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Abstract

Several V-base alloys were exposed to hydrogen gas at 700-800 °C for hydrogen charging. Tensile tests were per-
formed after the exposure to evaluate the hydrogen embrittlement behavior. The results showed that neither the uni-
form nor the total elongation was significantly affected by the hydrogen before a critical hydrogen concentration (Ccy)
was reached when the alloys were tested at high strain rate of 1.1 x 1073/s. However the total elongation of the V-4Cr—
4Ti alloy (NIFS-Heat 2) decreased notably with increasing hydrogen concentration at the strain rate of 4.4x107%/s.
Hydrogen-induced hardening occurred for all of the alloys, which was thought to be a solid solution hardening. The
hardening rate was found to decrease significantly with the addition of Ti/Al to the alloy and the increase of the strain
rate. And also, the alloys with Ti or Al were shown to have better properties against the hydrogen embrittlement.

© 2004 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa; 62.20.Fe; 62.20.—x; 81.40.Np

1. Introduction

As one of the candidate structural materials for fu-
sion reactors, vanadium alloys possess many advantages
such as low long-term activation [1-4], high operat-
ing temperature [5-7] and acceptable post-irradiation
properties [8-10] in the temperature range interested in.
V-Li self-cooling blanket has been expected having the
potential for high performance with attractive safety and
environmental features [11-13]. As an attempt to pursue
higher performance of the V-Li blanket, it is required to
develop a candidate alloy with even higher operating
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temperature. Recently some new alloys have been
developed in China by alloying V with tungsten and
other elements. The primary recovery and recrystalliza-
tion characterization of the alloys have been done. The
results indicated that the V-6W-I1Ti alloy could bear
higher annealing temperature than V-4Cr—4Ti (NIFS-
Heat-2), below the temperature hardness recovery could
hardly be detected for the ~50%CW samples [14].
There are several issues for vanadium alloys in the
application as the structural materials of a V-Li blanket
[15], one of which is hydrogen embrittlement. In the
fusion neutron energy spectrum, hydrogen will be pro-
duced as a transmutation product in vanadium and its
alloy. Moreover, vanadium alloys have a strong affinity
for reaction with hydrogen and its isotopes. The alloys
will pick up deuterium and tritium from the fusion fuel
in the reactor [16]. Previous studies showed that
hydrogen accumulation would take place in vanadium
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in hydrogen environment even at low partial pressure
[17]. Some results have been reported on the hydrogen
embrittlement recently [18-21], but most of the studies
concentrated on the reference V-4Cr—4Ti alloy. It was
found that hydrogen-induced ductility loss may not be a
major issue but the embrittlement at a critical hydrogen
concentration. These results also showed that oxygen
will enhance the embrittlement, but nobody showed the
role of the alloying element of Ti and the effect of tensile
strain rate on the properties. With the accumulation of
the experiment data for more alloys, these effects could
be evaluated. The present paper showed the results for
some of the newly developed vanadium base alloys with
or without Ti, together with that for the conventional
V-4Cr—4Ti alloy.

2. Experimental procedure

Four newly developed alloys with the following
nominal compositions were investigated: V-4Ti, V-6W—
1Ti, V-TW-0.3Al and V-8W. The alloys were prepared
from 99.8% pure vanadium and other pure metals by an
induction melting in 99.9999% argon gas. The weight of
each ingot was about 340 g. The ingots were forged into
~15 mm thick plates at 950-1150 °C in air with a glass
film coated on the surface for protection from air con-
tamination. The plates were then wrapped with copper
sheets and hot rolled at ~850 °C in air to a thickness of
~2 mm, followed by an annealing treatment at 980 °C
for 1 h in vacuum of ~2x10~* Pa. Finally, the plates
were cold rolled to a thickness of ~0.5 mm and annealed
again under the same condition as that stated above.
Table 1 listed their chemical compositions.

Tensile specimens were cut from the plates with
gauge dimensions of 25x8x0.5 mm?’. The specimens,
together with ZrH, g hydride in weight ratio of 0.1 to the
specimens, were enclosed in evacuated quartz tubes for
hydrogen charging. Each tube had a diameter of ~20
mm and a length of ~200 mm, with a vacuum in the
level of 107> Torr. The tubes, containing the specimens
and the hydride, were heated to 800 °C and kept at the
temperature for 20-180 min, then water quenched to
room temperature. Chemical analysis showed scarcely

any oxygen pickup during the charging. As an example,
the oxygen concentration in V-4Ti is still 280 wppm
after 1 h hydrogen charging. Hydrogen concentration in
the specimens was measured with a RH404 type
hydrogen-measuring device that was made by the Leco
Co. in United States.

Tensile tests were performed using an Instron 4302
machine at room temperature in air. The strain rate was
1.1x1073/s. Load and displacement were recorded by a
computer. The elongations and strengths were deter-
mined from the stress—strain curves.

In addition to the alloys stated above, this paper also
concerned another previous studied alloy. The alloy was
V-4Cr-4Ti (NIFS-heat-2, termed as NIFS V44 in the
following text). Its chemical composition is also shown
in Table 1. Tensile specimens have gauge dimensions of
19x4x1.9 mm?®. Tensile testing of the specimens with or
without hydrogen charging was performed also at room
temperature in air but at a relatively lower strain rate
of 4.4x 10~%/s. The hydrogen charging was conducted in
a hydrogenation furnace at 700 °C with 99.9999%
hydrogen gas. An equilibrium heat treatment was con-
ducted at the temperature for 2 h in the same furnace
followed the hydrogen charging. Detailed process for the
preparation of the alloy and the experimental proce-
dures were listed elsewhere [22,23]. Chemical analysis
was performed again to detect the change of the oxygen
concentration after the hydrogen charging and the
equilibrium heat treatment. The as-received NIFS V44
had an oxygen concentration of ~220 wppm, which
increased to ~360 wppm after the treatment. Followed
the same treatment without the admittance of hydrogen
gas, the alloy was tensile tested. Results showed a little
increase in strength and nearly no change in elongations.
These data was used as the elementary tensile properties
of the alloy in the present paper in order to delete the
effect of the oxygen pickup on the evaluation of the
hydrogen embrittlement behavior.

3. Experimental results

Fig. 1 shows the engineering stress—strain curves of
NIFS V44 alloy with hydrogen charging (215.3 wppmH)

Table 1

Chemical compositions of the alloys (mass%)
Alloy Cr Ti Al Si w O N C H
V-4Ti / 3.99 / 0.014 <0.5 0.028 0.003 0.012 0.0016
V-8W / / / 0.014 8.28  0.023 0.004 0.010 0.0014
V-TW-0.3Al / / 0.34 0.014 7.35  0.029 0.003 0.011 0.0016
V-6W-I1Ti / 1.10 0.12 0.014 6.48  0.025 0.003 0.009 0.0015
NIFS V44* 4.03 3.73 0.0059 0.027 / 0.022 0.0084 0.0062 0.0024

" V-4Cr-4Ti (NIFS-Heat-2).
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Fig. 1. Engineering stress—strain curves of the NIFS V44 alloy
with 24 wppmH and the hydrogen charged one (215.3 wppmH)
tensile tested at room temperature at strain rate of 4.4x107%/s.
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and without hydrogen charging (24 wppmH). Evidently
the tensile properties were greatly changed by the
hydrogen charging. Strengths increased while elonga-
tions decreased. The hydrogen dependences of the
properties are presented as follows.

3.1. The elongations of the alloys

The most concerned property for the hydrogen effects
is the hydrogen-induced ductility loss and the critical
hydrogen concentration required to embrittle the alloy.
Fig. 2 and Fig. 3(a) show the measured tensile elonga-
tions, total elongation (TE) and uniform elongation
(UE), as a function of the hydrogen concentration for
the alloys. Fig. 3(b) shows the results for the US V-4Cr—
4Ti (832665 heat, named as US V44 next) reported by
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Fig. 2. Tensile elongations as a function of the hydrogen concentration for (a) V-8W, (b) V-7W-0.3Al, (¢) V-6W-1Ti and (d) V-4Ti.

All was tested at room temperature at strain rate of 1.1x107%/s.
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Fig. 3. Tensile elongations as a function of the hydrogen concentration for (a) NIFS V44 tested at strain rate of 4.4 x 10~#/s and (b) US

V44 tested at strain rate of 1.1 x 107%/s [18].
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Rohrig et al. [18], for which the tensile test employed a
strain rate of 1.1x1073/s and the tensile specimen had a
thickness of 0.76 mm. It is a little thicker than the
specimens of the newly developed alloys but much
thinner than those of the NIFS V44. Fig. 2 shows that
neither TE nor UE changed much with the hydrogen
until a critical hydrogen level (Ccy) was reached, beyond
which the elongations decreased drastically. Comparing
the results, Ccy tended to decrease with reducing Ti
content in an alloy: V-4Ti has the highest Ccy while that
for V-8W is the lowest among the alloys. Evidently, the
property is also benefited from the doped aluminum.
Despite of the small Al content in V-7W-0.3Al, its Ccy
is much higher than that of the V-8W alloy.

The hydrogen dependence of the uniform elongation
for the NIFS V44 and US V44 is similar to that of the
other alloys. The change of it is very small below the
critical hydrogen concentration. However, the total
elongation decreased with increasing hydrogen concen-
tration for both alloys. The strongest reduction hap-
pened for the NIFS V44, for which the tensile strain rate
is much slower as compared to other alloys. It seems
that tensile strain rate has strong effect on the hydrogen
dependence of the total elongation. And yet, the Ccy for
both alloys is quite different though they are both V—
4Cr—4Ti alloys. The data of the Ccy, the loss rate of the
UE and TE on hydrogen concentration (Ryg and Rrg,
respectively) and the tensile strain rate are summarized
in Table 2. Here a linear relationship between the
hydrogen concentration and UE or that with TE was
assumed at hydrogen concentrations below Ccy, which
was in a range for each alloy because the exact value
could not be determined from the insufficient tensile test
data. Evidently, the US V44 has higher Ccy than the
NIFS V44. It seems that the US V44 is better at the

property.
3.2. The strengths of the alloys
It was observed that hydrogen-induced hardening

happened for any of the alloys. Fig. 4 is an example
showing the hydrogen concentration dependence of the
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Fig. 4. The dependence of the yield strength and the ultimate
tensile strength on the hydrogen concentration for V-7W-0.3Al
tested at room temperature at strain rate of 1.1x 107%/s.

yield strength and ultimate tensile strength for V-7W-
0.3Al. The yield strength nearly increased linearly with
the hydrogen at the level below 212 wppm, where
brittle fracture occurred (see Fig. 2(b)). On the other
hand, the ultimate tensile strength increased in the low
hydrogen concentration region but started to decrease
around the Ccy, which is between 154 and 212 wppmH
for the alloy. When the hydrogen concentration got
higher than the Ccy, there is a trend that both
strengths decrease with increasing hydrogen concen-
tration.

Other alloys showed similarly in the hydrogen-in-
duced hardening behavior. Fig. 5 shows the dependence
of the yield strength on the hydrogen concentration for
all alloys, including that for the US V44 reported by
Rohrig et al. [18]. The tensile strain rate was also shown
in the figure. Approximately, all exhibited a linear in-
crease in yield strength with the hydrogen concentration.
However, the increasing rate is quite different from one
another. The rate was listed in Table 2 as Rys. It looks
like that the hardening is likely related to the Ti addition
in the alloy and is strongly affected by the tensile strain
rate. The alloy with Ti addition, such as V-6W-1Ti, V-
4Ti and the US V44, has much smaller hardening rate

Table 2
Summary of the results and the corresponding tensile strain rate
Alloy
V-6W-1Ti V-4Ti V-TW-0.3Al V-8W NIFS V44 US V44
Strain rate (/s) 1.I1x1073 1.1x1073 1.1x1073 1.1x1073 4.4x10™* 1.1x1073
Ccn (Wppm)* 258-327 249-391 154-212 98-107 215-310 558-673
Ry (1075/wppmH) 0.64 -3.52 -4.96 -10.1 6.43 -1.4
Rre (1073/wppmH) -8.53 4.19 25.3 12.4 77.3 11.7
Rys (MPa/wppmH) 0.37 0.34 0.6 1.03 0.71 0.3

" Ccn: the critical hydrogen concentration required to embrittle the alloy, Ryg: linear loss rate of the uniform elongation, Rrg: linear
loss rate of the total elongation, Rys: linear increase rate of the yield strength by hydrogen.
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Fig. 5. The increase of the yield strength with hydrogen con-
centration for each alloy. Data for the US V44 is from Ref. [18].

than that without Ti. It is about half or even less as
compared to the latter one. NIFS V44 and US V44 are
both V-4Cr-4Ti alloy. If no other factor is consid-
ered, the decrease in strain rate from 1.1x1073/s to
4.4x10~%/s produced a 1.37 times increase in the hard-
ening rate, from 0.3 to 0.71 MPa/wppmH.

4. Discussions
4.1. The effect of TilAl addition to the vanadium alloys

The results could be summarized as that either Ti or
Al addition was helpful in increasing the abilities of the
alloys against the hydrogen embrittlement. This benefit
should partially come from the fact that the addition
decreases the hydrogen-induced hardening of the alloy
(see Fig. 5). The linear increase of the yield strength with
the hydrogen indicated a solid solution strengthening by
the doped hydrogen in the hydrogen concentration
range below Ccy for any of the alloys. It should account
for the little change of the uniform elongation in the
hydrogen range.

The hydrogen-induced hardening in the alloys,
though being thought to be a solid solution hardening,
would be affected by the interaction between the
hydrogen and the dislocations. It is just like the DSA
(dynamic strain aging) happened in high temperature
tensile tests of vanadium alloys. In the tests the inter-
stitial impurities in the alloy, such as C, N, O, move to
the dislocation sites at certain temperature and impede
the motion of the dislocations [6]. This interaction cau-
ses serrations of the tensile stress—strain curve and in-
creases the strength of the alloy. Hydrogen is also
interstitial atom in vanadium alloy and it has higher
mobility than C, N and O due to its smaller atomic size.
Therefore, it is possible that similar behavior (called as

DSA also in the following text) caused by hydrogen
occurred in the present tensile testing. The V-4Cr—4Ti
alloy shown in the present paper, the NIFS V44 and US
V44, exhibited a significant increase of the hydrogen-
induced hardening rate (Rys in Table 2) when the tensile
strain rate decreased from 1.1x107%/s to 4.4x107%/s.
It is because the hydrogen in the NIFS V44 had
longer time to move to the dislocation sites due to the
slower strain rate and consequently led to a stronger
DSA. However, further study may be needed because
there were some differences in the preparation and the
hydrogen charging of NIFS V44 and US V44. For the
US V44, another study by Natesan et al. showed that
the critical hydrogen concentration required to embrittle
the alloy is less than 360 wppm [20], which is quite
lower than that reported by Rohrig (see Table 2). The
former study utilized a much lower tensile strain rate
of 1.8x107*/s, while that for the latter is 1.1x1073/s.
Though no data is available in Ref. [20] to show the
hydrogen-induced hardening rate, it is still reasonable to
think that the stronger DSA due to the lower strain rate
resulted in a higher hardening rate and the lower Ccy of
the alloy in Natesan’s study.

On the other hand, the present stress—strain curves
look a little serrated (see Fig. 1). This serration is very
small and is most probably caused by the data
acquisition system rather than by DSA. In fact, ser-
rations of stress—strain curve by DSA is due to the
trap of interstitial solutes in dislocations and the de-
trap (extrication) of the trapped interstitial solutes
from the dislocations. H atoms are believed to be able
to move together with the dislocations at room tem-
perature. The de-trap could not occur for the DSA
caused by H. Therefore, serrations could not appear.
Perhaps, if the tensile test temperature were lower
where hydrogen atoms are less mobile, then serration
would occur.

The effect of Ti/Al on the behavior is attributed to the
strong interaction between the elements and the hydro-
gen. It was well known that Ti and Al are strong
interstitial scavenging species which might bind hydro-
gen, resulting in a weaker interaction between the
hydrogen and the dislocations in the alloy. Conse-
quently the effect of the hydrogen on the tensile prop-
erties got smaller. Evidence to support the strong
interaction is that Ti could decrease the diffusion coef-
ficient of H in the Ti-bearing alloy [24]. In another study
reported by Nishimura et al. [25], the hydrogen perme-
ability in V-Al alloys decreased with increasing Al
content up to 40 wt%. Though no explanation was given
but the hydrogen diffusivity must be lowered by the Al
addition. Due to the lower mobility of H in the Ti/Al-
bearing alloys, DSA becomes weaker and so does the
hydrogen-induced hardening. That is why the alloys
with Ti or Al have better properties against hydrogen
embrittlement.
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4.2. The effect of strain rate on the hydrogen-induced
ductility loss

It was reported that stress-assisted hydrogen diffu-
sion might play an important role to the hydrogen
embrittlement of the NIFS V—4Cr—4Ti alloy [22]. In the
tensile tests, hydrogen moves to the necking center due
to the high tensile stress at it and the stress gradient
around it. This enrichment at the necking center de-
creases the plastic deformation ability. As a result, the
total elongation rather than the uniform elongation is
more reduced by the hydrogen. However, in the present
study, this behavior seemed to be influenced by the
tensile strain rate. The NIFS V44 alloy showed a much
stronger loss of the total elongation with the hydrogen
while the strain rate for it was lower as compared to
other alloys. It indicates that the stress-assisted hydro-
gen diffusion is a time controlling process. For other
alloys the total elongation changed more tenderly with
the hydrogen because the strain rate is higher. The effect
gets weaker at higher strain rate because the hydrogen
enrichment would be smaller due to insufficient diffusion
time. Therefore, the uniform elongation is more signifi-
cant in evaluating the effect of hydrogen on the ductility
loss as compared to the total elongation.

5. Conclusions

The tensile properties of several V-W-Ti-Al alloys
were measured with their hydrogen concentration up to
438 wppm. With the additional data from the previous
studied V-4Cr-4Ti, the effects of tensile strain rate and
the alloying elements on the properties were clearly
shown. Results could be summarized as follows.

(1) The addition of Ti/Al to a vanadium alloy could in-
crease its resistance to the hydrogen embrittlement
significantly due to the strong binding force of the
alloying elements to the hydrogen in solid solution.
The binding decreases the mobility of the doped
hydrogen and weakens the DSA resulted from the
interactions between the hydrogen and the disloca-
tions in the alloy. Hydrogen-induced hardening is
thus decreased with the Ti/Al addition and the crit-
ical hydrogen concentration required to embrittle
the alloy increases a lot.

(2) Tensile strain rate has strong effect on the hydrogen
concentration dependence of the total elongation in-
stead of the uniform elongation. Lower strain rate
leads to more loss of the total elongation induced
by the hydrogen. Therefore, the uniform elongation
is more significant in evaluating the effect of hydro-
gen on the ductility loss as compared to the total
elongation.
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