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ABSTRACT

Tests were conducted to determine the compatiblity of vanadium alloys with
reactor-grade helium and to define the helium gas chemistry requirements for
fusion reactors. Miniature tensile specimens of V-5Cr-5Ti, V-10Cr-5Ti. and
V-12.5Cr-5 Ti were exposed in a once-through system to helium with 70 vppm-H2
(measured oxygen partial pressures of 10"12 atm) and bottle helium (measured
oxygen partial pressures of 10'* atm) between 500 and 700°C for up to 1008 h. The
weight changes in the specimens were recorded. The helium-exposed specimens were
tensile testad. and the effects of exposure on mechanical properties were
assessed. Exposure between 500 and 700°C for 1008 h in He+70 vppm-H2 resulted in
complete, embrittlement of all the alloys in room temperature tensile tests. The
fracture mode was primarily cleavage, probably caused by a hydrogen-induced shift
in the ductile to brittle transition temperature (DBTT). Weight gains increased
with temperature and were largest for the V-5Cr-5Ti alloy. Specimens exposed for
531 h between 500 and 700°C in bottle He exhibited two distinct fracture
morphologies on the fracture surfaces. Brittle cleavage around the edges of the
specimens gave way to ductile dimpling in the center of the specimens. The
brittle region around the periphery of the specimen is most likely the highest
vanadium oxide, V2O5.

INTRODUCTION

Vanadium and vanadium alloys are attractive low-activation materials for
application to the first wall/blanket structure of a fusion reactor due to their
resistance to radiation damage, retention of strength, and excellent creep
properties at elevated temperatures [1-6]. However, the chemical reactivity of
vanadium-base alloys may result in unacceptable oxidation or embrittlement by

BISTRIBUTION O F T H I ^ O C J / W IS UNUJHITBI



oxygen, carbon, nitrogen, or hydrogen [7]. Fusion reactor designs which utilize
vanadium alloys as structural materials with helium as a coolant and either liquid
lithium or lithium-bearing solids as tritium-breeding materials have been proposed
[2]. Further, fusion reactor designs that utilize vanadium alloys and liquid
lithium as both the coolant and breeder material will use helium as an "inert"
atmosphere in order to minimize ambient oxidation. Thus, the long-term
compatibility of vanadium and candidate vanadium alloys with "impure" or reactor-
grade helium is of importance to all fusion reactor designs incorporating vanadium
or vanadium-base alloys.

The oxidation of vanadium has been previously studied for nuclear
applications [3-13]. The oxidation of pure vanadium at relatively high

temperatures (700 to 1000°C) and high oxygen partial pressures »0.01 MPa)

for short periods of time (<1 h) was investigated by Price and co-workers [8 or
91. At these relatively high oxygen pressures and temperatures, the heat released
on oxygen up-take was sufficient to produce "burning" of the vanadium. The

c iri t
critical oxygen partial pressure ( P Q ) for burning was found to increase with

increasing temperature. For oxidations where P Q 2 < p Q . the weight gain of the

specimen for a given time t decreased with increasing temperature and was
/ \ 0.75 , ,0.70

proportional to 1 pg I and (t)

temperatures and partial pressures of oxygen in the experiments of Price and co-
workers are fax outside the range anticipated for most fusion reactor designs that
incorporate vanadium-base alloys. Further, these exposures were at temperatures
above the melting point of the highest stable oxide of vanadium (V2O5). Kohl [10]
investigated the short-term (< 60 s) oxidation rate of vanadium at various helium

pressures (PHe) at a constant oxygen partial pressure ( P Q , " 10" 4 HPa) between 600

and 900°C. A weight gain expression for the initial up-take of oxygen was derived
from the data as:

It is important to note that the

e x p

2029 {torr}

<torr>

(1)

where v is the rate of oxygen up-take, T is temperature, and the units of the
parameter are shown in brackets. The initial oxidation rate decreases with
increasing temperature (as was found in refs. 7 and 8), decreases with pBe, and

increases with p^ . It is important to note that equation (1) is only applicable

to the initial, transient oxidation rate, and the steady-state oxidation rate will
be much lower than that calculated from equation (1) due to transport effects via
the formation of oxide films on the surface of the vanadium. However, equation
(1) is relevant in that it establishes an upper bound for long-term oxidation
behavior of vanadium in helium at relatively low oxygen partial pressures. Noda
et al. [11] investigated the corrosion of several refractory alloys, including a
vanadium-25 weight percent (w/o) molybdenum (V-25Mo) alloy, in helium with 13 vppm
oxygen for up to 250 h between 600 and 1000°C. Noda et al. found that weight
gains decreased with increasing temperature for the V-25Mo. consistent with
equation (1). It is not surprising that weight gains for vanadium alloys oxidized
at temperatures above the melting point (675°C) of the V2O5 would decrease with
increasing temperature due to competition between weight gain by oxide film
formation near the metal and weight loss by flow or dripping of V2O5 from the
surface of the specimens.



Loomie and Wiggins [12] investigated oxidation of vanadium-base alloys,
primarily vanadium-chromium-titanium alloys, between 450 and 650°C (below the
melting point of V2O5) in helium with 10 vppm water, and at 550°C in helium with
1 vppm hydrogen and 1 vppm water. The oxidation behavior of the vanadium-base
alloys was compared, in terms of weight gains in the environment, with austenitic
and ferritic steels. While alloys of vanadium with chromium and titanium
exhibited larger weight gains as compared to the austenitic and ferritic 6teels.
the addition of chromium and titanium to vanadium was beneficial in terms of
significantly reducing weight gains, es compared to unalloyed vanadium. Weight
gains were modeled according to a power law of the form:

- K [t{h)]n. (2)

where w is the weight gain of the specimen in time t, and the units of the
parameters are shown in brackets. The value of n for vanadium-base alloys was
between 0.4 and 0.5 in helium with 1 vppm hydrogen and 1 vppm water at 550°C. The
values of K and n (thus, specimen weight gains) increased with temperature between
450 and 650°C in helium with 10 vppm water. Weight gains in both environments
decreased with the addition of chromium and/or titanium to vanadium.

It has been observed that hydrogen introduced by mechanical polishing can
cause shifts in the DBTT of vanadium alloys [13] . Hydrogen will be present in
fusion helium streams to improve tritium recovery through isotopic exchange and to
reduce the oxygen potential of the helium gas [14] . Currently, a vanadium-
chrcnium-titanium alloy with 5 w/o chromium and 5 w/o titanium (V-5Cr-5Ti) has
beer, identified as having the least sensitivity to hydrogen embrittlement and is
considered the leading candidate for use in fusion reactor designs [3].

The above work has focused on the weight changes that occur due to oxidation
in helium or the changes in mechanical properties due to hydrogen up-take from
specimen preparation. In this work we have investigated the effect of exposure of
a series of V-XCr-5Ti (X - 5, 10. and 12.5) to helium with high and low oxygen
potentials on the room-temperature mechanical properties, fracture morphology, and
weight changes between 500 and 700°C. The high oxygen potential (measured oxygen
partial pressures of 10"s atm) environment is representative of helium taken from
large-batch industrial helium supplies. The low-oxygen potential (measured oxygen
partial pressures of 10" 1 2 atm) environment was produced by providing excess
hydrogen on the order of 70 vppm.

EXPERIMENTAL APPARATUS AND METHODS

The once-through mixed-gas exposure system (OTMGES) is shown in Figure 1.
The OTMGES permits the exposure of candidate materials in a gas of controlled
purity. At the heart of the system are five 3-zone furnaces with independent
temperature controllers capable of maintaining temperatures up to 1200°C. Each
furnace can be fitted with alumina retorts up to 6.35 cm in dia. and 75 cm long.
For these investigations, the furnaces were fitted with either 0.95-cm ID or
1.2-cm ID alumina tubes with a flow rate of 2 L/min through each tube at a
pressure of 1.5 atm. Helium is supplied to the retorts from the gas purification
and handling system. This system is supplied from two independent banks of six
bottles of commercial welding-grade helium cylinders, which can be purified by
flowing the gas through an activated charcoal trap at liquid nitrogen temperatures
to remove nitrogen, methane, carbon monoxide, carbon dioxide, hydrogen, and water

vapor, and through a heated copper-filled bed at 500°C to remove oxygen (p«

< 10"8 atm). Further, in this system, it has been found that the efficiency of
the oxygen removal in the copper bed furnace can be improved by adding ~70 to 100

vppm of hydrogen ju^t prior to the copper bed resulting in (PQ < lO"1^ atm).



After the helium is purified, low-level impurity species can be added, if desired,
using micrometerinp valves to add back the desired impurities to simulate a
particular heliun coolant chemistry. The mixed gas flows into a common inlet
header for the five retorts, past the specimens in the furnace, and out through
individual outlet headers which vent to the laboratory atmosphere through oil-
filled bubblers. The chemistry of the gas flowing in the common inlet header and
the outlet for each retort can be monitored using either an Antek dual-column,
dual-detector, or a Bendiz dual column, single detector gas chromatograph (GC).
Both GCs use helium ionization-type detectors. The partial pressure of oxygen can
be monitored to a level of 10'20 atm using an Applied Electrochemistry. Inc.. S-3A
oxygen analyzer that utilizes a solid-oxide (stabilized zirconia) electrochemical
detector. The moisture content of the helium is monitored at the common inlet and
outlet headers using an Interatom HTKP-type hygrometer that works well at low
partial pressures of water vapor (0.1 to 100 vppm-H20).

The first exposure was done with helium containing 70 vppm of hydrogen
(designated He+70 vppm-H) for 1008 h at 500. 550. 600, 650. end 700°C with 0.2

vppm-HjO and a measured PQ of approximately 10"12 atm. The results from this

first long-term exposure suggested that a second, shorter exposure in the same
environment would be of interest. The second exposure was also in He+70 vppm-H

for only 73 h at 700°C with 0.3 vppa-H2 and a measured fy of approximately 10"
12

atm. The third exposure of specimens was in welding-grade helium (designated

bottle He) with no excess hydrogen added, with 0.5 vppm-H20 and a measured p 0 of

10'* atm. Figure 2 shows the relationship between the measured oxygen partial
pressure in these environments and the stability of the two highest oxides (V2O5

and VO2) of vanadium as a function of temperature. For the bottle helium (In pg

atm~ -9.6), V2O5 should be stable and solid for all exposure temperatures except
700°C. For the He+70 vppm-H only VO2 should be stable.

The specimens exposed in the OTMGES were in the form of miniature tensile
specimens (so-cslled SS-3) shown in Figure 3. The specimens used in this study
were fabricated from 0.762-ma-thick sheets of alloys that had nominal compositions
of V-12.5Cr-5Ti, V-10Cr-5Ti, and V-5Cr-5Ti. The alloys were arc melted and drop
cast to produce 350-g rectangular ingots (11 cm x 2.5 cm x 10 mm). The ingots
were radiographed and then annealed at 1200°C in vacuum for 1 h before processing.
The first step in processing consisted of warm-working the material (15% reduction
in thickness per rolling pass) at 500°C from 10 to 6.8 mm followed by pickling
(60% distilled water-30% HNO3-IOX HF) and annealing in vacuum at 1200°C. The
above processing (warm-working followed by pickling and vacuum annealing) was
repeated until the material was 2.54 mm thick. Then, the material was varm-worked
at <SOO°C to its final thickness of 0.762 mm and pickled prior to machining of the
specimens.

The specimens were degreased with acetone and weighed before exposure. After
exposure in the helium environment, the specimens were weighed to determine the
weight change during exposure and then tensile tested in air. at room temperature
using an Instron 1350 load frame with specially designed grips for miniature
specimens, and with a crosshead speed of 0.058 cm/min. The load displacement
curves were recorded on a an X-Y recorder, and strength and ductility parameters
were deduced manually from the chart recorded data. After tensile testing, the
fracture surfaces of selected specimens were examined using Joel-35CF scanning
electron microscope (SEM). DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



RESULTS AND DISCUSSION

The tensile test data for control specimens and post-exposure specimens in
the three environments are shown in Tables 1 and 2. In general, exposure for 1008
h in He+70 vppm-H resulted in complete etnbrittlement of all the alloys when tested
at room temperature. Ten of the 15 specimens broke in the elastic region of the
load-displacement curves. Three of the 15 specimens broke during loading in the
miniature specimen grip assembly. The two lowest temperature (500 and 5506C)
specimens of V-5Cr-5Ti showed slight retention of ductility (<5%) . but for the
most part, all three alloys were severely embrittled by the He+70 vppm-H
environment in 1008 h at all temperatures between 500 and 700°C. In general,
weight gains increased with temperature and were largest for the V-5Cr-5Ti alloy
and were consistent with weight gains on similar alloys reported by others [12] .
Results from the second exposure for 73 h in He+70 vppm-H at 700°C showed only
slight reductions in strength and ductility of the materials during this short
exposure. However, significant changes in the morphology of fracture were
beginning to occur even after only 73 h (see below). Exposure of specimens to
bottle He at temperatures between 500 and 700°C for 531 h resulted, in general, in
increases in yield strength and reductions in uniform and total elongations. At
all temperatures and for all alloys, the load displacement curves were serrated
(i.e., increases in load followed by sharp drops in load) in the region near the
yield point. At temperatures above 600°C for the V-10Cr-5Ti alloy, the serrated
behavior persisted throughout specimen loading, or failure occurred in the elastic
region of the load-displacement curve. Only at 700°C did the V-12.5Cr-5Ti alloy
exhibit serration throughout the loading.

The fracture surfaces for the V-5Cr-5Ti control and helium-exposed materials
tensile tested in air at room temperature are shown in Figures 4 through 9.
Fracture surfaces of the other alloys exhibited similar features. The control
specimens exhibited completely ductile fracture surfaces characterized by the
ductile dimpling of microvoid coalescence with large uniform and total elongation
and reduction in area [Figures 4(a) and 4(b)]. Exposure of the alloys to the
He+70 vppm-H for 1008 h between 500 and 700°C resulted in complete loss of
ductility, and the fracture mode was primarily cleavage (Figures 5-7). Even after
only 73 h at 700°C in He+70 vppm-H. changes in the fracture mode were evident
(compare Figures 4, 5, and 8). Reduction-in-area decreased [compare Figures 4(a)
and 8(a)], and the dimple structure of the fracture surface seemed to be moving
toward cleavage [compare Figures 4(b). 5(b) and 8(b)]. This change in fracture
morphology is most likely related to the shift in DBTT as reported in ref. 13
where hydrogen was introduced by mechanical polishing.

Figure 9(a) shows the overall fracture surface of specimen RP-58 V-5Cr-5Ti
exposed for 531 h at 500°C in bottle He. There are two distinct fracture
morphologies on the fracture surface - brittle cleavage around the edges of the
specimens [Figure 9(b)] and ductile dimpling in the center of the specimen. The
brittle region around the periphery of the specimen may be an oxide of vanadium or
may be a solid solution of oxygen in the metal matrix (see Figure 3) . The center
of the specimen [Figure 9(c)] resembles the ductile dimpling observed on the
control specimen surfaces [compare Figures 9(c) and 4(b)]. Table 2 shows that the
specimen had a slightly higher yield stress, probably due to oxide strengthening
in the bulk, and about two-thirds of the total elongation to failure compared with
the control specimen data. Oxidation reactions do not produce the seme sort of
total embrittlement as oxidation observed in the hydrogen-containing environments.

Based on equilibrium considerations, to prevent oxide formation on vanadium
in helium, requires that the oxygen potential in helium be below 10"*2 atm at 25°C
[3] . Experience from high-temperature gas-cooled reactors (HTGRs) [Fort St.
Vrain, THTR, Peach Bottom, etc.] suggests that air-ingress, outgassing of
materials, and pump and circulator leaks will certainly combine to produce oxygen
potentials above this level [15] . While the oxidation is certainly an important
consideration in the use of vanadium and vanadium alloys in helium environments.



oxidation may not be the only limiting consideration in terms of loss of
structural integrity. These results indicate that the presence of hyc* ogen even
at the level of 70 vppm in the helium will lead to severe ambient embrittlement of
the structural materials in a relatively short period of time. While it is true
that the materials probably retain ductility at higher temperatures [13] ,
fluctuations in reactor structure temperature to near room temperature during
start-up, shut-down, and maintenance could result in catastrophic failure of the
structure. If helium is to be seriously considered as a potential coolant or
ambient atmosphere for vanadium alloys in fusion reactors, then methods for
controlling the oxygen potential without introducing hydrogen will be needed.
Further, if hydrogen is to be added to helium to improve tritium recovery via
isotopic exchange [14] in the presence of vanadium alloys, then it will be
necessary to determine the level of hydrogen below which embrittlemant of the
structure does not occur. In a more general sense, a definition of a reference
helium gas chemistry, which takes advantage of the existing and extensive HTGR
helium gas chemistry data base, is needed for near- and long-term fusion systems.

SUMMARY AND CONCLUSIONS

Miniature tensile specimens of V-5Cr-5Ti. V-10Cr-5Ti, and V-12.5Cr-5Ti were
exposed to helium with 70 vppm-H (measured oxygen partial pressures of 10"12 atm)
and bottle helium (measured oxygen partial pressures of 10"* atm) between 500 and
700°C for up to 1008 h. The weight changes in the specimens were recorded, and
the helium-exposed specimens were tensile tested and the effects of exposure on
mechanical properties was assessed. The following conclusions can be drawn from
the data presented:

1. Exposure between 500 and 700°C for 1008 h in He+70 vppm-H resulted in
complete embrittlement of all the alloys in room-temperature tensile tests. The
fracture mode was primarily cleavage, probably caused by a hydrogen-induced shift
in the DBTT. Weight gains increased with temperature and were largest for the V-
5Cr-5Ti alloy.

2. A short-term (73-h) exposure at 700°C in He+70 vppm-H did not significantly
change the mechanical properties of the materials but was sufficient to begin to
change the fracture mode of the alloys from microvoid coalescence to cleavage for
all three alloys.

3. Specimens exposed for 531 h between 500 and 700°C in bottle He exhibited two
distinct fracture morphologies on the fracture surfaces. Brittle cleavage around
the edges of the specimens gives way to ductile dimpling in the center of the
specimens. The brittle region around the periphery of the specimen is associated
with oxygen pick-up and may be in part due to the formation of V2O5. The
specimens had slightly higher yield stress, probably due to oxide strengthening in
the bulk, and about two-thirds of the total elongation to failure compared with
the control specimen data. Oxide film formation does not produce the same sort of
tot8l embrittlement as was observed in the hydrogen-containing environments.

4. While oxidation is certainly an important consideration in the use of
vanadium end vanadium alloys in helium environments, it is not the only limiting
consideration in terms of loss of structural integrity. Changes in reactor
structure temperature to near room temperature during startup, shutdown, and
maintenance could result in catastrophic failure of the structure if hydrogen is
present in the helium. If helium is to be seriously considered as a potential
coolant or ambient atmosphere for vanadium alloys in fusion reactors, then methods
for purifying helium without introducing hydrogen will be needed. Further, if
hydrogen is to be added to helium to improve tritium recovery via isotopic
exchange in the presence of vanadium alloys, then it will be necessary
to determine the level of hydrogen below which embrittlement of the structure will
not occur. In a more general sense, a definition of a reference helium gas
chemistry is needed for fusion systems.
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FIGURE 1 - Once-Through Mixed Gas Exposure System (OTMGES) schematic and flow
diagram

FIGURE 2 - Calculated oxide stability
diagram as a function of temperature.
Note: Oxygen potentials shown were
measured in OTMGES. not calculated
from H2/H2O equilibrium.

FIGURE 3 - SS-3 miniature tensile
specimens used as corrosion specimens.

FIGURE 4 - V-5Cr-5Ti unexposed control specimen:
(s) V-5Cr-5Ti control specimen. 100X (neg. 3021)
(b) V-5Cr-5Ti control specimen, center. 780X (neg. 3022)

FIGURE 5 - V-5Cr-5Ti 1008 h in He+70 vppm-H at 700°C:
(a) specimen RP-43. 130X (neg. 2982)
(b) specimen RP-43. center. 480X (neg. 2988)

FIGUP75 6 - V-5Cr-5Ti 1008 h in He+70 vppm-H at 600°C:
(a) specimen RP-37. 100X (Neg. 3000)
(b) specimen RP-37. center. 780X (neg. 3006)

FIGURE 7 - V-5Cr-5Ti 1008 h in He+70 vppm-H at 500°C:
(a) specimen RP-31. 100X (neg. 3007)
(b) specimen RP-31. center, 780X (neg. 3010)

FIGURE 8 - V-5Cr-5Ti 73 h in He+70 vppm-H at 700°C:
(a) specimen RP-38. 100X (neg. 3014)
(b) specimen RP-38, center. 780X (neg. 3017)

FIGURE 9 - V-5Cr-5Ti 531 h in Bottle He at 500°C:
(a) specimen RP-58, 100X (neg. 3238)
(b) specimen RP-58, near edge. 780X (neg. 3242)
(c) specimen RP-58, center of fracture. 780X (neg. 3239)



TABLE 1
SUMMARY OF RESULTS OF ROOM TEMPERATURE TENSILE TESTS OF CONTROL AND HE+70 VPPM-H FOR

1008 H EXPOSED V-XCR-5TI ALLOYS.

Snvi ionment

Conlrol

He + 70 vpotn-H

p Oj = 1Cr"2 * u n

1008 b

Specimen
ID

RP-35
RP-30
RO-36
RO-40
RN-04
RN-23
RP-31
RP-54

RP-37
RP-44
RP-43
RO-37
RO-01
RO-45
RO-26
RO-49
RN-21
RN-40
RN-09
RN-63
RN-51

V.XCr-JTi
Alloy

(X = wt * )
J
5
10
10

12.5
12.5

5
5

5
5
5
10
10
10
10
10

12.5
12.5
12.5
12.5
12.5

Temperature

CO
N/A
N/A
N/A
N/A
N/A
N/A
500
550

600
650
700
500
550
600
650
700
500
550
600
650
700

Yield
or

Minimum
Sliest
<MPa)

430
441
499
594
591
560

460 S
269-S

122-E
L
L

576-E
568-E

L
576-E
526-E
54).E
S9S-E
457-E
622-E
557-E

Ultimate
Teniile
SUCH

<MP«)
514
544
599
645
679
656

S
S

E
L
L
E
E
L
E
E
E
E
E
E
E

Uniform
Elongation

<*>)
21.2
22.1
22.1
25.0
22.5
22.5

S
S

E
L
L
E
E
L
E
E
E
E
E
E
E

Tool
Elongation
to Failure

<%)
34.1
35.0
33.3
39.1
35.8
34.1
< 5 *
<5%

E
L
L
E
E
L
E
E
E
E
E
E
E

Weigh!
Gain

U2J
N/A
N/A
N/A
N/A
N/A
N/A

1724.3
3114.8

4519.2
5221.4
5888.9
5019.8
1411.4
1821.6
1543.5
3205.2
1147.2
862.1

2245.7
1)33.3
1898.1

E = Specimen fracture occurred in elastic loading portion of load.displacement curve. Value given in uble represents
maximum strut at fracture.

L = Specimen fractured while being loaded into specimen grips.
S = Load-displacement curve was seriated and had no clearly defined yield or ultimate stress point.

TABLE 2
SUMMARY OF RESULTS OF ROOM TEMPERATURE TENSILE TESTS OF HE+70 VPPM-H FOR 73 H AND

BOTTLE HE EXPOSED V-XCR-5TI ALLOYS.

Environment

He + 70 vppm-H

p o = ID"" »un

73 h
Bottle He

P Q = 10"* Mm

531 b

Specimen
ID

RP-38
RO-20

RN-34
RP-58
RO-58

RN-32
RO-21
RN-07

Raso
RN-39
RO-18
RN-22

V-XCr-Srt
Alloy

(X = wt %)
5
10

12.5
5
10

12.5
10

12.5
10

12.5
10

12.5

Temperature

CO
700
700

700
500
500

550
600
600
650
650
700
700

Yield
or

Maximum
Stress
(MPa)

499
503

606
507-S
583-S

591-S
537-S

580
S83-S
594-S
691-E
637-S

Ultimate
Tensile
Stresa

<MPai
603
599

702
583
660

699
629
672

595-S
683
E
S

Uniform
Elongation

(*)
20.8
21.0

18.3
13.8
15.9

14.1
14.2
15.5
9.2
12.5
E

S.9-S

Total
Elongation
to Failure

<*)
27.5
27.5

20.8
19.8
21. S

21.4
17.8
20.8
10.S
14.7
E

9.6-S

Weight
Cain

N/A
N/A

N/A
834.3
764.8

486.7
695.3
417.2
1182.0
699.3
1049.3
699.3

E = Specimen fracture occurred in elastic loading portion of load-displacement curve. Value given in table represents
minimum stress at fracture.

S = Load-displacement curve was serrated and had no clearly defined yield or sltimau stress point



Exposure SyAeco

FIGURE 1 - Once-Through Mixed Gae Exposure System (OTMGES) schematic and flow
diagram
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FIGURE 2 - Calculated .
oxide stability diagraa as
a function of temperature.
Note: Oxygen potentials
shown were measured in
OTMGES. not calculated
from R2/H2O equilibrium.
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FIGURE 3 - SS-3 miniature
tensile specimens used as
corrosion specimens.



FIGURE 4 - V-5Cr-5Ti unexposed control specimen:
(a) V-5Cr-5Ti control specimen. 100X (neg. 3021)
(b) V-5Ct-5Ti control specimen, center, 780X (neg. 3022)



FIGURE 5 - V-5Cr-5Ti 1008 h in He+70 vppm-H at 700°C:
(«) specimen RP-43. 130X {neg. 2982)
(b) specimen RP-43. center. 480X (neg. 2988)



FIGURE 6 - V-5Cr-5Ti 1008 h in He+70 vppm-H *t 600*C:
(a) specimen RP-37. 100X (Neg. 3000)
(W speciaen RP-37. center. 780X {neg. 3006)



FIGURE 7 V-5Cr-5Ti 1008 h in He+70 vppm-H «t 500eC:
(a) specimen RP-31. 100X (neg. 3007)
<b) specimen RP-31. center. 780X (neg. 3010)



FIGURE 8 - V-5Cr-5Ti 73 h in Be+?O vppm-H at 700°C:
la) specimen RP-38. 1002 (neg. 3014)
(b) specimen RP-38. center, 780X (neg. 3017)



FIGURE 9 - V-SCr-5Ti 531 h in Bottle He at 500°C:
(a) specimen RP-58. 100X (neg. 3238)
(b) specimen RP-58. near edge. 780X (neg. 3242)



(c) specimen RP-58. center of fracture, 78OX (neg. 3239)


