,
initial heat treatment of the base metal, and the temperature of the PWHT, in a return of the DBTT
to a lower temperature than that of the base metal. This phenomenon was previously explained in
terms of precipitation of oxygen, primarily with titanium. As has been observed in refractory
metals, precipitates dissolve upon melting of the alloy2. The rapid cooling during welding
quenches large concentrations of oxygen into the matrix leading to severe hardening and
embrittlement. The PWHT allows sufficient time for the oxygen and titanium to form TiO and
similar titanium oxycarbonitrides which getter the oxygen and produce a ductile matrix.
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VANADIUM WELD GTA-10

VANADIUM WELD 6TA-10
O AS WELDED
• PWHT 2 h AT 950°C
O PWHT 2 h AT 850°C
A PWHT 2 h AT 750°C

-100 100 200

TEMPERATURE (°C)
300 400

Fig. 1 Charpy impact data from gas-tungsten-arc weld GTA-10 in V-4Cr-4Ti.
given three different post-weld heat treatments (PWHT) as indicated.

Samples were

Data from Charpy testing is shown in Fig. 1 for as-welded specimens as well as specimens given
post-weld heat treatments at various temperatures for a fixed time of two hours. All data were
obtained from a single weld, designated GTA10. More consistent curves were usually obtained
with other welds; however, occasionally a datum point would fall on the lower shelf with adjacent
points at both higher and lower temperatures on the upper shelf. In these cases, the fracture
surfaces of the lower-shelf samples revealed almost entirely cleavage fracture. This report will
address the problems encountered with consistency of the data and the possible sources of the
observed embnttlement. In Figure 1, the trends are disceraable, but the scatter caused by erratic
lower shelf values is so high that it is difficult to draw conclusions from the plot. As with previous
specimens, the outlying lower shelf specimens failed by cleavage. They did not fail due to an
existing flaw in the weld resulting in a reduced load support area. The cleavage fracture resulted
from a serious embrittlement mechanism.

^ ? m ° r e e mPh a t i c a l ly brought to light with the subsequent GTA weld (Designated
I ) . GTA11 was prepared using the same procedure as for the previous weld GTA10

When a sample was cut from one end of the weld for metallography, the plate cracked. As can be
seen in big. 2, brittle transgranular cracks appear. There are also intergranular cracks connecting
with transgranular cracks, but it is not apparent which initiated the failure. The series of non-
imking parallel cleavage cracks is very similar to those observed in niobium embrittled bv
hydrogen*. J
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Discussion

Because of the similarity with hydrogen embrittlement in this group of metals, analyses were made
for hydrogen and other interstitials. The analyses were done by inert gas fusion analysis by the
Leco Corporation, St. Joseph, MI. Samples of as received alloy as well as acid -etched material
was analyzed with the results shown in Table 1.
Analyses from earlier welds are included in the table to aid in locating the source of the

embrittlement. The hydrogen concentration in the etched V-4Cr-4Ti sample shows that the acid
etch does not appear to add hydrogen to the alloy. In general, EB welding does not suffer from the
hydrogen contamination problem except for one weld, EBWl 1. It is believed that a leak in the

Tablet Concentration of Interstitial Elements, wt. ppm

Base Metal

GTA11

V-4Cr-4Ti
(as received)

V-4Cr-4Ti
(acid etched)

Weld Wire
V-4Cr-4Ti

EBW11

GTA8

Weld Metal

GTA1158.5
53.5

EBWl 136.4
23.1

GTA2
(VQ11 ductile)

GTA2
(VQ09 brittle)

GTA3
GTA8

EB2
EBW127.9

H

446
364

316

1.2

327
323

11.2

10.1

20.5

2.8

0

288
96

114

360
99
97

410
332

N

10

98
96

155
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Fig. 2 View of fusion zone of weld GTA-10 in V-4Cr-4Ti showing brittle cracking following
cutting of metallography sample (sample 96-0218).

system or another failure in the vacuum system is responsible for the elevated hydrogen
concentration in EBW11; the hydrogen concentration is four to ten times that observed in two
earlier EB welds. The GTA welds appear to have higher hydrogen concentrations than the EB
weld samples. The weld of present interest is GTA11 which had hydrogen concentrations between
50 and 60 wt. ppm in both the fusion zone and the base metal. Considering the high diffusivity of
hydrogen in vanadium, the similarity of hydrogen concentrations in the fusion zone and base metal
is not unexpected.

Eustice and Carlson have observed only a mild drop in ductility at room temperature upon the
addition of 50 wt. ppm hydrogen4. However, in their research, the onset of embrittlement occurs
at slightly lower temperatures. Westlake has determined the hydride solvus temperature to be -
68°C at 50 wt. ppm hydrogen in vanadium5. These observations do not support embrittlement and
cracking at such a level of hydrogen. However, hydrogen embrittlement has been shown to occur
at slightly higher temperatures in refractory metals because of stress-induced hydride at the crack
tip3. Such a shift is only expected to be on the order of 10-20°C; however, although 50 wt. ppm
does not appear to be an embrittling concentration, the stronger an alloy becomes, the larger the
shift in the formation of hydride. As shown in Table 1 the oxygen and nitrigen concentrations in
GTA 11 were also high. Such a high impurity concentrations, which might have resulted from a
leak in the welding chamber (although none were found), could harden the alloy thus increasing
the shift in the hydride solvus beyond the expected 10 or 20 degrees. The chromium and titanium
alloying elements could also shift the phase diagram sufficiently to make the embrittlement occur at
a slightly higher temperature. Experimental evidence exits on the V-4Cr-4Ti alloy itself. Roehrig
et. al observed that 500 wt. ppm hydrogen was necessary to induce room temperature
embrittlement as measured by tensile testing but that, in the presence of 850 wt. ppm oxygen, a
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factor of four reduction in ductility was observed with only 90 wt. ppm hydrogen6. Another
synergistic mechanism might exist in addition to lattice hardening. In any case, it would be
expected to be operational in the welded sample as well. Detailed x-ray phase analysis would have
to be done to confirm this mechanism.

At the present time, a better approach is to reduce moisture and oxygen contamination in the
welding glove box atmosphere to achieve lower levels of interstitials in the welds. An inert gas
purification system as shown in Fig. 2 has been added to the welding glove box. The purification
system consists of a gettering furnace which contains a high purity titanium charge that removes
oxygen, nitrogen, carbon, and water to extremely low levels. A molecular sieve trap will also be
added at the gettering furnace inlet to reduce moisture levels still further. This system is
undergoing testing and adjustments at the present time.

GLOVE BOX

GETTERING
FURNACE

PUMP

-MOLECULAR
SIEVE TRAP

Fig. 3. Diagram of purification system to remove oxygen and water from welding chamber.

Conclusions

1. A post-weld heat treatment is required for welding V-Cr-Ti alloys
2. Special precautions must be taken to avoid hydrogen embrittlement in GTA

welding of V-Cr-Ti alloys

Future Work

This is a continuing research project. The gettering system is expected to be put into operation
during the next reporting period. This will enable uncontaminated welds to be made thus
permitting detailed studies of the effects of post-weld heat treatments. It will also permit studies of
the effects of impurities in welds.
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Figure Captions:

Fig. 1 Charpy impact data from gas-tungsten-arc weld GTA-10 in V-4Cr-4Ti. Samples
were given three different post-weld heat treatments (PWHT) as indicated.

Fig. 2 View of fusion zone of weld GTA-11 in V-4Cr-4Ti showing brittle cracking
following cutting of metallography sample. (Sample 96-0218)

Fig. 3 Diagram of purification system to remove oxygen and water from welding chamber.
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SUBTASK 1.4.2.2: Evaluation of Flow Properties in the Weldments of
Vanadium Alloys Using a Novel Indentation Technique, A. N. Gubbi, A. F.
Rowcliffe, E. H. Lee, J. F. King and G. M. Goodwin (Oak Ridge National Laboratory)

OBJECTIVE

The aim of this work is to evaluate the flow properties of the fusion zone, heat affected zone, and
base metal of gas tungsten arc and electron beam welds on V-Cr-Ti alloys

SUMMARY

Automated Ball Indentation (ABI) testing, was successfully employed to determine the flow
properties of the fusion zone, heat affected zone (HAZ), and base metal of the gas tungsten arc
(GTA) and electron beam (EB) welds of the V-4Cr-4Ti (large heat no. 832665) and the V-5Cr-5Ti
(heat 832394) alloys. ABI test results showed a clear distinction among the properties of the
fusion zone, HAZ, and base metal in both GTA and EB welds of the two alloys. GTA and EB
welds of both V-4Cr-4Ti and V-5Cr-5Ti alloys show strengthening of both the fusion zone and the
HAZ (compared to base metal) with the fusion zone having higher strength than the HAZ. These
data correlate well with the Brinell hardness. On the other hand, GTA welds of both alloys, after a
post-weld heat treatment of 950°C for 2 h, show a recovery of the properties to base metal values
with V-5Cr-5Ti showing a higher degree of recovery compared to V-4Cr-4Ti. This agrees very
well with the results from an ongoing welding research work which reveals that the Charpy impact
properties of GTA welds of V-5Cr-5Til and V-4Cr-4Ti^ recover after a post-weld heat treatment
of 950°C for 2 h, and the recovery was better in V-5Cr-5Ti compared to that observed in V-4Cr-
4Ti. The ductile-to-brittle transition temperature (DBTT) of the GTA welds of V-4Cr-4Ti and V-
5Cr-5Ti in as-welded condition was ~250°C for both alloys compared to the DBTT of the base
metals V-4Cr-4Ti (annealed at 1000°C for 2 h) and V-5Cr-5Ti (annealed at 1125°C for 1 h) as
-190°C and +75°C, respectively. After a post-weld heat treatment (PWHT) of 950°C for 2 h the
DBTT of the GTA welds dropped to ~75°C and 0°C, respectively, for V-4Cr-4Ti and V-5Cr-5Ti.

INTRODUCTION

In ABI tests, a spherical indenter makes sequential indentation cycles with increasing loads at the
same penetration spot on a polished horizontal metallic surface under suitable strain-controlled
conditions, the details of which are given elsewhere.^ The depth-penetration measurements with
successively increasing loads are converted to the load-displacement data for each unloading
sequence, which in turn, are analyzed by the data processing software program in the computerized
ABI test system to determine the values of mechanical properties such as yield strength,
true-stress/true-plastic strain curve, and Brinell hardness number (BHN), with proper input values
of materials constants. The mechanical properties of the base metal, HAZ, and fusion zone have
been measured by Haggag and Bell^ from the resistance spot welds of 1020 ferritic steel and 2219
aluminum sheets using the ABI technique. In 1020 steel, there was an increase in strength of the
weld zone and HAZ relative to the base metal due to martensite or bainite formations. On the other
hand, in 2219 aluminum, the strength of the weld zone and HAZ relative to the base metal dropped
due to dissolution of precipitates. In another study by Byun et al^, the ABI test was sensitive
enough to identify the local variation in material property in determining the mechanical properties
of SA508C1.3 Reactor Pressure Vessel (RPV) steels. Farrell and co-workers^ have tried to
correlate the tensile properties obtained from the uniaxial tensile tests with those determined by the
ABI tests on ferritic alloys and found that the two results agree reasonably well; one could evaluate
the tensile properties from the ABI technique with a proper selection of material parameters used in
the analysis of the results. A comparison of the tensile data derived from instrumented hardness
testing with those from conventional tensile tests has been made for various alloys including
aluminum, brass and stainless steel7
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Vanadium alloys with Cr and Ti contents ranging from 3 to 6 wt.% have been proposed as
possible candidate materials for the first wall/blanket structure in a demonstration reactor.^" H
Welding research, being carried out on vanadium alloys at Oak Ridge National Laboratory, has
concentrated primarily on optimizing the parameters for obtaining GTA and EB welds with suitable
mechanical properties. To supplement the welding research, an attempt has been made in the
present work to characterize the variation in the mechanical properties of the fusion zone, HAZ and
base metal of both GTA and EB welds in a non-destructive manner using an indentation technique.
These data are extremely difficult to obtain using conventional tensile tests. A microprobe system,
which is based on an automated ball indentation (ABI) technique, has been used to determine
mechanical properties such as true stress-true plastic strain curve, yield strength, and Brinell
hardness number.

EXPERIMENTAL PROCEDURE

Both GTA and EB welds were made on ~7mm-thick plates of the vanadium alloy with a nominal
composition of 4 wt.% each of Cr and Ti and the rest vanadium, designated V-4Cr-4Ti (heat
832665) and the vanadium alloy with a nominal composition of 5 wt.% each of Cr and Ti and the
rest vanadium, called V-5Cr-5Ti (heat 832394, ANL designation BL63). The plates of both V-
4Cr-4Ti and V-5Cr-5Ti used for GTA welding were in an annealed state with a fully recrystallized
microstructure after a heat treatment of 1050°C for 2 h by the supplier (Teledyne Wah Chang,
Albany, Oregon) whereas the plate of V-4Cr-4Ti used for EB welding was in warm-worked state.
The details regarding the welding conditions used in both GTA and EB welds are given
elsewhere. 1 Metallography samples from the GTA welds in as-welded and post-weld heat treated
(vacuum-anneal of 950°-C for 2 h) conditions, and EB welds in as-welded condition were
mounted in bakelite (a hard material which eliminates the contribution from the compliance of the
sample mounting material to ABI test results). The mounted specimens were polished and etched
to reveal weld microstructure so that one could clearly distinguish the fusion zone, HAZ, and base
metal.

Automated Ball Indentation Test:

The automated ball indentation tests were conducted on the fusion zone, HAZ, and base metal of
each specimen by employing a fully computerized ABI system^ using a tungsten carbide spherical
indenter of 0.254 mm dia at a strain rate of ~8 x 10'3/s. The indentation load and depth were
monitored by a sensitive load cell and a linear variable displacement transducer (LVDT),
respectively, which were fedback to the computer. Figure 1 shows a typical load vs. indentation
depth curve from the base metal region of the post-weld heat treated GTA weld of V-4Cr-4Ti.
Each ABI test consists of seven load-unload sequences, and the computer software carries out a
regression analysis of the partial elastic unloading of each sequence. The plastic indentation depth
for each load-unload cycle is determined by extrapolating the calculated line to the zero load. This
plastic depth for each load-unload cycle is used in obtaining the true stress and true plastic strain.
Values of yield strength and BHN were also estimated and included by the computer in the results.

The detailed procedure followed in the analysis of ABI test data is given elsewhere.^ A brief
description of the various equations and steps involved are given here. In an ABI test both
inhomogeneous (Liiders) and homogeneous (work hardening) material behavior occur
simultaneously during the test. Using the values of indentation load and indentation depth obtained
from the ABI test, flow stress and strain are determined by the computer program based on elastic
and plastic theories. For each loading cycle in the ABI test, the total indentation diameter dt is
calculated from the total indentation depth ht using the relationship
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The true plastic strain £ and true stress <7t are given by
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Depth of Penetration, mm

Figure 1. A typical plot of load as a function of depth of penetration of indenter from the base
metal region of the post-weld heat treated V-4Cr-4Ti GTA weld.

and

D

_4P_

nd2
p8

(2)

(3)

where dp is the plastic chordal indentation diameter, D is the indenter diameter, P is the

indentation load, and 8 is a function of the plastic zone development beneath the indenter and is
given by 2.87Of. Here a is known as constraint factor whose value is proportional to the strain
rate sensitivity of the test material. For vanadium, it was assumed as 1.15. The plastic indentation
diameter dp is obtained iteratively by a complex equation 10, and the derived true stress-true
plastic strain data are fitted to the well-known power law equation

t = Ken
p (4)
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where n is the strain hardening exponent, and the K is the strength coefficient. The values of n
and K determined from the fit are a part of ABI test results.

Determination of 0.2% yield strength is not straight forward as one cannot simply extrapolate the
true stress-true plastic strain data due to the fact that strain hardening exponent could be different at
strain as low as 0.2% compared to higher strains. The computer program of the ABI test system
performs a linear regression analysis to ABI data points from all loading cycles to fit Meyer's law
and obtains material yield parameter A . Meyer's law is given by

(5)

where m is Meyer's coefficient and A is the stress at [dt/D ] equals unity. Figure 2 shows a

representative plot where [P/dt ] is plotted as a function of [dt/D] and the material yield
parameter A determined from the extrapolated linear regression fit. The yield strength <7 is then
calculated by using the relationship

ay=QA (6)

where Q is another material constant (for vanadium alloys it was taken as 0.25).
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Figure 2. A typical plot of [P/dt ] as a function of [dt/D] from the base metal region of the
post-weld

heat treated V-4Cr-4Ti GTA weld showing the calulation of material yield parameter A..

RESULTS AND DISCUSSION

GAS TUNGSTEN ARC WELDS
Table 1 lists the mechanical property parameters obtained from the ABI test results on the GTA and
EB welds of V-4Cr-4Ti (Heat 832665). ABI tests were done at two different locations in each
region of the post-weld heat treated GTA weld to examine the repetitiveness of the test and the
results are included in
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Table 1. Parameters of Mechanical Properties obtained from ABI test results
on Welds of V-4Cr-4Ti (Heat 832665)

WELD
MATERIAL

GTA As-Welded

Base Metal

Heat Affected Zone

Fusion Zone
PWHT 2h/950°C

Base Metal 1
Base Metal 2

Heat Affected Zone 1
Heat Affected Zone 2

Fusion Zone 1
Fusion Zone 2

EB As-Welded

Base Metal

Heat Affected Zone

Fusion Zone

YIELD
STRENGTH

(MPa)

360

424

445

383
365

373
402

407
410

489.5

418.5

430.9

Strength
Coeff.

K
(MPa)^

604

719

761

636
642

665
649

686
686

842

684

719

BHN
(kg/sq.mm)

132

159

167

143
139

140
146

150
152

183

151

158

Strain
Hardening
Exponent

(n)

0.083

0.084

0.086

0.082
0.090

0.091
0.077

0.083
0.082

0.087

0.079

0.082

Table 1. It can be seen that the mechanical properties evaluated from different locations in the same
region are similar (except for HAZ, may be due to some microstructural change form one location
to another) which shows the consistency in results of ABI testing for the same region. Figure 3
shows typical true stress-true plastic strain curves, derived from ABI test analyses, from the
fusion zone, HAZ and base metal of the as-welded GTA weld on V-4Cr-4Ti. The numbers in
parentheses in Fig. 3 are the Brinell hardness values and it can be seen that the HAZ and fusion
zone are at least 20% harder than the base metal, with the fusion zone being the hardest. Also, the
calculated yield strengths for the HAZ and fusion zone are -18 and 24% higher, respectively, than
that for the base metal.

Similarly, Figure 4 exhibits typical true stress-true plastic strain curves from the fusion zone,
HAZ, and base metal of the GTA weld on V-4Cr-4Ti after a post-weld anneal of 950°C for 2 h.
The dashed line in Fig. 4 shows the flow curve obtained from a second location of the base metal
which is very similar to that obtained from the first location. This shows consistency in ABI test
results for the same region. The GTA weld after 950°C-anneal shows a recovery in the hardness
of the fusion zone and HAZ but still 10%
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Figure 3. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal of the
as-welded V-4Cr-4Ti GTA weld.
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Figure 4. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal of the
post-weld heat treated (at 950°C for 2 h) V-4Cr-4Ti GTA weld.
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or more higher than that of the base metal. The yield strength also drops for the two zones but
both zones are still stronger than the base metal by as much as 10%. This recovery of mechanical
properties observed in ABI tests correlates well with the results from impact properties^ obtained
by the testing of sub-size Charpy specimens of the GTA welds and the base metal. The base metal
of V-4Cr-4Ti exhibited a DBTT of around -190°C whereas the as-welded GTA weld showed a
much higher DBTT of ~+250°C. But, after a post-weld heat treatment of 950°C for 2 h, the DBTT
dropped to +75°C which is still higher than that for the base metal.

The key parameters of the mechanical properties delivered by the ABI test results on the GTA and
EB welds of V-5Cr-5Ti (Heat 832394) are tabulated in Table 2. The true stress-true plastic strain
curves, obtained from the ABI analyses, from the fusion zone, HAZ, and base metal of the GTA
weld on V-5Cr-5Ti in as-welded condition are plotted in Figure 5. Similar to the observations
made for the as-welded GTA weld of V-4Cr-4Ti, here also it is clear that the curves for the HAZ
and fusion zone are higher than that for the base metal of V-5Cr-5Ti. From the Brinell hardness
numbers given in parentheses, the HAZ and fusion zone are harder by 7% and 16%, respectively,
than the base metal. In the same token, the calculated yield strengths for the HAZ and fusion zone
are higher than that for the base metal by 8 and 16%, respectively.

Table 2. Parameters of Mechanical Properties obtained from ABI test results
on Welds of V-5Cr-5Ti (Heat 832394)

WELD
MATERIAL

GTA As-Welded

Base Metal

Heat Affected Zone

Fusion Zone
PWHT 2h/950°C

Base Metal

Heat Affected Zone

Fusion Zone
EB As-Welded

Base Metal

Heat Affected Zone

Fusion Zone

YIELD
STRENGTH

(MPa)

430

465

499

381

387

403

405

472

470

Strength
Coeff.

K
(MPa)

746

783

835

674

666

693

690

794

778

BHN
(kg/sq.mm)

159

170

185

143

147

151

153

177

175

Strain
Hardening
Exponent

(n)

0.089

0.084

0.083

0.092

0.087

0.088

0.086

0.084

0.082

Figure 6 is a composite plot comprising the true stress-true plastic strain curves from the fusion
zone, HAZ and base metal of the GTA weld on V-5Cr-5Ti after a post-weld heat treatment of
950°C for 2 h. A nearly complete recovery in the hardness values and yield strengths of the HAZ
and fusion zone to the base metal values is observed. Also, the stress-strain curves of the HAZ
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and base metal overlap each other and the curve for the fusion zone is almost near the other two
regions. This recovery of mechanical properties
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Figure 5. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal of the
as-welded V-5Cr-5Ti GTA weld.
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Figure 6. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal of the
post-weld heat treated (at 950°C for 2 h) V-5Cr-5Ti GTA weld.
observed in ABI analyses agrees very well with the impact properties 1 obtained by the testing of
sub-size Charpy specimens of the GTA welds and the base metal of V-5Cr-5Ti. The DBTT for
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the as-welded GTA weld was determined to be around 250°C and a post-weld heat treatment of
950°C for 2 h reduced the DBTT to 0°C, which was below that (+75°C) for the base metal.

The much higher DBTT (compared to the base metal) obtained from the Charpy impact testing of
the GTA welds in both V-4Cr-4Ti and V-5Cr-5Ti in as-welded condition is thought of primarily
due to the oxygen in solution which was picked up during welding^ in a dynamically evacuated
glove box environment, and also from the dissolution of Ti (O, N, C) precipitates . An increase in
strength (as well as the hardness) can be attributed to the combined effects of dissolved oxygen
(resulting in solution-strengthening) and thermal stresses developed during weld solidification.
The recovery in DBTT after 950°C-anneal in the two alloys is attributed to the precipitation of
oxygen in the form of oxides.2 This precipitation combined with the thermal stress relief due to
annealing results in the softening of the fusion zone as well as the HAZ.

ELECTRON BEAM WELDS

Figure 7 depicts typical true stress-true plastic strain curves derived from ABI test analyses from
the base metal, HAZ, and fusion zone of the EB weld on V-4Cr-4Ti. Here, the flow curve for the
base metal region lies above the flow curves for the HAZ and fusion zone; in contrast, results from
the GTA weld (which was done on a plate annealed at 1050°C for 2 h with a fully recrystallized
microstructure) showed that the curve for the base metal was always lower than that for the HAZ
and fusion zone, see Figs 3 and 4. This is not surprising as the plate used for EB welding was a
warm-worked plate which had a deformed, elongated grain structure with the hardness higher than
that for both HAZ and fusion zone, see numbers given in parentheses in Fig. 5. For comparison,
the true stress-true plastic strain curve from the recrystallized base metal region of GTA weld has
been shown in dashed lines in Fig. 5. Both HAZ and fusion zone exhibit similar yield strengths
(see Table 1) with a slight difference in the flow curves.
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Figure 7. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal
of the EB weld of V-4Cr-4Ti.
A similar family of stress-strain curves for the EB weld on V-5Cr-5Ti is presented in Fig. 8. The
HAZ and fusion zone show almost identical flow curves with their yield strengths being similar
(see Table 2), and the reason for this similarity is due to the fact that the HAZ is so narrow in EB
weld that it might possess properties similar to that of the fusion zone. Both regions are much
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stronger and harder (refer to Brinell hardness numbers in parentheses in Fig. 6) than the base metal
region.
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Figure 8. True stress-true plastic strain curves from the fusion zone, HAZ, and base metal
of the EB weld of V-5Cr-5Ti.

Charpy impact testing of the sub-size specimens of EB weld on V-4Cr-4Ti showed a DBTT of
-100°C (with DBTT for base metal being around -190°C)2 and similar tests on EB weld of V-5Cr-
5Ti showed no transition with predominantly ductile fracture mode and high values of absorbed
energy (with DBTT for base metal being around +75°C)1. The lower DBTTs obtained for the EB
welds compared to that for the as-welded GTA welds of the two alloys (inspite of the ABI results
showing similar strengthening and hardening of the HAZ and fusion zone for the two weld
processes) is probably due to much finer grain size2 in the case of EB welds compared to that of
GTA welds.

SUMMARY AND CONCLUSIONS

Automated ball indentation tests, using an innovative indentation technique, were successfully used
to evaluate the gradients in the mechanical properties of the fusion zone, heat affected zone, and
base metal from the GTA and EB welds on the large heats of the V-4Cr-4Ti (Heat 832665) and V-
5Cr-5Ti (Heat 832394) alloys. The following observations were made from the investigation.

(1) Automated ball indentation tests were sensitive enough to distinguish the variations (due to
metallurgical factors like microstructure, oxygen dissolution, and precipitation) in the properties of
the fusion zone, heat affected zone, and base metal in both GTA and EB welds of V-Cr-Ti alloys.

(2) The gas tungsten arc welds from the V-4Cr-4Ti and V-5Cr-5Ti alloys showed much stronger
and harder heat affected zone and fusion zone compared to the base metal. A recovery in the
mechanical properties of the two zones after a post-weld heat treatment at 950°C for 2 h agrees
quite satisfactorily with the recovery observed in the Charpy impact properties in other studies I'2.
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(3) The electron beam welds from the V-4Cr-4Ti and V-5Cr-5Ti alloys showed the mechanical
properties of the heat affected zone and fusion zone to be significantly different from the base metal
properties. The V-4Cr-4Ti alloy showed a higher stress-strain curve for the base metal due to it
being a warm-worked plate whereas the V-5Cr-5Ti alloy exhibited much stronger and harder heat
affected zone and fusion zone with both zones being almost similar in properties.
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SUBTASK 1.4.2.3: Microstructural Characteristics and Mechanism of Toughness
Improvement of Laser and Electron-Beam Welds of V-4cr-4ti Following Postwelding
Heat-Treatment, H. M. Chung, J.-H. Park, J. Gazda, and D. L. Smith (Argonne National
Laboratory)

SUMMARY

We are conducting a program to develop an optimal laser welding procedure for large-scale
fusion-reactor structural components to be fabricated from vanadium-base alloys.
Microstructural characteristics were investigated by optical microscopy, X-ray diffraction,
transmission electron microscopy, and chemical analysis to provide an understanding of the
mechanism of the drastic improvement of impact toughness of laser and electron-beam (EB)
welds of V-4Cr-4Ti following postwelding annealing at 1000°C. Transmision electron
microscopy (TEM) revealed that annealed weld zones were characterized by extensive networks
of fine V(C,O,N) precipitates, which appear to clean away O, C, and N from grain matrices.
This process is accompanied by simultaneous annealing-out of the dense dislocations present in
the weld fusion zone. It seems possible to produce high-quality welds under practical conditions
by controlling and adjusting the cooling rate of the weld zone by some innovative method to
maximize the precipitation of V(C,O,N).

INTRODUCTION

For the vanadium alloys, recent attention has focused on development of welding procedures and
investigation of the weld properties of the reference alloy V-4Cr-4Ti. The objective of this task
is to develop an optimal laser welding procedure that can be applied to welding of large-scale
fusion-reactor structural components. Initial investigation of mechanical properties of laser and
EB welds of the production-scale heat of V-4Cr-^Ti (500-kg Heat #832665) has demonstrated
that impact toughness of the welds is improved drastically by postwelding heat-treatment

(PWHT) at«1000°C for 1 h.1

Although postwelding annealing at 1000°C for as long as 1 h is obviously impractical for field
application, it was thought to be important to understand the mechanism of the drastic
improvement of the impact toughness, because once the mechanism is understood, it would be
possible to develop an innovative method to apply the underlying principle to produce a good
weld under practical conditions. Therefore, a microstructural investigation by optical
microscopy, X-ray diffraction, TEM, and chemical analysis has been conducted on as-welded
and postwelding-annealed specimens of V-4Cr-4Ti to provide an understanding of the
mechanism of the toughness improvement.

MICROSTRUCTURAL ANALYSES

Optical Microscopy

Optical micrographs of the as-welded and postwelding-annealed specimens of the laser weld are
shown in Fig. 1. The low- and high-magnification photomicrographs in the figures were
obtained from the side of the broken or bent Charpy specimens that were impact-tested after the
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heat treatment. Elongated grains and fracture line in the weld fusion zone are visible in Fig.
1(A), the low-magnification phototmicrograph.

In the high-magnification photomicrograph of the postwelding-annealed material, Fig. 1(C), a
characteristic fine substructure is visible within the elongated grains of the fusion zone. This
substructure is absent in the
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Fig. l
Optical metallographs of laser weld of
V-4-Cr-4Ti in as-welded state, (A) and
(B) and after postwelding annealing at
1000°C for 1 h (C).
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as-welded material, Fig. 1(B). In EB welds, early-stage development of the similar fine
substructure was observed even in as-welded material, Fig. 2(B). In the postwelding-annealed
material, the substructure appears to have developed into an advanced stage, Fig. 2(C). Thus,
identification of this fine substructure seems to be the key to understanding the mechanism of
toughness improvement following the PWHT.
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(C) Fig. 2.
Optical metallographs of EB weld of V-
4Cr-4Ti in as-welded state, (A) and (B),
and after postwelding annealing at 1000°C
for 1 h (C).
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1
Chemical Analysis

Concentrations of O, C, and N were analyzed in EB welds. Three specimens of base metal and
three specimens of EB weld were analyzed. These concentrations were compared in Table 1
with those measured on an extruded plate (64 mm thick) and a rolled base-metal plate (3.8 mm
thick). The base-metal plate was annealed in the factory at ~1050°C for 2 h and subsequently
used in the present welding. Compared to the composition of the rolled and annealed base-metal
plate, increase in O, N, and C in the EB welds was insignificant. Therefore, contamination by O,
N, and C in the EB and laser welds appears to be at best a secondary factor in the large shifts in

the ductile-brittle transition temperature (DBTT) before and after welding. *

Table 1. Impurity concentration (in wppm) in 500-kg V-4Cr-4Ti Heat #832665 after
extrusion, rolling and annealing, and electron-beam welding

Material
Extruded plate
Rolled Plate
EBweld

0
reading

310
450, 480, 467
510, 520,520

average
310
466
517

N
reading

85
25, 28, 30
30, 25, 29

average
85
27
28

C
reading

80
300, 230, 240
240,270, 240

average
80

257
250

X-Ray Diffraction Analysis

Tetragonal distortion was suspected initially in the crystallographic structure of the elongated
grains in the fast-cooled weld fusion zone, which was thought to be associated with the high
DBTT. However, X-ray diffraction analysis showed no evidence of tetragonal distortion; only
the diffraction peaks that correspond to the bcc structure of vanadium were present, i.e., (110),
(200), (211), (220), and (310). However, the lattice constant of the weld fusion zone was found
to be =0.13% larger than that of the base metal, i.e., 0.30315 vs. 0.30275 nm, respectively.
These lattice constants were used to index the TEM diffraction patterns (see below).

TEM Analysis

As-welded microstructures of laser and EB welds were characterized by dense dislocations as
shown in Fig. 3. Ti(O,N,C) precipitates normally present in extruded, rolled, and annealed plates
were conspicuously absent, showing that they had dissolved in the grain matrices during
welding. Reprecipitation of Ti(O,N,C) during cool-down of the weld fusion zone was negligible.

Postwelding-annealed laser and EB welds were characterized by an extensive network of
precipitates that were not observed in the base metals of any vanadium alloys investigated in this
program. Examples of the network precipitate structures are shown in Figs. 4 and 5, for laser
and EB welds, respectively. Individual precipitates were typically rodlike in shape, 200-500 nm
in length, and «50-100 nm in diameter. The rodlike morphology indicates immediately that the
precipitates are not Ti(O,N,C), which is usually spherical or ellipsoidal and 300-500 nm in
diameter. Dark-field morphologies shown in Figs. 3(B) and 4(B) indicate that the precipitates in
the laser and EB welds are of the same type.

To obtain a clue as to the nature of the precipitates, selected precipitates were analyzed by
energy-dispersive spectroscopy (EDS). A few precipitates located at the edge of the of the hole
of the perforated TEM foil were analyzed. The measured EDS spectrum, therefore, consisted of
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X-rays that originated predominantly from the precipitate, while X-rays from the alloy matrix
were negligible. Results of the EDS analysis of the precipitate and alloy matrix, given in Table
2, show that the precipitate is a vanadium-base phase rich in C and O.

Fig. 3 TEM bright-field micrographs of laser (A) and EB (B) welds of V-4Cr-4Ti before post-
weld anneling. Note dense dislocations and absence of the normal Ti (O, N, C)
precipitates.

300 « * " " £&

Fig. 4. Bright- (A) and dark-field (B) photomicrographs of laser weld fusion zone of
V-4Cr^Ti after postwelding annealing at 1000°C for 1 h. Note dense precipitate
substructure and absence of dislocations and Ti(O,N,C).

Table 2. Summary of EDS analysis of the composition
(at.%) of the characteristic precipitates in the
laser weld fusion zone after postwelding
annealing at 1000°C for 1 h in vacuum

Ti Cr O

Matrix 92.55 3.68 3.77
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Precipitate 16.72 5.94 0.76 66.99 9.59

Fig. 5. Dark-field (B) micrographs of precipitates in EB weld fusion zone of
V-4Cr-4Ti after postwelding annealing at 1000°C for 1 h.

However, exact compositions of C and O in this type of analysis must be considered as only
qualitative, because contamination of C from the TEM vacuum chamber and hydrocarbon
thinning solution is possible. Furthermore, accurate determination of C and O by EDS is
complicated because the weak K lines of C and O nearly overlap the L lines of V and Ti.
Therefore, exact identification of the precipitate phase must be verified by a more precise
analysis through dark-field imaging and indexing selected-area diffraction patterns.

Systematic analysis by dark-field imaging and selected-area-diffraction (SAD) showed that the
characteristic precipitates are V(C, O, N), which is an fee phase with a lattice constant of 0.419
nm. An example of the indexed diffraction patterns is shown in Fig. 6. In this pattern, one zone
axis of vanadium and two zone axes of V(C, O, N) phase are operating. Indexed diffraction
patterns obtained from the laser and EB welds showed that the precipitates formed in the two
types of welds are the same V(C,O,N) phase.
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Fig. 6.

Indexed selected area diffraction
pattern of laser weld fusion zone of
V~4Cr—4Ti postwelding-annealed at
1000°C for 1 h.

DISCUSSION

VC (lattice constant 0.417 nm), VO (0.409 nm), and VN (0.413 nm) phases are isostructural (fee,
Na-Cl type) and have similar lattice constants^ and high miscibility with one another. 3 This is
similar to the characteristics of TiC, TiO, and TiN, which are also isostructural fee with similar
lattice constants and high miscibility. Therefore, as for Ti(C,O,N), the vanadium-base
precipitates characteristically contained in the postwelding-annealed welds are believed to be in
the chemical form of V(C,O,N), with variable proportions of C, O, and N in the precipitate. For
the precipitate analyzed in Table 2, N content was negligible. The substructures observed in the
low-magnification optical photomicrographs of Figs. 1 and 2 are indeed the same as the
precipitate network shown in the high-magnification TEM photomicrographs of Figs. 4 and 5.

Vanadium-base precipitates have been observed only rarely in V-Ti or V-Cr-Ti alloys.4~6 j n the

Ti-containing binary or ternary alloys, observed precipitates are usually Ti-based phases, such as

titanium oxycarbonitrides, titanium sulfides, or titanium phosphides.^ Vanadium-base
precipitates were observed only in alloys containing high levels of unusual impurities such as Cl,
Ca, and Li, i.e., vanadium oxychlorides in V-5Cr-5Ti, which was melted with low-quality

sponge Ti^ and Ca-vanadate in unalloyed vanadium produced by the calcia-reduction process.^

In an irradiated V-20Ti alloy rich in boron, Li-vanadate was also observed.^

As pointed out previously, from the thermodynamic standpoint, the precipitation of vanmadium
oxychlorides or Ca-vanadates seems to be preferred over precipitation of Ti-based precipitates in
Cl- or Ca-rich alloys containing a certain level of oxygen. Precipitation of V(C,O,N) seems to be
preferred over precipitation of Ti(C,O,N) in a metastable structure such as the weld fusion zone.
A laser or EB weld fusion zone contains dense dislocations and higher levels of O, N, and C as
interstitial solutes in the grain matrices following dissolution of Ti(O,N,C) during melting. It
appears that a dense dislocation structure plays an essential role in the precipitation of V(C,O,N)
in the welds. The network-like distribution of clusters of the V(C,O,N) precipitates shown in
Figs. 4 and 5 seems to support this premise.
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Under the same annealing condition at 1000°C for 1 h in high vacuum, V(C,O,N) precipitates
were not observed in the factory-annealed base metal, which is relatively free of dislocations and
contains the normal Ti(O,N,C) precipitates. This seems to be additional evidence that high-
density dislocations play an important role in the precipitation of (V(C,N,O) in the welds during
postwelding-annealing.

It seems evident that the drastic improvement in impact toughness is a result of the simultaneous
process of profuse formation of V(C,O,N) precipitates and annealing-out of the dense
dislocations that occurs in the weld zone during the postwelding annealing. The combined
process seems to make grain matrices that are very low in O, C, and N and virtually free of
dislocations and residual stress. Crack propagation through this type of microstructure would
then be very difficult, which leads to excellent impact toughness.

The precipitation kinetics of V(C,O,N) in the metastable structure of laser welds are believed to
be strongly influenced by annealing temperature. Therefore, identification of the temperature of
fastest precipitation kinetics in the time-temperature-transformation (TTT) curve will be
important. This temperature is probably significantly higher than 1000°C, and the kinetics at
that temperature seem to be fast. This can be deduced from the observation of the early-stage
development of the precipitate network in EB welds even without postwelding annealing, Fig.
2(B). A controlled cooling of a laser weld would then be an attractive idea, in which the weld
structure remains at the temperature of maximum precipitation kinetics for a reasonable period of
time under reasonably practical conditions.

CONCLUSIONS

1. Postwelding-annealed welds were characterized by extensive formation of networks of fine
V(C,O,N) precipitates. This process occurs with simultaneous annealing-out of the dense
dislocations present in the metastable weld fusion.

2. The drastic improvement in impact toughness is a result of this simultaneous process, which
occurs in the weld fusion zone during the postwelding annealing at 1000°C for 1 h. The
combined process seems to make grain matrices that are very low in O, C, and N and
virtutally free of dislocations and residual stress. Resistance to crack propagation through the
grains of this type of microstructure seems to be high, and as a result, excellent impact
toughness is produced.

3. The precipitation kinetics of V(C,O,N) in the metastable structure of laser welds are
predicted to be strongly influenced by annealing temperature, and hence by cooling history.
Therefore, it seems possible to produce high-quality welds under practical conditions by
controlling and adjusting the cooling rate of the weld fusion zone through some innovative
method to maximize the precipitation of V(C,O,N).
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SUBTASK 1.4.2.4: Impact Properties and Hardening Behavior of Laser and
Electron-Beam Welds of V-4Cr-4Ti, H. M. Chung, R. V. Strain, H.-C. Tsai,
J.-H. Park, and D. L. Smith (Argonne National Laboratory)

SUMMARY

We are conducting a program to develop an optimal laser welding procedure that can be applied to
large-scale fusion-reactor structural components to be fabricated from vanadium-base alloys.
Results of initial investigation of mechanical properties and hardening behavior of laser and
electron-beam (EB) welds of the production-scale heat of V-4Cr-4Ti (500-kg Heat #832665) in
as-welded and postwelding heat-treated (PWHT) conditions are presented in this paper. The laser
weld was produced in air using a 6-kW continuous CO2 laser at a welding speed of =45 mm/s.
Microhardness of the laser welds was somewhat higher than that of the base metal, which was
annealed at a nominal temperature of =1050°C for 2 h in the factory. In spite of the moderate
hardening, ductile-brittle transition temperatures (DBTTs) of the initial laser (=80°C) and EB
(=30°C) welds were significantly higher man that of the base metal (=-170°C). However, excellent
impact properties, with DBTT < -80°C and similar to those of the base metal, could be restored in
both the laser and EB welds by postwelding annealing at 1000°C for 1 h in vacuum.

INTRODUCTION

Recent research in vanadium alloys has focused on development of welding procedures and
investigation of the weld properties of the reference alloy V-4Cr—4Ti. A program is being
conducted in this laboratory to develop an optimal laser welding procedure that can be applied to
welding of large-scale fusion-reactor structural components. An initial bead-on-plate laser weld
was produced on 3.8-mm-thick plates of the production-scale heat of V-4Cr-4Ti (500-kg Heat
#832665). 1 The base plates were annealed in the factory at a nominal temperature of =1050°C for
2 h. To complement the investigation on the structure and properties of the laser weld, EB welds
were also obtained from a separate program. In the program, a large-scale MHD test loop was
fabricated from the same heat of V-4Cr-^Ti, and a few EB welds were produced as part of the
fabrication effort. In this paper, we report results of initial investigation of mechanical properties
and hardening behavior of the laser and EB welds of the production-scale heat of V—4Cr-̂ 4Ti in
as-welded condition and after postwelding heat-treatment (PWHT) at =1000°C for 1 h in high
vacuum.

MATERIALS AND PROCEDURES

The bead-on-plate laser weld was produced in air with an argon gas purge using a 6-kW
continuous CO2 laser at a welding speed of =45 mm/s. Details of the welding procedure are
reported in Ref. 1. One-third-size Charpy impact specimens (3.3 x 3.3 x 25.4 mm, 30° notch
angle, and 0.61-mm notch depth) were machined from the welded plate. The orientation of the
Charpy specimens (L-S orientation) is shown schematically in Fig. 1. Direction of crack
propagation was perpendicular to the rolling direction and the flat surface of the plate. As shown,
a V-notch was located in the center of the weld zone so that the crack would propagate entirely
within the weld zone.

The machined Charpy specimens were subjected to the customary degassing treatment at 400°C for
1 h in ion-pumped vacuum to expel hydrogen. This state of the material is referred to as the
"as-welded" condition. Some of the machined specimens were annealed instead at 1000°C for 1 h
in ion-pumped vacuum, resulting in the "postwelding heat-treated" (PWHT) condition.
Following impact testing at -100 to +300°C, fractographic analysis and microhardness
measurement were conducted on broken or bent pieces of the Charpy specimen. Vickers
microhardness was measured with a 25-g load near the fracture region on one side of the Charpy
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specimen. Results of microstructural and microchemical analyses aimed at mechanistic
understanding of the fracture behavior are given Ref. 2.

• V-notch Angle 30°
• Root Radius 0.08 mm
• Notch Depth 0.61 mm

Heat #832665
500-kg V-4Cr-4Ti

1/3-size
V-notch

Fig. 1.
Orientation of
Charpy-impact
specimens of
laser and EB
welds of
V-4Cr-4Ti

RESULTS AND DISCUSSION

Impact properties of the laser and EB welds measured at -100 to 300°C are shown in Figs. 2 and
3, respectively. In the figures, weld impact energies measured after degassing the machined
Charpy specimens at 400°C (as-welded condition) and at 1000°C (PWHT condition) are shown for
comparison. Impact energy of the base metal is also plotted in Fig. 2 as a function of temperature.
The DBTTs of the laser and EB welds were ~80°C and ~30°C, respectively. These are
significantly higher than the DBTT of the base metal (=-170°C). However, excellent impact
properties with DBTTs <-80°C could be restored in both the laser and EB welds by postwelding
annealing at 1000°C for 1 h. Impact energies at <-80°C could not be measured because a sufficient
number of specimens were not available. True DBTTs of the postwelding annealed laser and EB
welds are probably as low as, or lower than, the DBTT of the base metal. However, this must be
verified by further testing at <-80°C.

Consistent with the effects of PWHT on impact properties, the microhardnesses of the laser and
EB welds decreased significantly after postwelding annealing. This is shown in Figs. 4 and 5,
respectively. Vickers hardnesses of the fusion zones of the laser and EB welds were =200 and
=170, respectively, in as-welded condition. After the postwelding annealing, hardness decreased
to =130. Hardness of the base metal decreased from =160 to =130 after the postwelding
annealing.

As expected, impact properties of the laser and EB welds seems to be more sensitive to
postwelding annealing at 1000°C than hardening behavior. Apparently, a similar type of
metallurgical process seems to occur during the postwelding annealing of laser and EB welds.
Identifying this process is therefore important in gaining an understanding of the mechanism
causing the drastic improvement in impact toughness mat is associated with the postwelding
annealing.
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CONCLUSIONS

1. Hardening behavior and impact properties of laser and electron-beam (EB) welds of
V-4Cr-4Ti were investigated with and without postwelding annealing at 1000°C for 1 h in
high vacuum. Ductile-brittle transition temperatures (DBTTs) of the laser and EB welds were
=80°C and EB =30°C, respectively, significantly higher than the DBTT of the base metal.
However, excellent impact properties could be restored in both the laser and EB welds by
postwelding annealing at 1000°C for 1 h in vacuum.

2. Consistent with the effect on impact properties, microhardness of the laser and EB welds
decreased significantly following postwelding annealing.

3. Impact properties seem to be more sensitive than hardening behavior to postwelding annealing
at 1000°C. Apparently, a similar type of metallurgical process seems to occur during the
postwelding annealing of laser and EB welds. Identifying this process is therefore important in
gaining an understanding of the mechanism that drastically improves impact toughness, as well
as in developing an innovative procedure to produce high-quality welds.
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SUBTASK 1.4.2.5: DEVELOPMENT OF LASER WELDING TECHNIQUES FOR
VANADIUM ALLOYS, R. V. Strain, K. H. Leong, and D. L. Smith (Argonne National
Laboratory)

OBJECTIVE

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

BACKGROUND

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

EXPERIMENTAL PROGRAM

Because of the potential advantageous of laser welding, it is important to include laser-welded
samples in the materials testing program for vanadium alloys, and laser welding tests on
vanadium alloys were begun in late 1994. Initial scoping tests with a small pulsed laser were
performed to determine the nevironment required to make successful welds and the depth-of-
penetration capability of this welder. These tests indicated that successful welding of a V-5%Cr-
5%Ti alloy would requrie protection of the molten metal

RESULTS

Metallographic examination and testing of all of the specimens from this series of welds has
been initiated. Initial results indicate that the depth of weld penetration and the microhardness of
the welds increases as the welding speed is decreased. Use of oscillating beam power also
increased weld penetration and weld hardness. The microstructure and grain size of the welds
were not changed by the welding speed. The characteristics of the YAG laser weld at 0.034 m/s
were essentially the same as those of the CO2 laser welds at 0.042 m/s.

These results are interpreted as indicating that the "improved" argon purge did not completely
prevent the pickup of oxygen during the welding operation. The slower welding speeds resulted
in the metal remaining molten longer, which caused greater oxygen contamination than at the
higher speeds. Conversely, the weld microstructure is controlled by the solidification rate, which
is probably controlled by the thermal conductivity of the alloy and by the purging rate, rather
than by the speed of the weld.
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Fig. 1. Microstructure of Laser Weld and Base
Material; 100X.

Fig. 2. Microhardness Measurements on Laser Welds
and Base Material.

FUTURE ACTIVITIES

An enclosure is being fabricated to allow welding in a vacuum or pure inert atmosphere by
passing the laser beam through a window. The effectiveness of variations in the gas
environment, as well as changes in welding speed, will be assessed by impact testing and by
microstructural and microhardness measurements. Postweld heat treating will be studied, if it is
needed to obtain material properties in the weld that are comparable to those in the bulk material.
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2.0 Development of Liquid Lithium-Vanadium Advanced Blanket with Insulator
Coating

This task consists of four subtasks.
Subtask 2.1 - Electrical insulation Development and testing for Liquid metal System
Subtask 2.2 - MHD Pressure Drop and Heat Transfer Study for Self-cooled Liquid Metal
Systems
Subtask 2.3 - Chemistry of Liquid Lithium
Subtask 2.4 - Design, Fabrication and Testing of ITER relevant Size Mock-up(s)

During previous studies, it became apparent that electrically insulating duct walls would be
required to reduce the MHD pressure drop for liquid metal - cooled blankets for high
magnetic field fusion devices [2.0-1,2.0-2]. The use of an electrically insulating coating
will reduce the total pressure drop by a factor of 100 to 1000 over bare walls. As a result,
development of insulator coatings was recommended as the most appropriate approach for
resolving this issue. Key considerations for the selection of candidate coating materials
include:

chemical stability/compatibility with lithium at elevated temperatures
reasonably high electrical resistivity (r *i > 10-100 ohm-cm )
potential for coating of complex channel geometries
potential for in situ self-healing of any defects that might occur
thermal expansion match with the vanadium alloys
safety/environmental characteristics, e.g., low activation properties
materials availability/cost
radiation damage resistance

Oxides were generally considered initially as the preferred candidates to meet the
specified criteria, however, only a limited number of oxides are stable in lithium. Nitrides
are generally more stable than the oxides in lithium; however, many of the nitrides do not
exhibit high electrical resistivity. For example, both VN and TiN are stable in lithium;
however, they do not exhibit high resistivity. Similarly, most carbides and silicides do not
typically exhibit high resistivity. Therefore, oxides such as CaO, Y2O3, BeO, MgO,
MgAl2O4, Y3AI2O12, and nitrides such A1N, BN, and Si3N2 were considered as potential
candidates based primarily on thermodynamic considerations. Following a series of
scoping compatibility tests and an evaluation of fabrication approaches, the development of
insulator coatings for the Li/V system focussed on two candidates, A1N and CaO. The
electrical resistivity of these materials is sufficiently high that coatings of only 1-10 mm in

thickness are 103 - 106 times that needed to satisfy the MHD requirements.

References - Section 2.0
2.0-1 C.C. Baker, et al., "Tokamak Power Systems Studies-FY 1985," Argonne

National Laboratory, ANL/FPP/85-2 (1985).
2.0-2 D.K. Sze, et al., "Blanket Selection for the STARLITE Project," Proceedings of

the 12th Topical Meeting on the Technology of Fusion Energy, 995 (1996).

2.1. Electrical insulation development and testing for liquid metal system

2.1.1 Background

Development of in situ coating methods for coating complex shapes is considered
extremely desirable, if not essential, for a practical application. A capability for self-healing
of the coating is also considered necessary for a practical system since development of a
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coating which would remain defect free under projected operating conditions may be
unlikely. Based on previous work, A1N and CaO were selected for initial investigations of
the in situ coating development. To develop a reaction layer coating, it is desirable that the
structure be the source of one component of the reaction product and the liquid metal
provide the source of the other component.

A1N potentially offers a possibility for formation by either of these two processes,
i.e., aluminizing the vanadium surface and reacting with nitrogen from the lithium or by
reacting nitrogen from the vanadium with aluminum dissolved in the lithium. Reacting
nitrogen from the lithium with an aluminized vanadium alloy surface was selected as the
best first option for A1N, although scoping tests were conducted by adding both nitrogen
and aluminum to the lithium. Procedures were developed for aluminizing the vanadium
alloy surface and subsequently nitriding the aluminized surface. The aluminizing process
requires temperatures of approximately 800° C. Thin coatings of A1N were produced on
several vanadium alloys. These coatings were characterized and tested for compatibility
and resistivity in lithium. The coatings generally exhibited good compatibility with lithium
and significant electrical resistivity; however, the resistance was typically much less than
values for monolithic A1N. Because of funding constraints, the effort on A1N was focused
mostly on conventional (PVD, CVD, etc.) methods for producing the coating described
previously. Results obtained on A1N were encouraging, and it merits further development
as a candidate coating.

The primary effort related to in situ coating development was focused on calcium
oxide. This system offers a potential for superior performance compared to other systems
considered, e.g., high electrical resistivity, good thermal expansion match with vanadium
alloys, chemical stability, low activation, and potential for in situ formation with self-
healing potential. The primary mechanism of coating formation involves reactions of
oxygen from the vanadium alloy with calcium dissolved in the lithium. Several variables
involved in this reaction include temperature, time, oxygen concentration in vanadium
alloy, and calcium concentration in lithium.

In previous years' activities, scoping tests were conducted by exposing small
coupons of vanadium alloys at various temperatures to lithium containing various
concentrations of calcium. It was generally found that increasing the oxygen concentration
in this surface of vanadium by exposure to low pressure oxygen environments before
exposure to the lithium-calcium alloy produced thicker oxide reaction products. A range of
conditions (temperature, oxygen pressure, and time) were investigated to determine which
conditions provided better coating characteristics. CaO coatings 5-10}im thick were
successfully formed on vanadium alloys. In this case microcracks were observed at room
temperature; however, spallation of the coating was not observed. Self-healing of the CaO
coatings was observed following thermal cycling of the test samples in lithium. Additional
effort is necessary to improve the consistency of coating fabrication.

2.1.2 Calcium Oxide Coating Development

2.1.2.1 Introduction

The application of CaO coatings involves the following steps: 1. Surface oxygen charging
of the vanadium alloy to provide oxygen to the calcium at the interface for CaO formation,
2. Calcium layer formation over the oxygen charged surface, usually accomplished by
dipping the vanadium into a molten mixture of lithium and calcium, and 3. Reaction of the
calcium layer with oxygen to produce the final CaO coating. This section summarizes the
work for each of the steps in the formation process.

230



V-Ti-Cr alloys of round bottom pencil shaped samples (0.635 cm dia x 15 cm length round
bottom) and flat tab samples (1.27 cm x 2.54 cm x 0.10 cm) were used in this study.
Various steps and experimental methods have been explored to fabricate and characterize
insulator coatings for use in liquid-Li environments. A typical fabrication sequence
consists of: O charging of the near-surface region of V-base alloys has been performed
with flowing 10-20ppm oxygen (i.e., impurity level of commercial 99.999% Ar) and 200
ppm oxygen in Ar gas in the temperature range of 610-658°C for 17 to 19.5 h. As a
second step, reaction of the O-enriched V-base alloy with dissolved Ca(2 at.%) in Li to
form a CaO with Ca enriched layer around the O-enriched V-base alloy by exposure at
3OO-55O°C for 16-17 h. During this process in-situ electrical resistance was monitored as a
function of time. After that sample was pulled out 1 to 3 cm above the liquid metal level
and stayed time between 16 and 72 hrs for dripping of excess molten melt around the
samples. As a third step, the coated CaO/Ca layer was oxidized in a flowing gas mixture of
10 to 5000 ppm oxygen in Ar at 450-650°C for 17 hrs. Finally, samples were examined by
eye, two point ohmic resistance around the CaO coating, when the samples showed an
infinite ohmic, only those samples were conducted for the in-situ resistance measurement
by exposure to the same liquid metal pot in the temperature between 250 and 500°C for
few minutes to 700 hrs. Samples were examined during each process by weighing, optical
microscopy, scanning electron microscopy (SEM), microhardness test.

2.1.2.2 Oxygen Charging

Metallic solutes dissolved in Li (e.g., Ca, Y, or Mg) do not produce intermetallic phases on
V-base alloys, nor do they become incorporated into the material by diffusion interactions
at low temperatures. Consequently, another approach was adapted to facilitate formation
of an insulating coating (CaO): O was charged into the near-surface region of the alloy
under controlled conditions. It is well known that O can be incorporated into the interstitial
sublattice in body-centered-cubic (bcc) V and its alloys. 12-1, 2-1] Thus, if O or N is
present in the alloy (as a reactant), these elements may have a higher affinity for solutes,
such as Ca, Y, or Mg dissolved in Li, compared to that of the alloy elements. In the bcc
lattice of V-5Cr-5Ti, O can occupy interstitial sites within the lattice up to several atomic
percent. Oxygen charging of V-5Cr-5Ti was conducted for up to 48 h at temperatures
between 500 and 1030°C in flowing high-purity Ar and N2 (99.999%) that contained O as
an impurity. Specimen weight gain vs. reciprocal temperature is shown in Fig. [2.1.2-1].
Diffusion coefficients of O and N in V (Fig. [2.1.2-2]) show that diffusion of O in V is 10
to 1800 times faster than that of N. This property is very important for in-situ formation of
CaO. Oxygen charging in an N2 atmosphere lowers the rate (=5%) because of some
participation of N compared with an Ar atmosphere. However, O incorporation into V-
5Cr-5Ti predominates even in a 99.999% pure N2 atmosphere.
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Figure [2.1.2-3] shows the weight gain per unit area of the alloy at various temperatures
after 17 h in N2- Based on visual observation and weight gain, we can control the depth of
the O-charged layer by exposure temperature and time in a flowing Ar atmosphere. In this
study, 99.999% Ar or N2 was used for
O charging. Oxygen concentration in the near-surface layer was calculated from the
weight gain, surface area, and thickness of the hardened region. The O concentration
ranged from 250 ppm (as-received) to -2 -3%, depending on position within the layer and
exposure conditions.
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Figure [2.1.2-3]. Weight gain of V-5Cr-5Ti specimens after exposure in 99.999% N2 for
17 h at several temperatures

Vickers hardness of the O-charged layers and the underlying V-5Cr-5Ti alloy was
measured with a 50-g load. Figure [2.1.2-4] shows that the O-charged layers were much
harder than the as-received alloys, which can be attributed to interstitial O atoms in the bcc
lattice of V. The hardening mechanism appears to be somewhat different than that in most
cases where precipitates form in the bulk alloy. Oxygen-charging experiments were
performed on pure V, V-lOCr, and V-20Ti specimens in the same atmospheres as for V-
5Cr-5Ti to obtain more insight into the hardening phenomenon. Pure V showed the
highest hardness values among the different specimens, but the O-charged V-lOCr sample
appeared to be more brittle during indentation. Figure [2.1.2-5] shows the dependence of
room-temperature Vickers hardness of specimens on temperature of exposure (490 to
890°C) in high-purity Ar for 24 h. Transmission electron microscopy will be performed
on several specimens to determine whether the hardening mechanism involves primarily
occupation of interstitial sites by O or formation of small particles of V-O.

Figure [2.1.2-6] shows results of compatibility tests on O-charged samples in flowing
liquid Li at 443°C for 298 h. Samples charged with O at 1030 and 1005°C showed the
highest weight loss during exposure to liquid Li. Results for a similar test at 408°C for 239
h are shown in Fig. [2.1.2-7] for as-received specimens
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(250 ppm O) and specimens that were charged with O under different time-temperature
conditions. In general, specimens that exhibit the largest weight gain during O charging
undergo the largest weight loss during exposure to Li. Presumably, this indicates that an
oxide phase (e.g., V2O3) that formed during
O-charging dissolves in liquid Li. However, weight-loss rates for specimens exposed to
Li at 443 and 408°C are virtually the same (i.e., =0.0005 g/298 h/cm2 or 1.68 (Xg/cm2-h
and =0.0002 g/239 h/cm2 or 0.84 (Ig/cm2-h, respectively). In contrast, if weight loss in
short-term corrosion tests was controlled primarily by O diffusion in the alloy, the rates
would be expected to be relatively independent of the amount of O charged. If O transport
to liquid Li was controlled by diffusion in the alloy, diffusion data in Fig. 2 could be used
to optimize time-temperature conditions for in-situ formation and self-healing of a CaO
coating. This would be applicable to any of the thermodynamically stable oxides in the
liquid Li, e.g., BeO, MgO, Y-A1-0 garnet, Mg-Al-O spinel, Y2O3, and CaO etc. A
similar situation could presumably occur for the formation of nitrides by the reaction of N
in the alloy with metallic elements dissolved in Li.
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Figure [2.1.2-4]. Vickers hardness profiles from cross sections of V-5Cr-5Ti
specimens exposed to Ar for 40 h at 670, 880, and 1030°C
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nonalloyed V specimens in near-surface and center regions after exposure in Ar for 24 h at
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Vickers hardness of liquid-Li exposed specimens was measured with a 50-g load (Fig.
[2.1.2-8]). When we compare Vickers hardness of the cross section in the near-surface
region (=10 jim) of a specimen charged with O at 1030°C before and after liquid-Li
exposure, we find that values were 600-700 and 1400-1600 kg/mm^, respectively. This
suggests that 0 diffused into the near-surface region. Oxygen charging at lower
temperatures typically produces higher near-surface hardness values, as was shown in
Fig. [2.1.2-4]. Specimens charged with 0 at 880 and 670°C had relatively high
near-surface hardness and hardness decreased after exposure to liquid Li.
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Most of the samples used in the latter stages of the study wereV-Ti-Cr alloys of round
bottom pencil shaped samples (0.635 cm dia x 15 cm length round bottom) and flat tab
samples (1.27 cm x 2.54 cm x 0.10 cm). Oxygen charging of of these samples has been
performed with flowing 10-20ppm oxygen (i.e., impurity level of commercial 99.999%
Ar) and 200 ppm oxygen in Ar gas in the temerature range of 610-658°C for 17 to 19.5 h.
Figure [2.1.2-9] shows the thermogravimetric measurement for the oxygen charging
experiment, and fig. 10 shows the weight gain as a ppm at 650°C after 17 h in 10 ppm
oxygen in Ar for various samples. Oxygen concentration in the near-surface layer was
calculated from the weight gain, surface area, and thickness of the hardened region; it
ranged from 250 ppm (as-received) to ~ 1 % , within 25 (Xm of the surface layer.
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Figure [2.1.2-11] shows the Vickers hardness profiles from cross sections near the surface
area of various V-4Cr-4Ti specimens exposed to 10 ppm oxygen in Ar for 17 h at 650°C.
Long pencil shape samples placed in a temperature gradient; lower temperature zone
showed a little lower oxygen charging. However, Russian sample showed higher surface
hardness than other samples near the surface. Oxygen charging was also performed in 200
ppm oxygen in Ar. However, oxygen charging in 200 ppm-O, the vanadium alloy surface
start oxidized with a blue oxide layer formed over the thin black surface. The specimens
charged with O showed the same ohmic values before and after O charging. The blue
oxide is not stable in liquid Li.
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Figure [2.1.2-11]. Vickers hardness profiles from cross sections of various V-4Cr-4Ti
specimens exposed to 10 ppm oxygen in Ar for 17 h at 650°C.

2.1.2.3 Calcium Layer Formation

Thin, homogeneous, electrically insulating CaO coatings were produced on small
specimens of V-5%Cr-5%Ti by controlling the exposure time, temperature, and
composition of liquid Li containing dissolved Ca. [2-1.2-2] The objective of this study is
to determine the optimal composition of the liquid Li-Ca alloy for use in coating the large
test section to be tested in ALEX.

According to the Ca-Li binary phase diagram shown in Fig. [2.1.2-12], Ca additions to
liquid Li lower the melting point of Li-Ca alloys from 180.6°C (for pure Li) to 141°C for
the eutectic mixture that contains 7.7 at.% Ca (=32.5 wt.% Ca). The liquidus temperature
of Ca-Li alloys increases slowly from 141 to 230°C as the concentration of Ca increases
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from =32.5 to 82 wt.%. The liquidus temperature then increases rapidly from 230 to
842°C, which is the melting point of pure Ca. From the standpoint of forming a thin
homogeneous CaO coating on V-base alloys, a high concentration of Ca in liquid Li is
desirable to provide a large source of Ca for the coating process, scavenge or "getter"
nonmetallic impurities (e.g., O, N) in Li, and minimize incorporation of Li into the CaO
film. Several Ca-Li compositions have been prepared, and melting/cooling cycles for the
alloys have been obtained to verify the Ca-Li phase diagram in the range of interest. We
also determined whether the initial heating cycle with mixtures of pure components
produces an exothermic reaction that could present problems during application of the
coating process to large components where a significant quantity of the liquid alloy is
required.

900

100
o

Ca

6050
Atomic Percent Li

70 80 90 100
Li

Figure [2.1.2-12]. Ca-Li binary phase diagram

Figure [2.1.2-13] is a schematic drawing of the apparatus used in the heating/cooling
experiments. Eight Ca-Li samples with 3-82 wt.% Ca (0.5-44 at.% Ca) were prepared
from small (3-10 mm diameter) pieces of Ca and 3-mm-diameter Li wire. Isopropyl
alcohol was used to rinse mineral oil from the Li wire. The Ca and Li were weighed and
then loaded into a 150-mL Type 304 stainless steel (SS) container. Several methods were
used to load the constituents (-60 mL volume) into the apparatus in an attempt to minimize
oxidation of the metals in air. Ar gas was pursed in a plastic bag that held the container,
and handling time was minimized. In some cases, the solid metals were place sequentially
in the container; in others, Li was place at the bottom and Ca at the top of the container.
After loading, the container was transferred to the SS chamber shown schematically in Fig.
[2.1.2-13]. Ar gas was pursed simultaneously with a vacuum pump that purged air from
the system. Heating was then started and the temperature was monitored with two
thermocouples, which were initially located at the top of the mixture. Once fusion had
occurred, one thermocouple was repositioned (lowered) and the temperature of the liquid
phase was monitored. Cooling curves were obtained for various alloy compositions by
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removing the furnace from the SS chamber and slowing cooling the container in air.
Thermal arrests were determined from cooling curves and the temperatures were compared
with published phase diagrams [2.1.2-3 - 2.1.2-5] for the Ca-Li system.

Argas Gas flow meter Exhaust

Type 304 SS
Chamber

Furnace

Calcium
Chunks

Lithium

Vacuum
pump

T.C 1 and 2

304SS
Crucible

Figure [2.1.2-13]. Schematic diagram of apparatus for heating/cooling
experiments

4.1-33.3 at.% Cain Li. Cooling curves for alloys that contained 4.1, 5.0, 7.7, 10.4, and
28 at.% Ca were obtained during furnace cooling, and the liquidus and eutectic
temperatures were easily detected from breaks in the cooling curves.

33.3-100 at.% Ca. In this composition range, published Ca-Li phase diagrams do not
agree with each other.[2.1.2-3-2.1.2-5] Several heating/cooling cycles were performed on
a Li-37 at.% Ca alloy. No appreciable heat was evolved during the initial heating cycle.
Reproducible breaks in the cooling curves occurred at =230 and 142°C, temperatures that
are indicative of formation of the CaLi2 intermetallic phase and the eutectic temperature,
respectively.

The temperatures and phases associated with thermal arrests during cooling of the various
alloys are given in Table [2.1.2-1] and results for the Li-rich portion of the Ca-Li phase
diagram determined in this study are shown in Fig. [2.1.2-14]. The heat of solution of Ca
in liquid Li is relatively small, as indicated by the thermocouple in the liquid during the
initial heating cycle. The low-melting CaLi2 intermetallic phase (mp ~230°C) also
exhibits a negligible exothermic heat of formation during initial fusion of Li (mp =180°C)
in the presence of solid Ca, and during heating from the melting temperature to =230°C,
where this phase is no longer stable.
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Table [2.1.2-1]. Alloy composition and thermal arrest temperatures on cooling
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Figure [2.1.2-14]. Li-rich region of Ca-Li phase diagram from this study

O-charged specimens were immersed in Ca-bearing (0.5-85 wt.% Ca) liquid Li for
various times at various temperatures. This approach was adopted because O in the alloy
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(as a reactant) may have a higher affinity for a solute such as Ca dissolved in Li than for the
alloy elements (V, Cr, and Ti). Several experiments were performed to test this
hypothesis. Specimens of V-5Cr-5Ti were heat treated in flowing Ar at 650°C to charge
the surface of the alloy with oxygen.

To monitor coating development by electrical resistivity measurements, specimens (6.35 x
38 x 1.0 mm.) were attached to Type 304 SS lead wires (1.2 mm diameter) by
electron-beam welding. The specimens were charged with O in an Ar atmosphere at 650°C
for 17-20 h and two specimens were coupled to form one conductivity-measuring unit, as
described previously. 12.1.2-6] The specimens were immersed for 17 h at 400°C in a
solution of Li containing 85 wt.% Ca, which has a liquidus temperature of ~38O°C and
then elevated above the liquid and exposed to an Ar atmosphere at 400°C to oxidize the Ca,
in a manner similar to the O-charging procedure for the V-base alloy. The specimens were
again immersed in the liquid Li-(0.5 wt.%)Ca alloy to measure the electrical resistance of
CaO films at 400°C. Figure [2.1.2-15] shows the cell resistance (9.5 x 105 Q) at a current
of 100 nA (10~7 A) over a 120-h period at =400°C. An initial iR value (where i = current
and R = electrical resistance) was obtained at a current of 1 mA, which was too high and
caused polarization of the specimen.
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T = 435°C in 0.5 wt.% Ca-Li
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Figure [2.1.2-15]. Log R(Q) vs. time of CaO coating fabricated by exposure of
V-5Cr-5Ti to Ar (99.999%) at 650°C for 17 h and to 85 wt.% Ca-Li at 400°C for 17 h.
Resistance measured in 0.5 wt.% Ca-Li at 435°C

243



Exposure of O-charged V-Cr-Ti samples in 2 at.% Ca-Li Figure [2.1.2-16] shows in-
situ ohmic resistance times liquid metal contact area of the O-charged samples in 2 at.%
Ca-Li at 500°C for 17 h. R* A values for various samples showed that the range of 20 and
50 Ohm-cm^. Before exposure the samples in the pot, the minimum temperature difference
between sample and the liquid metal was measured. Generally, at the beginning of the
exposure, the ohmic values are normally high {-.2-3 ohm), but it turns down to almost
zero with in few second, and then ohmic resistance rises up to 0.8-2.0 ohm within 10
minutes and stayed almost the same ohmic value for 17 hours. A similar behavior is
illustrated in Figure [2.1.2-17] for pencil samples exposed to the Li-2at. % Ca mixture.
After ~ one minute at 500 C, the resistivity rose to a level adequate for MHD pressure
reduction. The resitivity remained at a level of ~40D-cm2 through the end of testing of
about 100 hours.
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Figure [2.1.2-16]. R*A vs. time at 500°C for O-charged V-4Cr-4Ti specimens after
exposure in 2at.% Ca-Li. (Cross and diamond for O-charged in 10 ppm O, and closed
circle O-charged in 200ppm-O in Ar)
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Figure [2.1.2-17]. In-situ resistivity during Ca coating process at 500 C.

According to our previous work, we obtained the in-situ formation of CaO on 250 ppm O
bearing samples in liquid Li containing 4 at.% Ca at 700°C during a 7-day
exposure.P-1-2-6] \\re believe the reaction that forms CaO takes place at the interface
between O at the alloy surface and Ca in the liquid metal. The coating did not completely
cover the V-Cr-Ti surface, but a high ohmic resistance, typical of CaO (two-point contact
of >20 MQ. at room temperature), was obtained. To improve formation of CaO on alloy
substrates, O-charged specimens were immersed in Ca-bearing (0.5-85 wt.% Ca) liquid
Li for various times at various temperatures. This approach was adopted because O in the
alloy (as a reactant) may have a higher affinity for a solute such as Ca dissolved in Li than
for the alloy elements (V, Cr, and Ti). Lower Ca concentration in liquid Ca-Li metal is
lower viscosity than that of higher Ca concentration. To confirm the proper time for Ca
deposition near the surface of the O-charged V-4Cr-4Ti for 2 at.%Ca-Li, two samples i.e.,
O-charged and without O-charged strip samples (14 cm long x 1.27 x 0.1 cm) were
exposed step by step in exposure length as a function of time, 2, 4, 8, 16 h at 464°C.
Without O-charged sample did not form a clear black coating which we could see in the O-
charged sample. In the O-charged sample, the black coating layer looked identical
exposure time over 4 hours. This black layer was identified as a thin CaO by x-ray
diffraction study. In the x-ray spectrum, mainly the peaks were identified as V-4Cr-4Ti,
but the CaO peaks were shown as a minor which we expected from the x-ray beam
penetration: In the normal x-ray, x-ray beam penetration of CaO is 40 [im and V-alloys are
~8 fim. However, according the the in-situ ohmic resistance this thin CaO coating might
not formed uniformly during exposure. To conduct gas phase oxidation, samples were
pulled out and dripped the excess liquid metal for 17-72 h near the liquid metal surface.
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2.1.2.4 CaO Coating via Gas Phase Oxidation

Liquid metal exposed samples were oxidized in a flowing 200 and 5000 ppm oxygen in Ar
gas mixture. To avoid an abrupt oxidation in a high oxygen pressures, high purity Ar gas
was flowing during heating and gradually switched the higher O bearing Ar gas mixture.
Oxidation temperatures were between 400 and 650°C for 17 h. A good CaO coating
appeared grayish without cracking or spallation. According to the room temperature
electrical resistance, most sample revealed the infinite ohmic values. X-ray and the
chemical analysis of this coating, it identified as CaO, Ca-V-O.

Following exposure to the Ar gas mixture, the samples were immersed in 2 at.% Ca-Li,
and the in-situ resistivity was measured over time. Figure 18 shows the in-situ R*A vs
time for a sample with good coating integrity. The CaO coating prepared from present
method showed good perform in the 2 at.% Ca-Li over 700 h at 300-464°C. During in-situ
ohmic resistance measurement, we used DC current of 1-10 x 10~9 A. We observed a
polarization behavior. When we switch the polarity, it took few minutes for 1 nA, but 10
nA took much faster response to stabilize the potential drop. The ohmic values were
monitored by applying Ohm's law; R = v/i. When temperatures change between 300 and
464°C, the ohmic values were slightly changed as shown in fig. [2.1.2-18]. When the
sample took out from the melt after 700 h exposure, we observed the good wetting around
the dipped parts. Typically, When a sample is dipped for longer than 2 minutes good
wetting is obseved.

Other samples exhibited a loss of resitivity after a relatively short period as shown in Fig.
[2.1.2-19] [2.1.2-7]. After ~ 1 hour the in-situ resitivity was observed to drop from > 109

Ohm-cm2 to ~1 Ohm-cm2. This behavior indicates the formation of cracks or other
defects, and the test temperature of 300 C appears to be below that needed for rapid
rehealing. It is believed that over time the Ca level in the liquid Li may have decreased over
time due to the combination of Ca with oxygen impurities to form CaO in the liquid metal.
Additional tests or needed to pinpoint the cause of reduced integrity coatings
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Figure [2.1.2-18]. In-situ R*A vs time for CaO coated V-4Cr-4Ti at temperatures between
300 and 464°C.
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Thermal cycling effects on the in-situ resistivity have been examined. Figure [2.1.2-20]
shows the temperature-and-ohm x area-versus-time response during thermal cycling of a
coated specimen in liquid Li. Resistivity of a coated specimen that was cooled to room
temperature and then heated to 432°C for 50 min stabilized at =600 Q-cm^, which is
indicative of healing of cracks in the coating. During cooling from 430 to 360°C, the
specimen initially exhibited ceramic-type behavior, i.e., the ohmic value increased to =800
Q-cm2, but during further cooling to 325°C, the ohmic value decreased precipitously to
=20 Q.-cnfi, which is indicative of further crack development. During heating of the
specimen to =450°C, the ohmic value increased to =300 Q-cm^ and stabilized at that value,
which is indicative of self-healing of the defects. However, when the temperature was
increased to 490°C, the ohmic value dropped immediately because thermal expansion of the
liquid caused the meniscus at the liquid/specimen interface to rise and the liquid Li to wet
"new" surfaces of O-charged V-5Cr-5Ti. During a 2-h period at 490°C, the ohmic value
increased slowly to the previous value as a CaO coating formed on this region of the
specimen. When the specimen was cooled from 490 to 320°C, no new cracks developed
and the resistivity once again increased, which is indicative of ceramic-type behavior.
During the next =100-h period at 320°C, resistivity increased slowly to =1200 Q-cnA
This increase could be attributed to further repair of the CaO layer in less protected regions
and/or changes in the defect chemistry of CaO when Ca was not present at high
concentration in liquid Li. Additional work is required to establish the mechanisms of
self-healing of CaO coatings during thermal cycling.

500

300
1 10

Time (h)
100

Figure [2.1.2-20]. Temperature and ohmic resistance x area (R x A) vs. time during
thermal cycling
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2.1.2.5 Microstructural Analysis

Samples were removed from the melt and were cleaned in the absolute ethanol for
examination by the x-ray diffraction, SEM/EDS, hardness test, etc. Figure [2.1.2-21]
shows the cross sectional chemical composition obtained from EDS analysis as a function
of depth for CaO/V-4Cr-4Ti post exposure in 2 at.%Ca-Li for 700 h at 300-464°C. Cross
sectional SEM showed 7-8 (im thick uniform crack free film. When we compare with this
coating to 50 at.% Ca-Li process, we see a big difference as shown in Table-[2.1.2-2].

1 i i i i i i i i i I i i i i i i i i i i i i i i i r

V

5.0 10.0
Depth (|im)

15.0

Figure [2.1.2-21]. Chemical composition obtained from EDS analysis as a function of
depth for CaO/V-4Cr-4Ti post exposure in 2 at.%Ca-Li for 700 h at 300-464°C.

Table [2.1.2-2]. Comparison of two Ca-Li liquid metal for CaO coating

249



Liquid metal
for Ca coating

2 at.% Ca-Li 50at.%Ca-Li(ref6)

Microcrack
in the CaO layer

V concentration in
CaO layer

Thickness of CaO
layer

Compatibility of
CaO layer

none

-35 at.% in middle

7-8 fim (2 at. %)
3 (im (1.4 at.%)

~8 flm (good)
~4 (J,m (problem)

crazing crack

below 2 at. %

10-14 Jim

good

Figure [2.1.2-22] shows the Vickers hardness values as a function of depth for CaO/V-
4Cr-4Ti. When we compare with the hardness values of O-charged layer with fig. [2.1.2-
11], we see almost same but the ceramic CaO layer is much higher value, -780 kg/mm^.
Visual examination of the surface of this CaO coating shows no microcracks or spallation.
The CaO coating was examined by SEM following the thermal cycling measurements of in-
situ resistivity shown in Fig. [2.1.2-20]. Crazing cracks were observed, but no spalling or
flaking was observed (fig. [2.1.2-23]).
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Figure [2.1.2-22]. Vickers hardness values as a function of depth for CaO/V-4Cr-4Ti post
exposure in 2 at.%Ca-Li for 700 h at 300-464°C.
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t^W^therma

Figure [2.1.2-23] - (a) Cross section and (b) surface of CaO coating showing crazing
cracks that resulted from thermal cycling

Microcracking is believed to be caused by differential thermal expansion between the
coating and the substrate that leads to differential strains and stresses during thermal
cycling. Figure [2.1.2-24] shows that the expansion coefficients of CaO and Vanadium
are reasonably close, but not exact. Liu and Smith[2.1.2-8] suggest that no coating may be
acceptable because calculated stresses in a coating are greater than the tensile flexural
strength for most candidate coatings. Therefore, coatings are subject to cracking in both
tension (e.g., CaO) and compression. However, their criterion must be viewed in
relationship to the conditions under which the coating is formed (viz., temperature and
time), as well as the normal operating temperature. For example, when a CaO film forms
at 400°C, no stress develops when the coating operates at 400°C. However, because the
fabrication and operating temperatures may differ and the coating will undergo thermal
fluctuation during operation, acceptable temperature ranges must be defined to account for
these situations. Thermally induced strains are usually calculated by assuming linear
thermal expansion, namely

Aethermal = (aCaO - aV-5Cr-5Ti) x (Ti -T2) (1)
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= AaxAT«3xlO" 6 x375

= 1.13 xlO-3

where aCaO an^L aV-5Cr-5Ti are the coefficients of thermal expansion of CaO and V-5Cr-
5Ti (Fig. 21), respectively, and Ti and T2 are the upper and lower values of the
temperature change. Stresses in the CaO coating can be relieved by either plastic
deformation (including creep), crack formation (microcracking), or spallation. Plastic
deformation is possible only when the stress is below the critical stress for the formation of
any type of material separation (e.g., cracking).
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Figure [2.1.2-24]. Thermal expansion coefficients of various metals and ceramics

2.1.2.6 Discussion and Summary of CaO Coating

Results obtained from small-scale experiments have been encouraging but inconsistent.
Tests were conducted with rod-type (pencil) specimens (7.5 mm dia. x 150 mm long) with
rounded ends in an attempt to minimize both residual liquid metal which adhered to the end
of the specimens and possible cracking at sharp corners. A range of coating parameters
(temperatures, exposure time, Ca content, and pre-exposure oxidation) were investigated.

These tests were conducted primarily with only a few percent Ca ( ̂  4 w/0) in lithium;
however, the general procedure remained the same; viz., oxygenate the vanadium alloy
surface, expose the specimen to the Li-Ca alloy, gas phase oxidation of the Ca coating in
most cases, and subsequent compatibility or resistance testing in the Li (usually with low
Ca content to provide for self-healing).

Resistance measurements obtained by touching the coating surface with metallic probes
indicated high resistance over most of the surface at room temperature whereas many
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specimens exhibited very low resistance immediately upon insertion into the liquid. In
several cases it was possible to obtain relatively high resistance during exposure of part of
the specimen with subsequent shorting (low resistance) upon further insertion. It was
determined that in most cases, the low resistance was due to isolated, small defects, and the
rest of the surface exhibited high resistivity. The cause of these defects has not been
determined, but their presence is partially attributed to thinner coatings (2-3 |im) compared

to earlier experiments with coatings typically 5-10 |0,m thick.

An important result obtained in the analysis of the coatings involved their composition, in
particular the amount of vanadium in the insulator. High resistivity was observed for Ca/V
ratios above 0.8 whereas significantly lower resistivities were obtained for coatings when
vanadium concentrations significantly exceeded 0.2 of the calcium concentration. Cracking
was not observed on any specimens with the thinner coatings. This suggests that: the
coatings are not too thick, the temperatures are not too high, and the specimens have not
seen excessive thermal shocks.

Additional testing is needed to improve the quality and consistency of the CaO coatings.
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2.1.3 Aluminum Nitride Coating Development

Previously tests were conducted at Argonne National Laboratory (ANL) to evaluate the
MHD performance of electrical insulator coatings that use a eutectic liquid metal of
composition Na-78 wt.% K (NaK) [2.1.3-1]. Aluminum oxide was chosen as the
candidate insulating material for the proof of concept because it is thermodynamically stable
in NaK (especially below 100°C), which can be used in a vacuum vessel and/or a divertor;
and because of the availability of ANL's Liquid Metal Experiment (ALEX) facility, which
contains NaK as the working fluid. The inside pipe diameter was 10.8 cm, the wall
thickness was 2.9 mm, the length of the uniform magnetic field was ~1.8 m, and the
maximum magnetic field strength was 2.0 T. Test results showed that the pressure drop
with an insulator coating was 25 times smaller than that obtained on an uncoated tube under
identical test conditions.

The purpose of this section is to discuss the results from an ongoing study of physical,
mechanical, and chemical compatibility of A1N electrical insulator coatings in a liquid Li
environment. Details are presented on the A1N coating fabrication methods, and
experimental data are reported for microstructures, chemistry of coatings, pretreatment of
substrate, heat treatment of coatings, hardness and adhesion data for coatings, coating/Li
interactions, and electrical resistance before and after exposure to Li.
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2.1.3.1 Chemical Compatibility in Liquid Lithium

Extensive thermodynamic calculations have been performed to evaluate potential electrical-
insulator candidates that are chemically compatible in liquid Li for use as a coating on
first-wall and blanket structural material. The issues of compatibility between the liquid I i
and the coating involve the (a) thermodynamic stability of the coating when contacted with
the liquid Li; (b) extent of dissolution of the coating in the liquid Li, which is dictated by
the solubilities of coating constituents (and structural material constituents, if uncoated
material or bimetallic systems are used) in liquid Li at temperatures and temperature
gradients that are present in the system; and (c) degrees of interaction between the coating
constituents and the reactants such as oxygen, carbon, nitrogen, and hydrogen in liquid Li,
which can result in changes in chemistry of the coating, thereby altering the insulating
characteristics.

Transfer of Metallic Elements
For the advanced blanket in a fusion reactor, V-(4-5)Cr-(4-5)Ti alloy is considered as the
candidate structural material for the first wall/blanket application. The peak temperature for
the liquid metal in an advanced blanket will be 400-600°C, with a maximum temperature
gradient of=100°C around the loop. Under these conditions, the mass transfer of metallic
elements between the structural materials and the liquid metal is determined primarily by the
leaching kinetics of the alloy constituents of the materials, which are dictated by the
solubility of the alloy constituents in the liquid metal and the temperature dependence of the
solubility values. In some instances, the substrate constituents can react with nonmetallic
elements such as O, C, and N to form stable compounds that can alter the corrosion
degradation of the materials. Details pertaining to metallic element mass transfer are
discussed in Refs. [2.1.3-2] and {2.1.3-3].

Transfer of Nonmetallic Elements
Nonmetallic elements such as O, C, N, and H are known to migrate in structural-
material/liquid-metal systems as a result of differences in chemical activity. A detailed
analysis has been published earlier[2.1.3-4-2.1.3-6] on the thermodynamics of nonmetallic
impurity elements in Li, with emphasis on purification of the liquid metals and chemical
compatibility of candidate structural materials. Because the objective of this research effort
is to examine the viability of A1N coating as an electrical insulator, the rest of the report will
emphasize the thermodynamic stability, physical and chemical characteristics of the coating,
viability of different coating methods, and insulation characteristics of the coatings.

Figure 2.1.3-1 depicts the thermodynamic stability of nitrides of several structural metals
with respect to N concentration in an Li environment. To determine the distribution
coefficients and the initial concentrations of nonmetallic elements in the solid and the liquid,
one can assess the tendency for nonmetallic elements to transfer, i.e., from solid to liquid
or liquid to solid. One can then evaluate the types of nonmetallic element interactions that
are likely to occur and their consequences for material behavior. Figure [2.1.3-2] shows
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the temperature dependence of N concentration in Li that will result in formation of metal
nitrides in an Li environment. For the stability of A1N in an Li environment, the N
concentration in Li will be dictated by the Al concentration in Li because both N and Al
have fairly high solubilities in Li. Calculations using the free energy value for the reaction
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showed that the product of activities of N and Al in Li required to maintain a stable A1N
phase is very low, indicating that dissolution of A1N compound will be small (even though
the driving force for dissolution of either N or Al alone is large based on their solubility
values in Li).

Electrical Insulation Characteristics
A review of available information on electrical resistivity values for nitrides such as A1N
and Si3N4 shows resistivities of >105 £2m at temperatures below =600°C. The
requirement is that the product of the electrical resistivity of the insulator coating and the
thickness of the coating should exceed a nominal value of 0.01 Q-m2 under operating
conditions. This translates to a minimum resistivity value of 104 Q-m for a coating
thickness of 1 Jim, or 10^ Q-m for a coating thickness of 10 |j,m. Based on the resistivity
values of nitrides mentioned above, a coating layer of <1 [im in thickness of any of these
materials would be adequate from the insulating standpoint, provided that resistivity is not
reduced during operation, e.g., by irradiation. Figure [2.1.3-3] shows electrical resistance
as a function of coating thickness for nitride materials, along with the requirements for
application in a fusion reactor. Superimposed on this figure are lines corresponding to
different concentrations of N in Li. It is evident that A1N will be stable in Li over a wide
range of N concentrations. The calculations show that Ti in a V
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alloy can also form a nitride in the same Li but that TiN is not viable as an electrical
insulator. As a result, it is desirable to aluminize the surface regions of the first-wall alloy
and to nitride the surface Al to form the insulating layer. Furthermore, Al is favored
because a reservoir of Al can be built into the alloy surface by various techniques and if the
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coating layer cracks or spalls, the Al-enriched surface could be renitrided by N dissolved in
Li.

2.1.3.2 Fabrication of AIN-Coated Specimens

Several possible approaches are being examined to develop an A1N coating on the candidate
structural material, including prealuminizing the surface of the material by a diffusion
process and subsequently converting it to nitride in an external gas atmosphere; using a
physical vapor deposition process with and without bond coats; applying a low-temperature
electrochemical method that involves sequential reactions; prealuminizing the surface of the
alloy and converting it to nitride in a high-nitrogen Li environment; preexposing the
material to liquid Al and converting it to nitride in Li; in-situ forming of an A1N coating in
Li with high thermodynamic activities for Al and N; and prealuminizing specimens of
structural material and nitriding them with an N2 cover gas during Li exposure. Details of

some of these processes and the characteristics of the coatings are discussed below.

Aluminization Processes
Surface aluminization of the V alloy is attempted by a pack-diffusion process and by a "hot
dipping" technique. In pack-diffusion, the V-alloy substrate materials are 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.% AI2O3, 33 wt.% Al, 2 wt.% NH4CI) provides 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 such as aluminide of Al or V. Because the substrate materials are
heated to temperatures near the annealing range for times sufficient to cause solution
processes in the matrix, the materials need 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 materials. 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. The aluminized layers must be nitrided to obtain electrically
insulating coatings.

The aluminizing of V and its alloys by the "hot dipping" technique covers the substrate
materials at =800°C in 1-2 min with a layer of solid solutions of the substrate metals in Al
or of aluminides of the alloying elements. To obtain good wetting and well-adhered layers,
the process requires that surfaces of the structural materials be clean. Adherence can be
improved by thermal treatment of the couples at 500-600°C, but this may result in pores or
cavities in the outer part of the aluminide layer, which consists of two parts, the innermost
in contact with the substrate by diffusion bonding. The complete layers are =0.2 mm thick,
and the innermost =0.12 mm. The aluminide layers must be nitrided to create an insulating
surface layer. This process has been successfully used to aluminize austenitic stainless
steels and low- and medium-chromium ferritic steels. It is also being applied to aluminize
specimens of V alloy.P-1-3-7]
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Gas-Phase Nitridation
Nitriding experiments were conducted at 650 and 800°C in NH3/H2 gas mixtures on V-
5Cr-5Ti alloy and Type 316 stainless steel specimens with and without pack-aluminized
surfaces. Exposures were conducted in a thermogravimetric setup with an electrobalance
that had a sensitivity of 0.1 |lg and a loading capacity of 2.5 g. The balance was encased in
glass, and helium was passed through the assembly countercurrent to the reactive gas,
effectively isolating the apparatus from the experimental gas mixture. Test coupons,
measuring 10x10x1 to 2 mm, were prepared by ultrasonically cleaning in alcohol and a
spray of acetone prior to insertion into the reaction chamber. The coupons were suspended
from the balance by a 200-^im-diameter platinum wire and were located in the constant
temperature section of the vertical three-zone furnace. Upon completion of exposures, the
coupons were sectioned, and both the surfaces and cross sections were analyzed by
scanning electron microscopy (SEM) with energy- and wavelength-dispersive spectrometry
(EDX and WDS). In addition, surface regions of several specimens were analyzed by
Auger electron spectroscopy (AES).

Physical Vapor Deposition
Physical vapor deposition (PVD) was one method used for the development of A1N
coatings on both bare and prealuminized specimens of V-5Cr-5Ti alloy. The coatings were
produced by Midwest Research Technologies (MRT) of Wisconsin and by BIRL of
Illinois. Coatings were also made by reaction-sputtering in a nitrogen atmosphere at ANL
and by ion-beam-assisted reactive evaporation at Cametoid Advanced Technologies, Inc.
(CAT), Ontario, Canada. A brief summary of the coating methods is given below and
additional details can be obtained from. [2.1.3-2].

Coatings deposited by MRT. Aluminum nitride was sputtered reactively. That is, an
aluminum target was sputtered in a partial pressure of high-purity nitrogen, with argon as
the primary sputtering gas. Because the process takes place in a vacuum chamber and uses
high-purity reactants, the product should also be very pure. The process takes place at a
relatively low temperature, generally not above =250°C. The chamber was initially pumped
down to 2 x 10'6 torr before coating was started. Specimens of both bare and
prealuminized V-5Cr-5Ti and the Al target were sputter-cleaned for 6 min with high-purity
argon at a flow rate of 45 cm3/min and a chamber pressure of 20 mtorr. Subsequently,
A1NX was sputter-deposited with a 1200-W RF power source for 10 h in an argon-
nitrogen gas mixture at a chamber pressure of 23 mtorr. The sputtered specimens were
cooled in vacuum overnight, and the second side of the specimens was then coated the
same way.

Coatings deposited by BIRL. Aluminum nitride coatings were deposited by BIRL, also
with reactive sputtering. Specimens of V-5Cr-5Ti alloy were used as substrate material and
were coated with A1N; some received an intermediate layer of TiN and an outer layer of
A1N. An MRC 902M sputtering system was used, with partial-pressure control of the
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reactive gas (nitrogen) and arc suppression on the Al sputtering target. The target was
powered by a DC power supply and run at 5 kW. The argon sputtering gas was
maintained at a constant 8 mtorr during sputtering. The chamber was initially pumped
down to 1 x 10~6 torr before coating began. The partial pressure of nitrogen was controlled
by an optical gas controller and maintained constant at 1.6 x 1O4 torr during coating. The
substrate was biased to 150 V with an Advanced Energy power supply. Coating
deposition rate was 1300 A/min, and maximum temperature during coating was <200°C.

Coatings made at ANL. Aluminum nitride coatings were also made at ANL by reaction-
sputtering in a low-pressure N2 atmosphere at 350, 400, and 450°C. The specimens were

heated by passing an electrical current through the substrates. The coating thicknesses after
1 h of deposition were 0.8-1.4 fim; after 4 h of deposition, they were =5.2 (im. The
coating covered the entire surface of the V alloy specimen, and the layer was found to be
fairly hard. The coatings developed at 350 and 450°C tended to crack, but that developed at
400°C was fairly adherent, mechanically harder, and scratch-resistant.

Coatings made by CAT. Deposition of single-layer and graded AIN coatings on a
vanadium substrate using ion-beam assisted reactive evaporation was attempted at CAT. In
this process, Al is evaporated and deposited by either resistive heating or an electron beam
source, while the growing film is bombarded with accelerated nitrogen ions produced in an
ion gun. A basic advantage of this technique is controllability of the flux (arrival rate) and
energy of the ion species independently of the Al deposition rate. In contrast, the voltage,
current, chamber pressure, and deposition rate are all interdependent in plasma-based
processes. The physical and chemical characteristics of these coatings were presented in an
earlier report. Thicknesses of these coatings were 0.5-1.2 |j,m.

Coatings by Chemical Route
AIN coatings were also deposited by a chemical route using trimethyl aluminum (TMA) and
ammonia (NH3) as the precursor sources for Al and N, respectively. Several studies have
been reported in the literature on the use of organometallic precursors to form AIN. [2.1.3-
8-2.1.3-10] Based on these studies, experiments were conducted in BIRL to develop AIN
coatings; several sets of experimental conditions were employed and coatings of varying
quality and several micrometers in thickness were obtained.

All reactants and solvents were procured from the Aldrich Chemical Company. Toluene
was dried over molecular sieves prior to use. The experimental procedure was as follows:
the reaction chamber was flushed with argon gas; 50 mL of dry toluene was added by
syringe through the septum; and 10 mL of TMA was added, also by syringe, taking care to
avoid any exposure of the pyrophoric TMA to the atmosphere. The solution was heated to
74°C while slowly purging the system with argon. Ammonia gas was then passed into the
system at a rate of -45 rnL/min for about 20 min. The reaction of NH3 with TMA at
temperatures above 60°C proceeds through adduct formation to give a cyclic trimer with a
corresponding loss of methane according to the reactions
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3 Me3Al + 3 NH3 R. 3 Me3Al-NH3 JE (Me2Al-NH2)3 + 3 CH4.
These reactions are exothermic and temperature increases of 20-30°C were observed.
Completion of the reaction corresponded to cessation of the exotherm. Evaporation of the
toluene leaves the trimer as a crystalline white solid that melts to a clear, colorless liquid
upon heating to 135°C. A coupon of V alloy was immersed in the liquid trimer for =30 s,
raised out of the melt, and heated in steps to drive off methane and convert the intermediate
to A1N. Nitrogen was passed through the system, and air was excluded during the heating
process and held at 150°C for 20 min. During this period, the liquid trimer was converted
to a solid, while methane was evolved. Methane evolution continued as the coated coupon
was heated to 170°C for 25 min, then to 200°C for 30 min, and finally to 500°C for 24
hours. The coatings were examined by SEM and XRD.

Chemical Vapor Deposition
Preliminary studies were conducted to evaluate deposition of A1N by CVD, an approach
that has been well demonstrated for developing very thin electrical insulator coatings for
semiconductor applications. The advantage of CVD is that the coating will be applied from
a gas-phase reaction rather by line of sight in the PVD method, and as a result can be
adopted to coat components with complex shapes. Because CVD requires fairly high
temperatures (8O0-900°C), one must establish whether A1N can be deposited by CVD
without degrading the properties of the substrate. To address this question, coupon
specimens of V-5Cr-5Ti were coated at BIRL through a combination of thermal and
plasma-assisted processing at 600-800°C.

2.1.3.3 Characteristics of As-coated Samples

Samples Nitrided in Gas Phase

To evaluate the potential of developing insulator coatings, preliminary gas-phase nitridation
experiments were conducted with Type 316 stainless steel and V-5Cr-5Ti alloy with and
without aluminized surface layers in a 4 vol.%NH3-H2 gas mixture at temperatures
between 600 and 800°C. Figure [2.1.3-4] is a plot of the square of weight change versus
exposure time for the Type 316 stainless steel nitrided at 800°C. Figure [2.1.3-5] is a plot
of the square of weight change versus exposure time for the V-5Cr-5Ti alloy nitrided at 600
and 800°C. The straight lines in Figs. [2.1.3-4] and [2.1.3-5] indicate that the nitridation
process follows a parabolic rate expression for both alloys. The parabolic rate constant for
nitridation of Type 316 stainless steel at 800°C is 1.6 x 10"4 mg2 cm"4 s"1 and those for
nitridation of V alloy are 9.1 x 10"6 and 6.9 x 10"7 mg2 cm"4 s"1 at 800 and 600°C,
respectively.

A detailed examination of the surfaces and cross sections of nitrided specimens of Type
316 stainless steel showed (Fe,Cr) nitrides, while those of V alloy showed V-rich nitrides.
Figure [2.1.3-6] shows the AES spectra of the surfaces of Type 316 stainless steel and V-
5Cr-5Ti alloy nitrided at 800°C. Figure [2.1.3-7] shows concentration profiles as a
function of depth for Fe, Cr, Ni, and N in a nitrided sample of Type 316 stainless steel.
The specimen displayed nitrogen enrichment to a depth of 40 (im and consisted of
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predominantly (Fe,Cr) nitrides. Figure [2.1.3-8] shows concentration profiles as a
function of specimen depth for V, Cr, Ti, O, and N, analyzed using AES. The bottom
figure is an expanded version of the depth profiles for Cr, Ti, and S shown in the top
figure. The results indicate that N enrichment via gas-phase nitridation is possible but that
an exclusive binary nitride layer of V was not observed.

Figure [2.1.3-9] is a plot of the square of weight change versus exposure time for the
aluminized V-5Cr-5Ti alloy nitrided at 650°C. The rate constant of 2.2 x 10"8 mg2 cm"4 s"
1 for the aluminized alloy is lower than that for nitridation of the bare alloy, but the surface
and subsurface regions consisted predominantly of V-rich nitride.

The nitrided scales were more adherent on Type 316 stainless steel than on either the bare
or the prealuminized V alloy. The possible explanation is the segregation of sulfur in the
surface regions of the scale in the V alloy, which can lead to debonding and spallation of
the scales, similar to those observed in oxidation studies. Another difference between the
nitriding of Type 316 stainless steel and V alloy is the enrichment of oxygen in the surface
regions in the V alloy. It is evident that the scavenging effect of V and Ti for O requires the
oxygen partial pressure in the exposure environment to be significantly lower for V alloy
than for Type 316 stainless steel to minimize the O ingress into the alloy. Calculations
made on the thermodynamic stability of several oxides shown in Fig. [2.1.3-10] indicate
that the oxygen partial pressures should be less than 10'40 arm at 650°C to prevent
formation of the V9O phase. The pressures needed for preventing oxides of Ti and Al are
even lower by a few orders of magnitude. Such low oxygen partial pressures will be
difficult to achieve in experiments that involve flowing gas, even if the gases are purified
by hot gettering.

Another consideration for the formation of a pure binary nitride such as A1N is that the
required partial pressures of nitrogen in the exposure environment are extremely low.
Figure [2.1.3-11] shows the stability of several nitride phases as a function of N activity
depicted in terms of NH3 and H2 partial pressures (components of gas mixtures used in
nitridation experiments) and temperature. Also indicated by dashed lines in the figure are
the nitrogen activities that correspond to 100, 500, and 1000 wtppm N in Li. The
calculated curves indicate that to obtain A1N phase by gas-phase nitridation, the ratio
(NH3/H23/2) must be less than 10"18 and 10"12 at 800 and 400°C. Such low values
cannot be maintained experimentally because even with a H2-NH3 gas mixture containing
1 vppm NH3 can only result in a value of =10~6 for the ratio. Based on the experimental
data developed with gas-phase reactions and on the analysis of data, it is concluded that
gas-phase nitridation is not a viable method for developing electrically insulating AIN
coatings.
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Fig. [2.1.3-4].Plot of weight change squared vs. exposure time for Type
316 stainless steel nitrided at 800°C
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Fig. [2.1.3-5].Plot of weight change squared vs. exposure time for V-5Cr-
5Ti alloy nitrided at 600 and 800°C
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Fig. [2.1.3-6]. AES spectra for Type 316
stainless steel (top) and V-5Cr-5Ti alloy
(bottom), nitrided at 800°C
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Fig. [2.1.3-7]. AES depth profiles for elements
Fe, Cr, Ni, and N for Type 316
stainless steel nitrided at 800°C
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Fig. [2.1.3-8]. AES depth profiles for V-5Cr-5Ti
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and S shown in top figure.
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Physical Vapor Deposition

The A1N layers were fairly compact and of uniform thickness in the range 8-12 |Xm. X-ray
diffraction analysis showed hexagonal A1N phase with a (002) orientation. 1 No vanadium
nitride was detected because the substrate was at <200°C during the coating process. Even
though the coatings were fairly adherent, early exposures of these coated specimens in I i
resulted in complete disappearance of the coating layer by either spallation or dissolution.
As a result, the coated specimens were given a thermal hardening treatment at 700-900°C
prior to exposure in Li. X-ray diffraction analysis of these heat-treated specimens also
showed hexagonal A1N phase with (002) orientation, but traces of the V2N phase were
noted because of a reaction between A1N and V at the coating/substrate interface.

Chemical Vapor Deposition

Very few samples were coated by CVD technique because the primary purpose of the effort
was to evaluate the feasibility of the approach rather than to make dense, thick coatings. In
general, the coatings prepared by CVD were fairly thin and exhibited significant cracking.
X-ray diffraction analysis of the coated specimen showed some weak lines of A1N, but the
specimen was not examined further. Because the coatings had significant cracking,
electrical resistivity measurements were not made on these coated samples, nor were the
samples used in Li exposure experiments. The preliminary results for the CVD approach
showed that the probability of producing good coatings is quite high, but significant
additional work is needed to experiment with the coating parameters and to develop dense,
adherent coatings.

Coatings by Chemical Route
Even though the chemical route was used following the general procedure described earlier,
several runs were conducted to examine the role of different coating parameters on coating
integrity. In some experiments, coupons were immersed in just enough liquid cyclic trimer
precursor to cover the coupon surface, and the entire mass was then heated to convert the
precursor to a solid. This procedure produced thick coatings, but they were heavily
cracked and weakly adhered to the substrate. In another experiment, a coupon was
immersed briefly in the molten precursor, removed, and heated to convert the film of
precursor to a coating of A1N. Formation of A1N was confirmed and, in most cases, the
coatings were optically transparent. While severe cracking was observed in thick coatings,
the thin coatings appeared to be crack-free. Cracking was also observed at spots on some
samples, presumably due to foreign material or to premature decomposition of the liquid
precursor that resulted in solid specks before the liquid drained uniformly from the coupon
surface.

In an attempt to determine the cause of cracking, two coating runs were prematurely
arrested after a brief low temperature (200°C) annealing that should have driven off most of
the methane byproduct. The coatings were cracked at this stage, proving that the cracking
occurs fairly early in the pyrolysis. The cause of cracking may be due to shrinking of the
coatings as the composition changes toward A1N, or it may be due to methane evolution
within the thicker coatings.

EDX analysis showed the presence of Al with very small amounts of Si (perhaps from the
Pyrex glassware), along with peaks corresponding to the constituents of the substrate.
Based on the runs conducted, it appears that coating thickness varied with the temperature
of the melt. Coatings applied at 9°C above the melting temperature of 134°C were thin and
mostly crack-free. X-ray diffraction patterns of the coated coupons showed peaks
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corresponding to the substrate alloy and several weak peaks that match the X-ray pattern of
hexagonal A1N. The chemical approach requires significant additional effort to obtain
crack-free, fairly thick (10-20 |i.m) A1N coatings.

2.1.3.4 Electrical Insulating Behavior of Coatings

For the coatings to be viable in a fusion reactor, the electrical resistance of the coatings
must be sufficiently high not only in the as-coated condition but also after exposure to a
liquid Li environment and to irradiation, as well as when subjected to thermal cycling in
service. Because only the PVD technique yielded adherent, crack-free A1N coatings, the
electrical resistance of several of these coated specimens was measured at ANL by the
approach described earlier. 12-1.3-2] Coating resistance was characterized at different
locations on each sample to examine the electrical integrity of the coating and to identify the
types and location(s) of defects.

Figure [2.1.3-12] shows measured values of electrical resistance at several locations on
bare and prealuminized specimens in as-coated condition and after a hardening treatment.
The figure shows that coated specimens #36, #10, and #16 obtained from MRT have
resistances at most locations that are orders of magnitude higher than needed for blanket
application.

Lithium Compatibility of Coatings
Lithium compatibility tests were conducted primarily with specimens that were PVD-coated
with A1N. The coatings developed by other techniques were neither crack-free nor of
adequate mechanical integrity for exposure in Li. AIN-coated specimens from several of
the sources described above were exposed to two different Li environments, characterized
by normal purity and containing higher N obtained by bubbling N2-Ar gas mixture into Li.

A listing of experiments performed in Li of normal purity is given in Table [2.1.3-1] with
details on the objectives of different exposure runs, exposure times and temperatures,
specimens exposed, and results obtained. A similar listing of experiments performed in Li
with higher activities of N and/or Al is given in Table [2.1.3-2].
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Minimum value
needed for
Fusion reactor

#36 #10 #16
Specimen Identification

Key for Specimen Treatment

#36: V-5Cr-5Ti alloy, AIN coated
#10: Alloy, AIN coated, hardened for 110 h at 900°C
#16: Alloy, prealuminized, AIN coated, hardened for 110 h at 900°C

Fig. [2.1.3-12]. Electrical resistance data for AlN-coated specimens in
as-coated and hardened conditions
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Table [2.1.3-1]. Experiments performed in lithium of normal purity

Run#
Temperature Exposure

time (h) Objective
Specimens

exposed

2-1 350

2-2 350

2-3 350

2-4 350

we
180 Corrosion compatibility

in Li environment

570, 750 Corrosion compatibility
in Li environment

312,1650, Corrosion compatibility
2987 in Li environment

Evaluation of AIN
coatings

1500,3167 Corrosion compatibility
in Li environment

Interaction between V
alloy, SS, and AIN

316 SS
V -5Cr-5Ti
Alum. 316 SS
Alum. V alloy
Bulk AIN
Si3N4

316 SS
V -5Cr-5Ti
Alum. 316 SS
Alum. V alloy
Bulk AIN

316 SS
V -5Cr-5Ti
Alum. 316 SS
Alum. V alloy
Bulk AIN
MRT (as-coated AIN)
ANL (#9403, as-coated AIN)

316 SS
V -5Cr-5Ti
Alum. 316 SS
Bulk AIN
sandwich:
V alloy/bulk A1N/316 SS

0.0
0.0
0.0
0.0
0.0
des

57_(
_
_
0.0
0.0
_

m
0.0
0.0
0.0
0.0
0.0

coating
coating

0.0
0.0
0.0
0.0

remove
no inter
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Table [2.1.3-1]. (Cont'd)

2-5 300 120

2-6 300 430

2-7

2-8

300

300

480

600

2-9 300 456

2-10 300 5000

Evaluation of A1N
coatings in as-coated
condition for 120 h

Evaluation of A1N
coatings in as-coated
condition for 430 h

Evaluation of A1N
coatings with
pretreatment

Evaluation of A1N
coatings with
pretreatment at 900°C

Evaluation of A1N
coatings with
pretreatment at 700°C for
284 h

Long-term performance of
preformed A1N and
AI2O3 coatings at 300°
in Li

V -5Cr-5Ti
Alum. V alloy
BulkAIN
ANL-5.2 H-m A1N as-coated
MRT #20 A1N, as-coated
MRT# 24 A1N, as-coated

V -5Cr-5Ti
Alum. V alloy
Bulk A1N
ANL-5.2 Urn A1N as-coated
MRT #20 A1N, as-coated
MRT# 24 A1N, as-coated

MRT A1N/316/900°C pretreat CAT AY.
(#27, 1.26 urn)
A1N bulk

MRT A1N/V/9OO°C pretreat
MRT AIN/Al onV/900°C pretreat
BIRL A1N/V/9OO°C pretreat
BIRL TiN+AlN/V/900°C pretreat

MRT A1N/V/7OO°C pretreat
MRT AIN/Al onV/700°C pretreat
BIRL A1N/V/7OO°C pretreat
BIRL TiN+AlN/V/700°C pretreat

MRT A1N/V as-coated
MRT AIN/Alum. V as-coated
MRT A1N/V79OO°C pretreat
MRT AlN/Alum.V/900°C
pretreat
AI2O3 coating on 304 SS

Long A1N/V sample for resistance
measurement

we
0.0
C
0.0

c
0.0
0.0
0.0

c
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
R
0.0
0.0

0.0
R
0.0
0.0
0.0
c
0.0
0.0
0.0
0.0

0.0
exhibite
OQon
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Table [2.1.3-2]. Experiments performed in lithium with higher activities
of

nitrogen and/or aluminum

Temperature
Run#

Exposure
time (h) Objective

Specimens
exposed

3-1 400 164

3-2 400 320, 484

3-3
(N2gas
bubbled

in to Li for
24 h)

3-4

300 120

300 430

Corrosion compatibility
in Li environment

Corrosion compatibility
in Li environment
320 h for coatings

Evaluation of A1N
coatings after 120 h
exposure

Evaluation of A1N
coatings after 430 h
exposure

316 SS
V -5Cr-5Ti
Alum. 316 SS
Alum. V alloy
BulkAIN
MRT (as-coated A1N on 316)
MRT (as-coated A1N on V alloy)
ANL (#9405, as-coated A1N)

316 SS
V -5Cr-5Ti
Alum. 316 SS
Alum. V alloy
BulkAIN
MRT (as-coated A1N on V alloy)

V -5Cr-5Ti
Alum. V alloy
Bulk A1N
MRT (as-coated A1N on V alloy)
MRT (as-coated A1N on V alloy)
ANL (#9404, as-coated A1N)
MRT (A1N/V alloy, 900°C pretreat)

V -5Cr-5Ti
Alum. V alloy
BulkAIN
MRT (as-coated A1N on V alloy)
MRT (as-coated A1N on V alloy)
ANL (#9404, as-coated A1N)
MRT (A1N/V alloy, 900°C pretreat)

we
0.0
O.O
0.0
0.0
(-0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

C/]
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
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Table [2.1.3-2]. (Cont'd)

3-5 300 480

3-6

Bullet Test I

Bullet Test

n

Chemical
modifica-
tion to Li

3-7

300

300

300

300

300

456

Evaluation of AIN
coatings with 900°C
pretreatment

Evaluation of AIN
coatings with 700°C
pretreatment

In-situ measurement of
resistance of AIN-coated
V alloy bullet

In-situ measurement of
resistance of AIN-coated
V alloy bullet

24, 620

Al addition 500
Li3N

addition

MRT V/AIN with 900°C pretreat MRT
SS/A1N with 900°C pretreat, ANL
V/AIN 1.5 (im 900°C pretreat
CAT #24 with 900°C pretreat
AIN bulk

MRT V/AIN with 700°C pretreat MRT
alum. V/AIN 700°C pretreat

V alloy with MRT AIN in as-coated
condition

V alloy with MRT AIN bullet with
900°C pretreatment inserted 5 cm in
Li

Additon of 100 g high-purity AIN
powder

V -5Cr-5Ti (no coating)
Alum. V alloy (no coating)
MRT (as-coated AIN on V alloy)

MRT AIN coated V alloy

Al added to Li: 14.2 g ,£4057 ppm N
added as Li3N: 25.55g JE 2929
ppm N

0.0
0.0
0.0
0.0
0.0

0.0
0.0

Resistai

10 5 Q
Resistai

Resistai
20,00C
Resists r
within :

bare: C
AMY: 2
High re
on othe:
insulati

N inL
825 pp
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Table [2.1.3-2]. (Cont'd)

3-8 500 120 In-situ coating of A1N on V-5Cr-5Ti
V alloy at 500°C Alum. V alloy

MRT V/AIN with 900°C pretreat
Evaluation of preformed MRT V/AIN with 900°C pretreat
coatings at 500°C in Li MRT V/AIN (coated on one side) with
with increased N and Al 900°C pretreat unc
activity

3-9 300 120 In-situ coating of A1N on V-5Cr-5Ti
V alloy at 300°C Alum. V alloy

MRT V/AIN with 900°C pretreat
Evaluation of preformed MRT V/AIN with 900°C pretreat
coatings at 300°C in Li MRT V/AIN with 900°C pretreat
with increased N and Al MRT V/AIN (coated on one side) with
activity 900°C pretreat (2 samples) urn

"Hot dip" Al-coated V alloy (KfK)
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Experiments in Li of Normal Purity
In Runs 2-1 and 2-2, specimens of Type 316 stainless steel, V-5Cr-5Ti alloy with and
without prealuminization, as well as bulk AIN, were exposed to Li and the results were
presented in an earlier report.[2.1.3-2] j n Ru n 2-3, in addition to above specimens, A1N-
coated (from MRT and ANL) specimens of V-5Cr-5Ti alloy were included. The results
showed that the coatings from the as-coated specimens disappeared into Li, indicating
either spallation due to lack of inadequate bonding with substrate or dissolution of the
coating in Li. Because the coated specimens, when removed from Li, exhibited very clean
substrate alloy surfaces with no coating at all, we surmise that the PVD-coated samples in
as-coated condition have inadequate bonding with the substrate. In Run 2-4, corrosion
experiments were continued to exposure time of 3167 h, and also a sandwich specimen of
V alloy/bulk A1N/316 stainless steel was exposed for 1500 h to evaluate the substrate-
coating interactions. Details on the corrosion test results, the substrate/coating interactions,
and X-ray diffraction data for and microstructural evaluation of all the Li-exposed
specimens were discussed in Ref. [2.1.3-2]. The results generally showed that the
corrosion rates for Type 316 stainless steel and V-5Cr-5Ti alloy were negligibly small at
300-3 50°C in Li after 3167 h of exposure and the subsequent experiments emphasized the
compatibility of AIN coatings in an Li environment.

In Runs 2-5 and 2-6, coatings made at ANL and MRT were exposed for 120 and 430 h at
300°C in Li of normal purity. Further, electrical resistivity of these coatings was measured,
using the procedure described in Ref. [2.1.3-2], before and after exposure to Li. It is
evident that the MRT-developed AIN coating in as-coated condition lost its resistivity after
exposure to Li, while the resistivity of the ANL-developed AIN coating was high after 120
and 430 h at 300°C. The insulating characteristics of the coated specimens after Li
exposure are indicated by letters "C" for conducting and "R" for high resistance in Tables
[2.1.3-1] and [2.1.3-2].

The fact that the ANL-developed coating in which the substrate was heated to 350-450°C
survived the Li exposure while the MRT-developed coating in which the substrate attained
a maximum of 200°C led to the possibility of improved adhesion of the coating to the
substrate by increasing the substrate temperature during coating. It was evident that the
adhesion of coatings developed by PVD/reactive-sputtering processes is much lower than
desired and that some improvement is needed to better bond the coating to the substrate and
also to eliminate or minimize the porosity and microdefects in coatings developed by
relatively low-temperature PVD processes. As a result, a thermal/chemical hardening
treatment was attempted in which the AIN-coated specimens were heated to 700-900°C in a
controlled environment prior to exposure to the Li environments. Such an approach
seemed to harden the coating, as evidenced by substantial improvement in scratch
resistance of the coating surface. Several AIN-coated specimens were given a hardening
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treatment at 900 and 700°C and subsequently exposed to Li at 300°C. In Run 2-7, an
MRT-developed AIN coating on Type 316 stainless steel substrate with a hardening
treatment of the coating at 900°C, a bulk AIN specimen, and a thin AIN coating developed
by CAT were exposed to Li at 300°C. The MRT-developed coating still flaked off in Li
and the specimen, due to its lack of coating, exhibited an electrically conducting behavior.
The CAT-developed coating, being very thin, also disappeared during Li exposure.

Subsequently, several AIN-coated specimens of V-5Cr-5Ti alloy with 900°C hardening
treatment were prepared and exposed to Li for 600 h at 300°C in Run 2-8. As shown in
Table [2.1.3-1], all of the specimens performed well in Li and the coatings exhibited high
resistance values. In contrast, the sample with a bond coating of TiN had significantly low
resistance after Li exposure. The substrates in samples #9 and #13 were initially in bare
and prealuminized condition, respectively. The AIN coating deposited by MRT had
thicknesses of 10-12 |im. After Li exposure, the coating surface exhibited a reaction
product that contained only Al and O, based on EDX analysis. Thicknesses of BIRL-
developed coatings were 4-6 jim, and specimen #56-1 also developed an Al- and O-rich
reaction product after Li exposure. X-ray diffraction analysis of the three specimens (#9,
13, and 56-1) showed hexagonal AIN as the predominant phase in all three specimens; no
Li, Al, O and/or N compounds were observed. Of course, because these Li-exposed
specimens were cleaned in alcohol and water prior to analysis, all the Li-containing
compounds would have dissolved in water and none is expected in the analysis.

To examine whether similar insulating characteristics of the coatings can be maintained in
Li with a lower temperature for hardening the coatings, several specimens were prepared
with a thermal/chemical treatment at 700°C (instead of 900°C) for 284 h, and subsequently
exposed to Li for 456 h at 300°C in Run 2-9. An MRT-coated specimen of V alloy
exhibited good insulating characteristics; the MRT coating on a prealuminized V alloy
showed high resistance on only one side of the specimen while the other side exhibited
flaking and cracking of the coating. Similar characteristics were noted for the BIRL-
developed coating on V alloy. The specimen with a bond coating of TiN exhibited almost
no resistance, as indicated by the complete loss of coating during Li exposure. The lower
hardening temperature seems to reduce the reaction between the coating and the Li
environment, as evidenced by the thinner layer of the reaction product and also by the lack
of continuous coverage of the coating.

A long-term endurance test was conducted in Run 2-10 by exposing to Li for 5000 h at
300°C specimens of V alloy with and without prealuminization, AIN coated samples of V
alloy with and without prealuminization, and a prealuminized Type 304 stainless steel pipe
sample with a pack-diffusion AI2O3 coating. The AIN-coated specimens exhibited high
resistance after exposure to Li, and the Al2O3-coated stainless steel specimen lost the
coating in Li. In the same run, a flat coupon (measuring 7.5 x 1.25 x 0.1 cm) of AIN-
coated V alloy was exposed to Li for in-situ resistance measurements. The long specimen
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exhibited cracks and spallation of the coating at edges and corners of the sample, leading to
electrical continuity.

Experiments in Li with Higher Activities of N and/or Al
In Runs 3-1 and 3-2, the Li temperature was maintained at 400°C and several specimens
with and without A1N coatings were exposed. All of the coated samples exhibited loss of
coating during Li exposure. As a result, the N activity in Li was increased by bubbling
N2-Ar gas mixture into the Li for 24 h at 300°C. Subsequently, several coated specimens

were exposed to Li for 120 h in Run 3-3. The coating with a 900°C thermal/chemical
treatment exhibited high resistance after the Li exposure, while all of the as-coated
specimens lost their coatings. The same specimens were re-exposed to Li for a total time of
430 h; the coated specimen developed at ANL and that from MRT with a 900°C treatment
exhibited insulating characteristics.

In Run 3-5 (a repeat of Run 3-4), several new coated specimens were exposed to Li at
300°C for 480 h. As before, the MRT-developed coating with thermal/chemical treatment
exhibited insulating characteristics. The ANL-developed coating and that obtained from
CAT were too thin (0.75-1.5 Jim) and did not survive Li exposure even with a thermal
treatment at 900°C. Run 3-6 is analogous to Run 2-9 in that the AIN-coated specimens
were pretreated at 700°C prior to Li exposure. The results showed that the MRT-developed
coating on V alloy had adequate resistance, while the MRT-coated prealuminized V alloy
had high resistance on only one side of the specimen.

Hardness of A1N Coatings
An ultralow load indentation method involving a nano-indenter was used to evaluate the
hardness of several of the as-coated and Li-exposed specimens. The instrument is a highly
sensitive mechanical property microprobe capable of sensing both load and displacement
continuously as indents are made in a sample. The critical components of the indenter
include a small metal rod that passes through the center of a three-plate capacitor and is
attached to the middle plate. A three-sided pyramidal diamond is brazed to the bottom of
the rod, and a small force coil and magnet are positioned at the top. Load is determined by
the current to the force coil, and the voltage changes associated with the movement of the
middle plate of the capacitor enables the assessment of the displacement.

In general, each sample was indented 10 times. An array was defined across each cross-
sectioned coating, with the first five indents targeted at the substrate and the final five in the
coating. Information from the load-displacement curves and geometry of the indenter,
values of the contact areas corresponding to each load were used to calculate the hardness,
H, defined as the ratio of the load, P, and contact area, A. Calculation of the contact area
for a given indent uses data from a material such as amorphous SiO2 whose modulus is

known (assuming that the modulus is not a function of indent depth). Modulus
calculations also utilize the slopes of the unloading curves that represent the sample
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stiffness, S, and are related to the composite indenter-sample modulus, Ex, by the

expression

- ^ E T

VP
(2)
where P is load, h is indenter displacement, and A is contact area. The sample modulus,
Es, is then derived from the composite modulus by the relationship

E -fk^izjiT1

l , E, J ' (3)

where n is Poisson's ratio, and the subscripts s and i refer to the sample and indenter,
respectively.

Several samples were analyzed by the nano-indentation technique, and for each indent,
unloading curves were generated after total displacements of 40, 80, and 150 nm. Table
[2.1.3-3] lists the data obtained on the hardness of the substrate and coating materials after
thermal treatment at 900°C and after Li exposures in Runs 2-8 and 2-9. The results indicate
that substrate hardness in samples without prealuminization is 14-17 GPa. The values in
the substrate in the prealuminized samples correspond to an Al-rich zone of the V alloy and
are 7-8.5 GPa. The hardness of the A1N coating after 900°C treatment but without Li
exposure showed higher values (28-31 GPa) for the specimen without prealuminization
treatment than those (20-24 GPa) for specimens with the treatment.

In the specimens exposed to Li in Run 2-8, the hardness difference between the coating and
the substrate in the specimen without prealuminization is small (2-3 GPa) and may be
responsible for the improved adhesion of the coating to the substrate. In the prealuminized
specimen exposed in the same Li, the hardness difference is 14-16 GPa. In the case of
specimens exposed in Run 2-9, the pretreatment temperature was 700°C and the hardness
of the coating even after Li exposure is higher in the specimen without prealuminization
than that in the specimen with it. This seems to indicate that the absolute values of the
hardness for the coating, rather than the difference in hardness between coating and
substrate, may play a role in adhesion and spallation. Substantial additional effort is
needed to correlate the performance of these coatings with the alloy pretreatment, coating
application procedure, and Li exposure conditions.

Electrical Resistance of Li-Exposed A1N Coatings
After examination of the physical and chemical characterization of the coatings and the
coating integrity in as-coated and hardened conditions after exposure to Li environments,
the next steps were to measure the electrical resistances of these Li-exposed initially coated
specimens and to compare the measured values with the minimum required for application
in fusion reactors. For this purpose, several specimens were selected for resistance
measurements. Specimens included those with initially bare and prealuminized conditions,
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with different sources for the coatings, different hardening treatment, and several exposure
times in Li environments. The specimens were masked and gold-plated, and resistances
were measured at room temperature. Figure [2.1.3-13] shows the measured resistance
values for several specimens and at different locations within the same specimen. Also
shown in the figure is the minimum value for resistance required for application in a fusion
reactor blanket.

Bullet Tests
Experiments were conducted to measure the electrical resistance of A1N coatings in-situ in
Li by using single flat coupons and electrically isolating the specimen by ceramic material
from the feed-through assembly in the Li system. However, these measurements were not
successful because the specimens generally developed cracks or the coating spalled at the
corners and/or edges of flat specimens, leading to electrical continuity even though the
coating was intact over most of the surfaces of the specimens. As a result, bullet
specimens, with hemispherical bottoms and female threading on top, were fabricated for in-
situ resistance measurements. The bullets were coated with A1N by the same PVD
procedure used by MRT for flat coupons prior to Li exposure. The coating is fairly uniform
around the circumference of the bullet and appears fairly dense and bonded to the substrate.

In Bullet test I, the coated specimen in as-coated condition was inserted in Li at 300°C.
Coating resistance before insertion was 1.2 x 1(P Q but decreased to zero immediately after
insertion into Li, indicating local spallation of the coating during Li exposure. In Bullet test
II, the specimen was given a thermal/chemical treatment at 900°C prior to insertion in Li.
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Table [2.1.3-3]. Hardness data obtained by nano-indentation technique

Sample #

1

2

3

4

5

6

7

Sample
pretreatment

A1N coating on
V-5Cr-5Ti
with900°C
treatment

A1N coating on
prealuminized

V-5Cr-5Ti
with900°C

treatment

A1N coating on
V-5Cr-5Ti
with 900°C
treatment

A1N coating on
prealuminized

V-5Cr-5Ti
with900°C
treatment

A1N coating on
V-5Cr-5Ti
with 700°C
treatment

A1N coating on
prealuminized

V-5Cr-5Ti
with700°C
treatment

Fused silica

Li exposure
conditions

None

None

600 h at 300°C,
normal purity

(Run 2-8)

600 h at 300°C,
normal purity

(Run 2-8)

456 h at 300°C,
normal purity

(Run 2-9)

456 h at 300°C,
normal purity

(Run 2-9)

_

Electrical
characteris-

tics

High
resistance

High
resistance

High
resistance

High
resistance

Partially
resistive

High
resistance

_

Displace-
ment
(nm)

43.05
85.42

158.03

41.89
83.36

127.12

42.72
84.87

157.47
42.01
83.67

143.69

41.37
80.67

147.59
42.46
84.07

141.95

44.53
86.59

159.15
43.53
86.18

138.01

43.97
88.41

162.41
45.55
87.88

129.47

43.69
87.75
162.23
44.84
88.57

147.14

42.40
84.66

156.61

Load (mN)

0.57
1.94
6.27

0.97
3.34
7.28

0.36
1.18
3.64
0.81
2.74
7.29

0.60
1.99
6.35
0.85
2.74
7.23
0.36
1.34
3.94
0.88
3.01
7.26

0.57
2.05
6.47
1.20
3.73
7.25

0.38
1.34
4.00
0.77
2.63
7.27
0.28
0.98
3.22

E (GPa)

222.56
224.60
227.92

381.53
380.66
373.92

204.57
210.59
210.97
343.43
338.46
326.18

244.63
247.49
255.21
385.99
383.47
375.75
210.44
235.17
235.88
370.03
376.84
378.70

206.90
205.56
203.92
399.97
382.32
406.8

203.71
211.65
205.61
283.56
320.12
371.05
73.80
72.57
74.51

H (GPa)

15.53
14.49
14.36

31.30
29.64
28.89

8.07
7.45
6.97

23.78
22.11
20.67

17.69
17.03
17.23
23.34
20.55
19.92
7.53
7.33
7.32
23.37
22.19
21.81

15.07
14.93
14.74
30.17
27.55
25.97
8.54
8.06
7.34
19.56
17.85
18.23
10.62
10.23
10.37

aValues in first three rows correspond to substrate material, and next three rows correspond
to coatings in each set of data.
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Specimen Identification

Key to Specimen Treatment
#36: V-5Cr-5Ti alloy, AIN coated
#10: Alloy, AIN coated, hardened for 110 h at 900°C
# 9: Alloy, AIN coated, hardened for 110 h at 900°C, exposed to Li for 600 h at 300°C
#16: Alloy, prealuminized, AIN coated, hardened for 110 h at 900°C
#13: Alloy, prealuminized, AIN coated, hardened for 110 h at 900°C, exposed to Li for 600
#33: Alloy, AIN coated, hardened for 284 h at 700°C, exposed to Li for 456 h at 300°C
#12: Alloy, prealuminized, AIN coated, hardened for 284 h at 700°C, exposed to Li for 456
#56-1: Alloy, AIN coated by 2nd vendor, hardened for 110 h at 900°C, exposed to Li for 60
#56-2: Alloy, AIN coated by 2nd vendor, hardened for 284 h at 700°C, exposed to Li for 45

Fig. [2.1.3-13]. Electrical resistance of several AIN-coated specimens in as-coated
and hardened conditions before and after Li exposure

The resistance of the coating was 20,000 Q, prior to Li exposure but decreased and
reached 0 Q. within 5 min after insertion into Li. Examination of the unspalled coating in the
Li exposed specimen revealed a network of fine cracks in the coating. However,
postexposure X-ray diffraction analysis of the bullets (prior to washing in alcohol and
water) showed that the coating beneath the Li was intact and had high resistance; this
indicates that the Li itself did not contribute to coating failure but that a combination of
oxygen impurity in the coating and thermally induced local spalling resulted in inadequate
electrical resistance for the coating. Additional tests are planned to address these issues.

In-Situ Development of AIN Coatings in Li
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Even though AIN coatings developed by PVD had potential as electrically insulating
coatings, the ultimate objective is to develop the coating in-situ in Li by controlling the N
and/or Al activity in Li. To examine this approach, an attempt was made to increase the N
and Al activity in Li by adding 100 g of fine powder of AIN at 300°C and the Li was heated
to 500°C for 24 h to equilibrate the Li with dissolved Al and N. Specimens of V alloy with
and without prealuminization and MRT-developed AIN coatings in as-coated condition
were exposed in Run 3-7 for 24 and 620 h to examine whether either N and/or Al
transferred to the alloy surface or the coating reacted with Li. The results showed no
significant transfer of either N or Al from Li to the alloy, as evidenced by resistance
measurements and SEM analysis of the specimens. The specimen coatings were insulating
on one side of the specimen but tended to flake off from the other side of the specimens.
Based on these results, it was concluded that the dissociation of AIN in Li may be a slow
process even at 500°C and that an alternate method is needed to increase N and Al activities.
Because Al and N have high solubilities in liquid Li, an increase in activities of these
elements in Li was obtained by additions of solid Al and Li3N. Additions of 14.2 g of Al
and 25.5 g Li3N yielded Al and N concentrations of 4057 and 2929 wppm, respectively.
Even if all the Al reacted to form AIN, the N concentration in Li in excess of AIN was 825
ppm. Subsequent to these additions, the Li was maintained at 500°C for 120 h to
equilibrate the system. Specimens of V alloy with and without prealuminization and
several specimens of thermally/chemically treated AlN-coatings on V alloy substrate were
exposed in Li for 120 h at 500°C in Run 3-8. Two major observations were noted from a
detailed analysis of the exposed specimens from this run. The first, no transfer of either N
or Al, was observed from lithium towards the bare and prealuminized V-alloy specimens.
The second, the thermally treated coatings of AIN, performed well and had high resistivity
values. Further, no surface reactions were noted between the coating and the Li or
impurities in Li, even though the temperature was as high as 500°C.

Subsequently, the Li temperature in the vessel was lowered to 300°C and additional
specimens of V alloy with and without prealuminization, several AIN-coated specimens
with thermal/chemical treatment, and a "hot-dip" Al coated V alloy specimen were exposed
to Li for 120 h in Run 3-9. For the same N and Al concentrations in Li, the
thermodynamic activities of these elements in Li will be much higher at 300°C than at
500°C. Analysis of exposed specimens still showed no transfer of N or Al to the V alloy
specimens. All of the AIN-coated specimens performed well in terms of their physical
characteristics and exhibited high electrical resistivity. The "hot-dip" specimen, which had
a poorly adhered Al layer initially, exhibited complete loss of Al from the surface after
exposure to Li.

A significant difference in the microstructures of the coatings is seen between specimens
exposed to Li of normal purity and those exposed in Li with deliberate additions of Al and
N. In the former, the surface regions of the coatings reacted with Li or impurities in Li,
resulting in a layer that was rich in O, Al, and probably Li. In the case of specimens
exposed to Li containing added N and Al, no such interaction layer was observed.
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To examine the thermodynamic stability of A1N in Li and the possible reactions
between the A1N coating and O in Li, calculations were made to evaluate the regions in
terms of O and N in Li in which A1N will be stable in contact with Li. A1N can react with
O in Li via three possible reactions:

5 AlN(s) + 8 O(Li) + Li(l) = LiAlsOs + 5 N(Li) (4)
AlN(s) + 2 O(Li) + Li(l) = LiA102 + N(Li) (5)
2 AlN(s) + 3 O(Li) + Li(l) = AI2O3 + 2 N(Li). (6)

Based on knowledge of free energy of formation of A1N and various oxides, calculations
were made to establish the minimum N concentration in Li required for A1N to be stable at
several O concentrations in Li. Figures [2.1.3-14-2.1.3-16] show plots of N concentration
as a function of temperature for reactions (4) -(6) at O levels of 1, 10, 100, and 1000
wppm in Li. Also shown in the figures is a curve for O level in Li corresponding to a cold-
trap temperature of 200°C. In these figures, for a given O concentration in Li, A1N will be
stable in the region above the line and the oxide phase will be stable in the region below the
line. The curves also indicate that for a given temperature and at a given O concentration in
Li, there exists a definite concentration of N in Li below which the oxidation of A1N will
occur. For example, at 300°C and 100 ppm O in Li, the minimum N concentration needed
to maintain stable A1N is 5000, 4000, and 0.1 wppm, based on reactions (4), (5), and (6),
respectively. In Li of normal purity (without a cold trap), the O and N concentrations are
generally —100 wppm each.

Under these conditions, the A1N coating will not react to form AI2O3 but will react to form
either LiAlsOs or LiA102- This confirms the SEM and EDX analysis of the reaction
phases observed in the present experiments. Extensive analysis of the coatings before and
after Li exposure is presently being conducted by the Rutherford backscattering technique
(RBS). The calculations also indicate that at a higher temperature of 500°C and an oxygen
concentration in Li of 100 wppm, the N concentrations in Li needed to maintain A1N as a
stable phase are 900, 200, and 0.08 ppm, based on reactions (4), (5), and (6),
respectively. The data also show that at 500°C and for an O concentration in Li cold-
trapped at 200°C, the N concentrations are 180, 30, and 0.02 wppm, based on reactions
(4), (5), and (6), respectively. These calculations clearly demonstrate the importance of
controlling and maintaining low O levels in Li for the nitride coating to perform adequately.
Further, such control of O in Li is essential for the in-situ development of A1N coatings by
transfer of Al and N from Li to the V alloy surface. The calculations also indicate the
importance of experiments in a flowing system, in which the impurity levels can be
effectively controlled by a cold trap, in contrast with experiments in either small capsules or
in static vessels, as in present experiments.
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2.1.3.5 Summary

Detailed investigations were conducted on the fabrication, metallurgical microstructure,
compatibility in liquid Li, and electrical characteristics of A1N material obtained from
several sources. Coating fabrication methods included gas-phase nitridation, physical
vapor deposition, reaction sputtering, ion-beam-assisted deposition, chemical vapor
deposition, and a chemical route. Microstructural characterization of the coated samples
was conducted by scanning electron microscopy, energy-dispersive X-ray analysis, and X-
ray diffraction. A nano-indentation technique was used to evaluate the hardness of the
coated samples in as-coated condition after a hardening treatment and after exposure to Li.
Lithium compatibility studies were conducted in static systems by exposure of AIN-coated
specimens over several time periods. Electrical resistance measurements were made at
room temperature on the specimens before and after exposure to liquid lithium.
Experiments were initiated to develop A1N coatings in-situ in Li by adjusting the Al and/or
N activities in Li. Several conclusion can be drawn from the study:
1) Coatings of A1N on V alloy substrate can be successfully prepared by PVD. Processes
that involve CVD and chemical routes have potential, but substantial additional effort is
needed to obtain reliable, crack-free coatings. Gas-phase nitridation has limitations unless
the oxygen content of the exposure environment is substantially reduced.
2) Coatings developed by PVD need a thermal/chemical hardening treatment to improve the
adhesion characteristics and probably reduce the porosity of the coatings. Coating
characteristics may be improved if the substrate temperature is increased during the coating
process.
3) Experiments conducted with PVD-developed A1N coatings showed adequate chemical
compatibility in Li of normal purity. They also retained their insulating properties after
exposure to Li. However, the coating surfaces reacted with Li to form ternary oxides of
Li, Al, and O, whose growth rates are not established.
4) An endurance test of 5000 h exposure in Li of normal purity showed the coating to be
adherent and have high resistance after Li exposure.
5) The effect of increased N content, in the range of the present study, in the Li
environment on the coating performance was minimal.
6) Hardness measurements made by nano-indentation seems to indicate that the absolute
values of the hardness for the coating, rather than the difference in hardness between the
coating and the substrate, may play a role in adhesion and spallation.
7) Measurement of coating resistance in-situ needs significant additional effort; the
impurity content (such as O) of the coating and thermal cycling effects are considered
important.
8) Development of A1N coatings in-situ in Li needs additional effort. It has been
established that for a given exposure temperature and O concentration in Li, there exists a
minimum value for N concentration in Li below which the A1N will react to form binary or
ternary oxides with Li and Al. This minimum N concentration decreases with an increase
in temperature.
9) A1N is a viable coating with adequate electrical resistivity for application as an insulator
coating for the blanket in a fusion reactor system.
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2.2. MHD pressure drop and heat transfer testing

A program was conducted to demonstrate the use of the insulator coating for the Li/V
system with a large scale test in the ALEX facility. The major parts of the program are 1)
conversion of ALEX to Li operation, 2)fabrication of large V-alloy tubes, 3)application of a
CaO coating to the large tube, and MHD pressure drop tests In ALEX. The ALEX facility
was successfully converted to liquid Li operation, and additional details of the conversion
can be found in Ref. 2.2-1. Large tubes of the V-4Cr-4Ti alloy were successfully
fabricated by the US and the RF. Additional details of the fabrication are provided in Refs.
2.2-2 and 2.2-3. The CaO coating of the test section took place in a separate apparatus.
The first large test section was prepared for ALEX testing in late 1995. The MHD tests that
were conducted at that time yielded negative results, indicating that an insulating layer had
not been formed during the coating operations. Following these tests, additional effort was
spent on improving the coating process, and additional tests in ALEX were planned for late
1996. Unfortunately, these tests could not be conducted due to funding limitations in the
US.

2.2.1 ALEX preparations

The need to develop an electrically insulating layer for MHD pressure drop reduction
pointed ANL's liquid metal blanket activities in the direction of performing MHD testing on
vanadium components using lithium as the working fluid so that lithium-compatible
coatings could be developed and tested. Consequently, the decision was made to convert
Argonne's Liquid Metal Experiment (ALEX) from a 200°C NaK facility to a 350°C lithium
facility. This upgrade was undertaken in parallel with completing previously planned NaK
testing. The objective of the upgrade was to modify the existing facility to the minimum
extent necessary, consistent with providing a safe, flexible, and easy to operate MHD test
facility employing lithium at ITER-relevant conditions. The upgraded facility was designed
to produce MHD pressure drop data, test section voltage distributions, and heat transfer
data for mid-scale test sections and blanket mockups at Hartmann numbers (M) and
interaction parameters (N) in the range of 103 to 105.

The design conditions for the upgraded ALEX facility are:
Parameter
Flow Rate(l/s)
Velocity (m/s)
Pressure (MPa)
Magnetic Field (T)
Magnet Gap (cm)
Magnet Traverse (cm)
Temperature (C)
Li Volume (1)

Value
0.3 - 28
.005 -1.0
0- 1
~2
20.3
±125
350
300

ALEX is located in a high-bay building with access to a 3.2 x 104 kg (35 ton) overhead
crane, for handling the magnet halves and test sections. The overall facility layout is
shown in Fig. [2.2-1]. A detailed facility system description and several additional facility
photos can be found in Ref. [2.2-4]. Test sections are oriented horizontally with a small
slope to aid in Li draining. The lithium working fluid is stored in a dump tank, under an
argon cover gas to minimize the formation of lithium oxides and other lithium compounds.
Lithium drains automatically into the dump tank upon shutdown of the pump and remains
there when the loop is not operating. A 99.999% argon cover gas is maintained inside the
lithium piping and pressure measurement systems at all times, at a minimum positive
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pressure of 7 kPa (1 psig) to prevent inward contamination. Lithium temperature is
controlled by a 16-zone electric heater system.

Figure [2.2-1]. Scematic of the ALEX facility

The Li metal, 181 kg total, was loaded into the dump tank at room temperature in the form
of 400 cylindrical ingots 7 cm dia. x 23 cm long. The lithium purity was 99.95 wt.%. No
lithium purification system is used. Prior to MHD pressure drop testing, a short
shakedown run was conducted to demonstrate that all ALEX systems upgraded to lithium
service function as designed.

2.2.2 Testing procedures

Data were taken at three magnetic field strengths (0.0, 0.5, and 1.0 T) yielding a maximum
Hartmann number of 2000. The Li velocity ranged from 11 to 23 cm s~l; producing a
maximum interaction parameter of 4x10^. The bulk fluid temperature, was 230°C.

The overall pressure drop across the entire magnet, including the three-dimensional
pressure drop caused by the fringing field on each end of the magnet, was determined by
measuring the differential pressure between the discharge of the pump and the loop surge
tank downstream of the test section. This simple measurement was used as the primary
indicator of gross reduction in pressure drop due to the presence of the coating.

A high-temperature movable electrode assembly was fabricated at Efremov Institute RF,
and employed on this test section in the lithium testing. The concept of a movable electrode
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device was demonstrated in previous ALEX tests on a square duct and on a round pipe
with an aluminum oxide insulating coating, Ref. [2.2-2]. Voltage distributions which are
the result of currents flowing in the walls of the test section are detected by the movable
electrode system. In the present tests, a multiple-row assembly of movable electrodes was
used, similar in design to that reported in Ref. [2.2-2]. The movable electrode assembly
was made from a brass tube, the inside diameter and wall thickness of which were 63 mm
and 8 mm, respectively. The movable electrode assembly had six rows of nine electrodes
each. The six rows of electrodes were spaced one characteristic length (i.e., pipe radius)
apart axially, thus enabling the determination of coating quality and integrity over a section
of the pipe extending five characteristic lengths in the axial direction.

The Li bulk temperature of 230°C was attained by heating the Li in the dump tank to
roughly 20°C above the desired final temperature, while at the same time heating the empty
loop piping to the desired final operating temperature of 230°C. When steady state
temperatures were reached, the loop was filled with the hot Li, and then the liquid was
circulated until a quasi-equilibrium temperature was reached. The Li, the loop piping, and
the test section were maintained within 5°C of the desired final temperature for several
hours while the data were acquired.

2.2.3 Results

A pretest analysis of the Li/V MHD tests was performed to provide recommended test
conditions and to predict expected pressure drops. The pretest analysis modeled both the
fully developed MHD pressure drop and the effects of the fringing field on each end of the
ALEX magnet. The inclusion of the fringing field in the analysis was important because
for the case of insulated walls, the three-dimensional pressure drop resulting from the
fringing fields accounts for 48% of the total MHD pressure drop.

MHD measurements in the flowing lithium showed that the overall gross pressure drop
across the magnet and fringing fields on each end was approximately equal to the bare wall
value, indicating that the CaO coating was not effective in reducing the MHD pressure
drop. Independent measurements produced by the moveable electrode system also
confirmed that the CaO coating was not effective in insulating the inside surfaces of the test
section.

Following this negative result, the test section was exposed to an in situ re-oxidation
operation with the objective of completing the oxidation of the previously applied Ca layer,
which was thought to have been only partially oxidized. A second MHD pressure drop test
campaign was then conducted on the re-oxidized test section, but again, the measurements
indicated that the coating was not effective in reducing the MHD pressure drop. Figure
[2.2-2] shows the MHD pressure drop measurements obtained from the test section as it
was initially coated and again following the re-oxidation step. The heavy solid horizontal
Line is the theoretical value of MHD pressure drop for a bare wall pipe having the same
V/SS sandwich construction as the duplex test section used. The dotted horizontal line
near the bottom of the figure is the ANL pre-test prediction of the MHD pressure drop for
perfectly insulating walls, including the 3-D MHD pressure drop from the fringing field of
the ALEX magnet. It can be seen that the measured pressure drop is essentially equivalent
to a bare wall case.

Additional MHD testing was discontinued after these tests per the agreement between the
JCT and the US to eliminate further ITER credit for task T220 in 1996.
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2.3. Chemistry of liquid lithium

Specific work on the chemistry of liquid lithium has focussed on the solubility and
transport kinetics of hydrogen in lithium under various chemistry conditions. The

20 3hydrogen ion density for fusion reactor designs is 1.2 x 10 /m , which corresponds to a

pressure of 10" torr at room temperature. Interaction between hydrogen and first-wall
components may not be a significant concern for hydrogen embrittlement of structural
materials because of the low density of hydrogen. However, for the design of a liquid-
metal cooling system for fusion-reactor blanket applications, it is important to determine the
solubility and transport kinetics of hydrogen in the structure and coolant. This study
focused on developing methods for in-situ measurement of the solubility of hydrogen in
vanadium-base alloys and liquid lithium. Initial results were presented in a previous report
[2.3-1]. To investigate the effect of oxygen impurity in the vanadium alloy, oxygen-
charged samples were tested in addition to those that were used previously [2.3-2]. The
rate of hydrogen penetration into vanadium and its alloys is among the highest for metals
[2.3-3-2.3-7]. Currently, we are proposing a calcium oxide insulator coating for magnetic-
fusion-reactor (MFR) applications because of its a high thermodynamic stability and
electrical resistivity [2.3-8]. Therefore this study has been extended to include liquid
lithium with calcium and calcium oxide.

2.3.1 EXPERIMENTAL PROCEDURES

Sample Preparation

V-4Cr-4Ti. Small tabular-shaped samples of V-4Cr-4Ti (Table [2.3-1]) were used in the
investigation. To determine the oxygen impurity effect, several samples were charged with
oxygen by exposure to high-purity argon (99.999%) at 625-650°C for 17 h [2]. Samples
were weighed before and after oxygen charging. Typical depth of the oxygen enriched
layer was 25 (xm, which was determined from back-scattered-electron images obtained in a
scanning electron microscope and from microhardness profiles of specimen cross sections.
Li and Li-Ca alloys. Approximately 1.3 g of liquid lithium was loaded (Table [2.3-2])
into a V-7.5Cr-15Ti tube (7.5-mm diameter, 0.4-mm wall thickness, 128.5-mm long, and
6.8289g) with V-20Ti end plugs (7-mm long, 2.313 g). Small amounts of calcium were
added in some experiments. After loading the lithium and lithium-calcium, the tube was
sealed by tungsten inert gas (TIG) welding in a helium gas environment. To check for
leakage, individual sealed cells were heated in a vacuum chamber at 700°C for 24 h. None
of the cells leaked. The cells were cleaned by heating during the leak testing procedure,
and after cooling, the outside of the cells was sputter-coated with palladium to avoid
surface contamination during hydrogen desorption measurements.

Table [2.3-1]. Description of samples and experimental procedures
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Item
Code

A

B

C

D

E

F

G

H

Sample Sample
wt. Area
(g) (mm2)

21.89 28.68

10.0 35.4

23.5 90.57

— —

31.16

31.16

31.16

Data
No.
Code

1-6
12-16

7-11
17-21

28
41-43

47-50

44-46
51

22-25
27

29-32
37-40

33-36

88-91

Materials and Shape

Ta tube furnace
(178 mm long x 12.7 mm

dia. x 0.5 mm thick)

A + V-4Cr-4Ti bar
(101.3 x 10.15 x 3.64 mm)

A + V-4Cr-4Ti
(128.3 x 12.7 x 1 mm)

A + C+ V-4Cr-4Ti:
(128.3 x 6.65 x 1 mm)

and
(128.3 x 12.7 x 1 mm)

A + V-7.5Cr-15Ti
(two plugs)

A + Cell 2 (Li)

A + Cell 4 (Li+Ca)

A + Cell 1 (Li+Ca)

Obtainable
Parameters and

Calculation

Background for
desorption and

solubility

Desorption rate
and solubility

(B-A)

Desorption rate
and solubility

(C-A)

Desorption rate
and solubility
(D-C) or (D-A)

Background for
Liquid-Li (+Ca)

solubility

Solubility
(F-E)

Solubility in
Li-Ca

(G-E), (G-F)

Solubility
(H-E), (H-F),

(H-G)

Notes

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Base for
solubility

Solubility in Li

Solubility effect
of Ca in Li

Effect of CaO
layer

Table [2.3-2]. Amount of lithium and calcium loaded in V-7.5Cr-15Ti
tubes

V-7.5Cr-15Ti
Tube

Li (g) Ca (g) wt.% Ca
in Ca-Li

Mole fraction Ca
in Ca-Li

Cell

Cell

Cell

Cell

r
2

3 b

4

1.23

1.34

1.27

1.29

0.07

none

0.01

0.11

5.4

0.0

0.78

7.86

9.78

0

1.36

1.46

xlO

.0

xlO'3

xlO"2

aCell 1 was oxygen-charged in 99.999% argon and had a
CaO coating on
the inside wall (Ref. 2).

bCell 3 was not tested.

295



Instrumentation and Method

Hydrogen charging and the desorption procedures and parameters (e.g., volume of the
vacuum chamber, steady-state flow rate vs. residual pressure) were described in a previous
report [1]. Figure 1 is a schematic drawing of the apparatus.

Hydrogen In

Hydrogen Purifier

Figure [2.3-1].Schematic drawing of the apparatus

2.3.2 RESULTS AND DISCUSSION

V-4Cr-4Ti

Desorption experiment. Figure [2.3-2] (a) shows the integral amount of hydrogen
evolved at 518°C during degassing of an oxygen-charged V-4Cr-4Ti specimen after
exposure to hydrogen for 1,5, and 18 h and for an as-received V-4Cr-4Ti specimen after a
30 h exposure to hydrogen; Fig. [2.3-2] (b) shows hydrogen desorption rates during
degassing of the specimens at these times. During degassing experiments at higher
temperature, the specimen was held at 518°C for 2 min before heating to a higher
temperature (850°C), at which the amount of degassed hydrogen was monitored by
hydrogen pressure and the calculated flow rate, which was integrated with time to obtain
solubility data as described previously [2.3-1].
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and 18 h and of as-received
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Figure [2.3-2J(b).
Desorption rates of hydro gen from oxygen-
charged V-4Cr-4Ti at 518°C after
hydrogen-charging for 1, 5, and 18 h, and
for as-received V-4Cr-4Ti after 30 h

Oxygen in V-4Cr-4Ti increases both the hydrogen solubility and desorption kinetics, as
shown in Fig. [2.3-2]. When we examine the degassing data at 518°C in Fig. 2 (b),
initially ( 0 - 2 min), the integrated hydrogen desorption is higher for the oxygen-charged
sample. The degassing process at 518°C showed a slight difference in the amount of
hydrogen evolved from the specimen at 5 and 18 h. This means that a 1-mm-thick oxygen-
charged V-4Cr-4Ti specimen is not equilibrated in 5 h. Therefore, the diffusivity of

hydrogen (DH) in oxygen-charged V-4Cr-4Ti at 518°C should be D H ^ 5.56 x 10'7
2

mm /s, a value that is similar to the value for the as-received samples and much lower than
literature values [2.3-5-2.3-6]. To resolve this difference, more effort will be required to
analyze the degassing of components in the apparatus by mass spectroscopy with a
residual-gas analyzer. Figure [2.3-4] shows the temperature dependence of the hydrogen
desorption rate obtained from the difference of curves C and D in Fig. [2.3-3]. Figure
[2.3-5] shows the Vickers hardness-versus-depth profile for as-received, oxygen-charged,
and an oxygen-charged sample equilibrated with hydrogen at 518°C. The decrease in
hardness near the surface of the hydrogen-equilibrated sample indicates that, during the
degassing process, oxygen was also removed to a depth of =8 mm, as shown in Fig. [2.3-
5]. The measured desorption rate of hydrogen in V-4Cr-4Ti is a thermally activated
process and the activation energy is
0.067 eV. However, more work is needed to determine the dependence of D H on
microstructure, as shown for nickel in Ref. [2.3-9].
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Li or Li-Ca

Solubility measurement. Solubility was determined according to item codes F-H in Table
[2.3-1]. Figure [2.3-6] indicates typical hydrogen desorption behavior for liquid-metal
cells (e.g., Cell 4 in Table 2) that contained a mixture of lithium (1.29 g) and calcium (0.11
g), i.e., 7.86 wt.% of calcium at four temperatures (267-674°C). The difference in the
integrated amount of hydrogen at the various temperatures indicates the temperature
dependence of hydrogen solubility. However, the result at the lowest temperature (267°C)
does not show the expected profile (Fig. [2.3-6]). We assume that this behavior is caused
by slow hydrogen penetration through the vanadium capsules at low temperatures. Even
after 756 h at 267°C, the specimen had not reached the equilibrium partial pressure of
hydrogen.

Hydrogen degassing from the tantalum furnace for 900 s at temperatures between 260 and

600°C was almost constant, 3200-3300 mm3. Figure [2.3-7] shows results for liquid
lithium and two lithium-calcium alloys and the temperature dependence of the solubility of
hydrogen in lithium from the literature [2.3-10]. Figure [2.3-8] shows the combined
results for lithium, lithium-calcium, and V-4Cr-4Ti obtained from this study. When we
compare the solubility of hydrogen in liquid metals with that in V-4Cr-4Ti (Fig. [2.3-8]),
we can obtain the hydrogen distribution ratio between liquid lithium or Li-Ca alloys and V-
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4Cr-4Ti. The hydrogen distribution between a liquid-metal coolant and the structural
material is an essential factor in the design of fusion reactors. Figure [2.3-9] indicates that
the hydrogen distribution ratio R between liquid lithium or lithium-calcium alloys and V-
4Cr-4Ti decreases with temperature; R =10 and 100 at 700 and 250°C, respectively.
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Figure [2.3-6]. Typical integrated amount of hydrogen degassed versus time for Li-7.86
wt.% Ca at temperatures between 267 and 674°C
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2.3.3 CONCLUSIONS

An in-situ experimental method was developed to determine hydrogen solubility and
hydrogen desorption rate in a vanadium-base alloy and liquid lithium-calcium alloys at
MFR temperatures and hydrogen partial pressures. The solubility of hydrogen in V-4Cr-

-44Ti and liquid lithium-calcium has been measured at a hydrogen pressure of 9.09 x 10
torr at temperatures between 250 and 700°C.

To determine the effect of oxygen impurity in a vanadium-base alloy on hydrogen solubility
and desorption, oxygen-charged V-4Cr-4Ti was also investigated. Hydrogen solubility in
V-4Cr-4Ti and liquid lithium decreased with temperature. Oxygen in V-4Cr-4Ti increases
hydrogen solubility and desorption kinetics. Hydrogen solubility in a Li-8 wt.% Ca alloy
was also measured.

The ratio R for the distribution of hydrogen between liquid lithium or lithium-calcium
alloys and V-4Cr-4Ti increases as temperature decreases (R =10 and 100 at 700 and 250°C,
respectively). However, at temperatures <267°C, solubility data could not be obtained by
this method because of the slow kinetics of hydrogen permeation through the vanadium
alloy. The measured desorption rate of hydrogen in V-4Cr-4Ti is a thermally activated
process; the activation energy is 0.067 eV
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Table [2.3-1].

Item
Code

A

B

C

D

E

F

G

H

Sample
wt.
(g)

21.89

10.0

23.5

—

-

Sample
Area

(mm )

28.68

35.4

90.57

—

31.16

31.16

31.16

Data
No.
Code

1-6
12-16

7-11
17-21

28
41-43

47-50

44-46
51

22-25
27

29-32
37-40

33-36

88-91

Materials and Shape

Ta tube furnace
(178 mm long x 12.7 mm

dia. x 0.5 mm thick)

A + V-4Cr-4Ti bar
(101.3 x 10.15 x 3.64 mm)

A + V-4Cr-4Ti
(128.3 x 12.7 x 1 mm)

A + C+ V-4Cr-4Ti:
(128.3 x 6.65 x 1 mm)

and
(128.3 x 12.7 x 1 mm)

A + V-7.5Cr-15Ti
(two plugs)

A + Cell 2 (Li)

A + Cell 4 (Li+Ca)

A + Cell 1 (Li+Ca)

Obtainable
Parameters and

Calculation

Background for
desorption and

solubility

Desorption rate
and solubility

(B-A)

Desorption rate
and solubility

(C-A)

Desorption rate
and solubility

(D-C)or(D-A)

Background for
Liquid-Li (+Ca)

solubility

Solubility
(F-E)

Solubility in
Li-Ca

(G-E),(G-F)

Solubility
(H-E), (H-F),

(H-G)

Notes

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Base for
solubility

Solubility in Li

Solubility effect
of Ca in Li

Effect of CaO
layer
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Item
Code

A

B

C

D

E

F

G

H

Sample
wt.
(g)

21.89

10.0

23.5

—

-

—
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Area

(mm2)

28.68

35.4

90.57

—

31.16

31.16

31.16

Data
No.
Code

1-6
12-16

7-11
17-21

28
41-43

47-50

44-46
51

22-25
27

29-32
37-40

33-36

88-91

Materials and Shape
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A + C+ V-4Cr-4Ti:
(128.3 x 6.65 x 1 mm)
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(128.3 x 12.7 x 1 mm)

A + V-7.5Cr-15Ti
(two plugs)

A + Cell 2 (Li)

A + Cell 4 (Li+Ca)

A + Cell 1 (Li+Ca)

Obtainable
Parameters and

Calculation

Background for
desorption and

solubility

Desorption rate
and solubility

(B-A)

Desorption rate
and solubility

(C-A)

Desorption rate
and solubility
(D-C) or (D-A)

Background for
Liquid-Li (+Ca)

solubility

Solubility
(F-E)

Solubility in
Li-Ca

(G-E), (G-F)

Solubility
(H-E), (H-F),

(H-G)

Notes

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Solubility and
desorption rate
in V-4Cr-4Ti

Base for
solubility

Solubility in Li

Solubility effect
of Ca in Li

Effect of CaO
layer

Table [2.3-2]

V-7.5Cr-15Ti
Tube

Cell l a

Cell 2

Cell 3 b

Cell 4

Li(g)

1.23

1.34

1.27

1.29

Ca(g)

0.07

none

0.01

0.11

wt.% Ca
in Ca-Li

5.4

0.0

0.78

7.86

Mole fraction Ca
in Ca-Li

9.78 xlO"3

0.0

1.36 xlO"3

1.46 xlO"2
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Mole fraction Ca
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0.0

1.36 xlO"3
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2.4. Design, fabrication, and testing of ITER size relevant mock-ups

2.4.1 Design

To test the magnetohydrodynamic (MHD) pressure drop reduction performance of
candidate insulator coatings for the ITER Vanadium/Lithium breeding blanket, two ITER
size relevant mock-up test sections comprised of a V-4Cr-4Ti liner inside a stainless steel
pipe were designed and fabricated; one in the US, Ref. [2.4-1], and the second fabricated
jointly by the RF and ANL.

Figure [2.4-1] is a fabrication drawing of one of the V/SS duplex test sections, used for
MHD testing of insulator coating materials in flowing liquid lithium in the Argonne Liquid
Metal Experiment (ALEX). The two test section designs were nominally identical; some
insignificant differences in as-built dimensions occurred. The following description of the
US-fabricated test section is provided as a reference case. The test sections' ID/OD were
48.4/58.6 mm; the wall thickness' of the vanadium liner/stainless steel pressure boundary
were 2.3/2.8 mm. The V liner occupied the central 2.9 m of the 3.5 m test section length.
The lithium pressure boundary is a 60 mm dia. 304SS pipe (2 inch schedule 10) welded to
schedule 10 300 series SS eccentric reducers; all welding was performed to the ASME
B&PV Code. The end flanges, which were welded to eccentric reducers, and which
connect the test section to ALEX loop piping, are a proprietary design (OTECO®, Inc.),
having a metal-to-metal seal between two 316SS hubs using a 17-4 PH SS seal ring; their
pressure and temperature ratings are 12.7 MPa; 540 °C, respectively. OTECO® flanged

connections have been successfully used previously in ALEX at 0.14 MPa; 200 °C NaK.

The present application, at 33 kPa and 550 °C Li, resulted in no leaks.

(2" SCH 10 PIPE
ASTM A312 TP304)

Figure 2.4-1 - Fabrication drawing of the V/SS duplex test section

Theoretically, the MHD pressure drop reduction benefit resulting from an electrically
insulating coating on a vanadium-lined stainless steel pipe is identical to the benefit derived
from an insulated pipe fabricated of vanadium alone. A duplex test section design
consisting of a V alloy liner encased in a stainless steel pressure boundary provides
protection for the vanadium from atmospheric contamination during operation at high
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temperature and obviates any potential problems with vanadium welding while also
minimizing the amount of V alloy material required. From the MHD and insulator coating
point of view, the test section outer stainless steel wall and inner V alloy liner can be
modeled simply as a wall having a sandwich construction.
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2.4.2 Fabrication (US made)

For the fabrication of the US-made duplex test section, the starting vanadium extrusion was
produced by Teledyne Wah Chang; Century Tubes performed the fabrication steps
necessary to produce the vanadium liner/stainless steel duplex structure; ANL developed
the overall test section design and an outline of the fabrication steps; preparation of the
detailed manufacturing plan and day-to-day manufacturing follow was provided by
McDonnell Douglas Aerospace. General Atomics provided special assistance and
metallurgical expertise for certain fabrication problems.

For the US-fabricated test section, the starting point was two -64 mm x 200 mm x 1245
mm V alloy bars. The initial fabrication plan consisted of the following three main phases:

V alloy tube blank preparation
saw cutting
lathe machining
gun drilling
cleaning
annealing

V alloy liner drawing steps
five cold drawing steps, -10% reduction, each
cleaning
annealing
six cold drawing steps, -10% reduction, each
cleaning
annealing
QA

V alloy liner expansion steps
three cold expansion steps, - 5 % dia. incr., each
cleaning
annealing
one cold expansion step, - 5 % dia. increase
cleaning
insert liner into pipe
two cold expansion steps, - 5 % dia. increase, each
cleaning

A photo of the completed test section is shown in Fig. 2.4-2. Further details of the US-
made V/SS duplex test section fabrication can be found in Ref. [2.4-1].
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Figure 2.4-2 - Photograph of a completed V/SS test section
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2.4.3 Fabrication (RF/ANL made)

For the RF-ANL fabricated test section, the following design and material specification
(essentially identical to the US-made test section) was used:

1. Vanadium alloy chemical composition specification:
V - balance
Cr - 4 (+/-) 0.5% N - <200 wppm
Ti - 4 (+/-) 0.5% C - <200 wppm
Si - 0.04-0.1 % H - <5 wppm
O - <400 wppm Al - <300 wppm
Fe - <100 wppmAll other elements as low as possible.

2. Inhomegeneity: as specified above for Cr, Ti and Si.
3. The vendor shall provide documentation of composition, homogeneity,

original heat size, and processing conditions for items 1, 2, and 3.
4. Outer pipe material: 300 Series Stainless Steel Seamless Pipe.
5. Outer pipe wall thickness: 3.0 mm (nominal).
6. Outer pipe size: 61.0 mm OD.
7. Outer pipe surface finish, inside wall and outside wall: as received.
8. Outer pipe final length: 3.0 m, if possible; 2.5 m, minimum.
9. Outer pipe final length end finish: standard 37.5 deg. butt weld prep.
10. Vanadium liner OD: same as outer pipe ID, objective is zero gap.
11. Vanadium liner final length: 10.0 cm less than outer pipe final length.
12. Vanadium liner wall thickness: 2.0 mm (nominal).
13. Vanadium liner surface, inside wall and outside wall: as drawn.
14. Vanadium liner/outer pipe fit: objective is zero gap, requirement is no relative

motion, metallurgical bond is not required.
15. Vanadium liner retention method: 300 series SS ring TIG welded to outer

pipe at each end of vanadium liner, following co-drawing operation.

The following outline of manufacturing steps was followed for fabrication of the RF-
ANL duplex test section:

1. Preparation of V-4Ti-4Cr ingots:

Fabrication of pure vanadium rolled stock
- Electrode preparation
- First remelting in vacuum - arc furnace (125 dia.)
- Second remelting (160 dia.)
- Specimen sampling, turning
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2. Preparation of 50 mm dia. tube

- Hot pressing (1300°C):
billet with hole, dimension 123 x 51 x 200 mm into
billet with hole, dimension 80 x 15 x 640 mm

- Reeling, dimension 74 x 12 x 600 mm
- Vacuum annealing
- Rolling, dimension 54x3.5x2100 mm
- Rolling, dimension 50(+0.5) x 2.0 (+0.2) x 3200 mm
(see Appendix 1)

3. Preparation of stainless steel jacket

Steels with various chromium and nickel content - Crl8N10Ti, Crl8Ni20,
were considered as materials for a shell of the V-4Ti-4Cr alloy tube. It is
well known that a chromium content increase in the materials considered
results in a linear expansion coefficient approaching that of vanadium. The
same regularity is typical for parameters of final heat treatment. From this
standpoint, the alloy is the optimal choice for the shell of vanadium tube.
However, the industry does not produce billets of the wanted diameter (90
mm and more). That is why the steel type Crl8Ni20 was chosen as a basic
material. The stainless steel tube supplied by the RF was produced from a
billet whose starting dimensions were diameter-130 mm, height - 200 mm.

Preliminary straightening and etching were followed by canning procedure.
Vanadium alloy tube was positioned inside of stainless steel one.

Inner inserts of stainless steel were located on two sides and argon-arc
welded to the outer tube. On both sides two processing holes were also
machined to assure heat treatment in a vertical position.

-4
The binary tube was annealed in vacuum furnace at vacuum of (3-4) • 10
torr. Annealing temperature - 1000°C, annealing duration - 1 hour.

After vacuum annealing the outer tube was rolled down to reduce the outer
diameter by approximately 0.4 mm in order to minimize the gap between
stainless steel and vanadium alloy tube.
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2.4.4. QA testing

All pressure boundary welding on both test sections was performed according to
the ASME B&PV Code, and were helium leak tested and liquid penetrant inspected. Table
CBR-1. below gives a comparison of the elemental specification desired for the vanadium
alloy and the actual chemical analyses of the heats used for the two test section fabrications.
Departures from the specification are considered insignificant.

Table [2.4-1]. Chemical composition (impurities in wppm) of the of the
V-4Cr-4Ti material used for duplex test section fabrications.

Element Spec. US tube RF/ANLtube

Cr 4±0.5 wt.% 3.72-383 3.67
Ti 4±0.5 wt.% 3.79-4.16 3.95
Cu <10 <50 <0.2
Si 400-1000 720-840 61
O <400 280-360 300
N <200 80-93 70
C <200 64-94 150
S <10 <10
P <10 <30
Ca
Cl <2 <2
B <5-7
Al <200 780
Nb <10 84
Fe <200 570
Mo <10 110
Ni 37
H 10
Na 76
K <10

Mn <1
Zr 28
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The chemical composition and mechanical properties of the stainless steel outer tube
of the RF-supplied duplex test section are given below.

Chemical composition

Steel EP 717 (Crl8Ni20), vacuum-arc remelted (VAR), melt 10897.

Technical
requirements
TR 172-69,

Melt 10897

Chemical com
C

<0.01

0.01

Si

<0.25

0.01

Mn

<0.5

0.07

S

<0.01

0.008

)osition,
P

<0.01

0.007

% wt
Cr

17-19

17.80

Ni

19-21

19.80

N2

<0.015

—

Mechanical Properties

Steel EP 717 (Crl8Ni20), VAR, melt 10897.
Tests were performed in IM-4R machine at temperatures 20,450 and 750°C.

Test
temperature, °C

20
450
750

UTS,
MPa
506.7
343.0
221.5

YS,
MPa
205.8
132.3
112.7

TE,
%

53.4
40.1
50.5

RA,
%

88.4
86.1
65.4

2.4.5 Coating procedure

Based on the work done up to and including CY 1995, a set of ITER size relevant
coating equipment was designed, constructed and used to coat the US-made V/SS duplex
test section with CaO. The equipment arrangement is shown in Fig. 2.4-3 below. Table
[2.4-2] lists an outline of the coating procedure steps followed in coating the US-made test
section. Table [2.4-3] summarizes the quantitative conditions of temperature, time, melt,
and gas composition used in each step of the coating operation.
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Figure [2.4-3]

CaO Coating Equipment Arrangement

O

Surge Volume

a 0—

•H 1

•«—i

Ar o-

! pt

Vent

Test Section
(~ 8.5 liter)

Vent or
Vacuum

Level Probes

Melting & Mixing Tank (-14 liter)

Ca(~50at%) Li (7 kg, 11 liter)
dip tube (~ 1 liter)
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Table 2.4-2. Outline of CaO Coating Procedure Steps

PROCEDURE STEP

I. Load lithium and calcium into melting & mixing tank

II. Melt lithium and calcium

III. Perform final batch mixing

IV. Apply heat to test section

V. Perform oxygen charging

VI. Cool test section

VII. Remove oxygen-charging coupons

VIII. Apply heat to test section

IX. Push melt up into test section for CaO coating operation

X. Perform CaO coating operation

XI. Return melt to melting & mixing tank

XII. Oxidize Ca-Li surface layer (4 steps)

XIII. Cool test section

XIV. Remove room-temperature test section from coating rig

XV. Cleanup

XVI. Install room-temperature test section into ALEX
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Table [2.4-3]. CaO coating procedure data for ITER size-relevant US-made V/SS test
section mock-up.

Melt composition = 50 at% Ca

Procedure step

Oxygen Charging

Oxygen Charging

Ca coating

Draining/Removal of Residual Li

Oxidation Step 1

Oxidation Step 2

Oxidation Step 3

Oxidation Step 4

time duration (hr)

20

5 1/2

25 3/4

1/2

10 1/2

6

5

5

Temp deg C

600-660

-400

500-550

500-550

390-420

390-420

390-420

390-420

Gas composition

5N Ar (-10 ppm O2)

5NAr(~10ppmO2)

5NAr(~10ppmO2)

5NAr(~10ppmO2)

4NAr(~100ppmO2)

4N Ar + 450 ppm 02

5NAr(~10ppmO2)
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