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Abstract

Specimens of V–4Cr–4Ti alloy were heated at 1273 K in vacuum, and the influence of this heat treatment on H2

absorption was examined at temperatures from 523 to 1023 K under the presence of water vapor of 10�5 Pa. The rate of

H2 absorption was significantly reduced by the heat treatment in the temperature range examined. Such reduction in the

absorption rate was ascribed to the surface segregation of Ti and increase in surface oxygen coverage caused by

preferential oxidation of segregating Ti by water vapor. Comparison with data reported by other researchers [J. Nucl.

Mater. 233–237 (1996) 376; Fusion Technol. 34 (1998) 868; J. Nucl. Mater. 233–237 (1996) 510] indicated the strong

barrier effect of Ti oxide against hydrogen ingress.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Vanadium alloys are recognized as promising candi-

date structural materials for fusion power plants [1–3].

Tritium inventory and permeation, however, are

important problems because of the relatively high dif-

fusivity and solubility of hydrogen isotopes in vanadium

alloys [4]. The permeation and ingress rates of hydrogen

isotopes in vanadium and its alloys are often limited by

surface reactions such as dissociative absorption and

recombinative release [5–8]. Therefore, it is necessary to

accumulate kinetic data on these surface reactions.

The influence of surface impurity such as sulfur on

recombination coefficients has been reported for pure

vanadium [9,10]. In the cases of vanadium alloys, how-

ever, not only impurities but also the redistribution of

constituent elements of the alloy could have a strong
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influence on the surface reactions of hydrogen isotopes.

The present authors have examined the effects of heat

treatment on surface composition and hydrogen

absorption of V–4Ti alloy [8,11]. It was found that Ti

segregated to the surface of V–4Ti alloy during vacuum

heating at temperatures from 823 to 1273 K [11] and the

hydrogen absorption rate radically decreased owing to

this surface segregation of Ti [8]. Such reduction in the

absorption rate was ascribed to the formation of Ti

oxide on the specimen surface by preferential oxidation

of segregating Ti. Water vapor present as an impurity

was the source of the oxygen [8]. This observation

indicated that a favorable barrier effect against tritium

absorption and permeation could be obtained by

appropriate heat treatment. Similar enrichment of Ti on

the surface has been reported for V–4Cr–4Ti alloy by

Shkolnik et al. [12] after heating in vacuum at 973 K.

They also examined the permeation of hydrogen

through V–4Cr–4Ti alloy membranes under this surface

condition, but no data on surface reaction rates were

given because they analyzed the results by assuming

diffusion-limited permeation [12]. Romanenko et al. [7]

have carried out permeation experiments for V–6Cr–5Ti
ed.
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Fig. 1. Typical examples of hydrogen absorption curves for

Specimens AP and HT.
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alloy membranes and derived the sticking and recom-

bination coefficients of hydrogen. Their results, how-

ever, did not agree very well with the data for other

vanadium alloys as stated by these authors, and the

surfaces of their specimens were not analyzed [7].

In the present study, the influence of heat treatment

on hydrogen absorption rate was examined for the V–

4Cr–4Ti alloy, and the results obtained were compared

with those for V–4Ti alloy to understand the effect of

surface segregation of Ti. The permeation rate of

hydrogen through a V–4Cr–4Ti alloy membrane in the

surface-limited regime was evaluated from the values

obtained for the absorption coefficient to compare with

the data reported by Shkolnik et al. [12] and other

researchers [7,13], and the influence of surface compo-

sition on the hydrogen permeation was discussed.
2. Experimental

Sheet specimens (4 · 14 · 0.5 mm3) were cut from a

plate of high purity V–4Cr–4Ti alloy (NIFS-HEAT-2)

supplied from National Institute of Fusion Science

(NIFS), Japan. The chemical composition of the speci-

men is given in [3]. Two types of surface treatments were

carried out: (1) mechanical polishing with fine Al2O3

powder (0.06 lm), and (2) heating at 1273 K for 2 h in

vacuum after polishing. The absorption experiments

were carried out in the same apparatus after the heat

treatment without exposing the specimens to air. The as-

polished specimens are hereafter denoted as Specimen

AP and the heat-treated ones as Specimen HT.

Hydrogen absorption was examined in the tempera-

ture range 523–1023 K with the apparatus described

elsewhere [8]. Prior to the experiments, Specimen AP was

heated at 673 K for 1 h in vacuum to remove so-called

natural oxide film [8]. After adjusting the specimen tem-

perature, the reaction chamber was isolated from the

pumping system by closing valves. The main residual gas

under this condition was water vapor (H2O) and its

pressure was 3· 10�5 Pa. Then, hydrogen gas at 13.8 Pa

was introduced into the reaction chamber. The pressure

of hydrogen decreased with elapsed time owing to the

absorption by the specimen. The rate of hydrogen

absorption was determined from the pressure reduction.

The conductance between the reaction chamber and pres-

sure gauge was carefully checked prior to the measure-

ments to avoid the underestimation of absorption rate.
3. Results and discussion

3.1. Absorption rate measurements

Fig. 1 shows typical examples of absorption curves

obtained for Specimens AP and HT. In the cases of
Specimen AP, the hydrogen pressure dropped rapidly

and reached the values determined by respective equi-

librium conditions. In the cases of Specimen HT, the

pressure decreased slowly, and the period of time nec-

essary for the attainment of equilibrium was signifi-

cantly longer than the cases of Specimen AP; it took, for

example, 10 h at 723 K. From equilibrium pressure, the

solubility of hydrogen KS was evaluated by Sieverts’ law:

CH ¼ KSP 1=2 where CH is the concentration of hydrogen

in atomic ratio, H=V , and P the hydrogen pressure. The

solubility KS was independent of the surface conditions

as expected and determined to be KS ¼ 2:1� 10�6 � exp
ð32:6 kJmol�1=RT Þ where R is the gas constant and T
the temperature. This value agreed well with the data for

V–4Cr–4Ti alloy reported in the literature [14–16].

The results shown in Fig. 1 indicate that the

absorption was controlled by surface processes and not

by bulk diffusion, even in the cases of Specimen AP. This

is because a model calculation of diffusion-limited

hydrogen absorption did not reproduce the absorption

curves in this figure. Klepikov et al. [16] measured

thermal desorption of hydrogen for V–4Cr–4Ti alloy

and derived the diffusion coefficient D to be D ¼ 6:4�
10�8 � expð�34 kJmol�1=RT Þ m2 s�1. This value of D,
however, was not employed in the model calculation for

the reason described in Section 3.2. On the other hand,

Tanaka and Kimura [17] have measured the diffusion

coefficient of hydrogen in binary V–Ti and V–Cr alloys

and reported that D decreased with increasing Ti con-

centration, while Cr had only a small influence on D.
Hence, D for the present specimens appears to be com-

parable to that for binary V–4Ti alloy, which is evalu-

ated to be 1.2 · 10�8 m2 s�1 at 573 K [17]. The model

calculation using this value of D indicated that the

equilibrium should be attained within 30 s. It is, how-

ever, apparent in Fig. 1 that a much longer time, about

150 s, was necessary for the attainment of equilibrium.

For the absorption limited by surface processes, the

absorption coefficient of H2 molecules impinging on the

specimen surface, a, can be evaluated from the rate of
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absorption in the initial stage where the reemission from

the specimen is negligibly small. Namely, the absorption

rate at the initial stage is described as

dN
dt

�
�
�
�
t¼0

¼ aA
P0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmRT
p ; ð1Þ

where N is the number of hydrogen molecules absorbed,

A the surface area of the specimen, P0 the initial pressure
of hydrogen, and m the mass of a H2 molecule.

The temperature dependence of a determined by Eq.

(1) is shown in Fig. 2 together with the a values for V–

4Ti alloy obtained in the previous study [8]. The values

of the sticking coefficient, equivalent to a in the present

study, determined for V–6Cr–5Ti alloy by Romanenko

et al. [7] are also plotted for comparison. The absorption

coefficient a of Specimen HT was smaller than that of

Specimen AP by 2–3 orders of magnitudes, and the

activation energy for the former was three times as high

as that of the latter. In addition, the values of a of both

Specimens AP and HT were almost the same as those of

V–4Ti alloy prepared in a similar manner in the previous

study [8]. Therefore, it was concluded that the surfaces

of Specimens AP and HT were identical to those of V–

4Ti alloy prepared by mechanical polishing and by

vacuum heating at 1273 K for 2 h after polishing,

respectively. The concentration of Ti on the surface of

V–4Ti alloy reached 50 at.% after heating at 1273 K

[8,11]. Hence, the concentration of Ti on the surface of

Specimen HT should be close to this value, 50 at.%. On

account of the observation in the previous study [11]

that preferential oxidation of Ti took place even at very

low oxygen pressures, the significant reduction in a by

heating at 1273 K was ascribed to the barrier effect of Ti

oxide formed by preferential oxidation of segregating Ti,

using the water vapor present in H2 gas. The values of a
Fig. 2. Temperature dependence of absorption coefficient a. d:

indicates Specimen AP and m: Specimen HT. s and n: denote

V–4Ti alloy specimens prepared in the same manner as Speci-

mens AP and HT, respectively [8]. Dashed line shows the data

reported by Romanenko et al. [7] for V–6Cr–5Ti alloy.
reported by Romanenko et al. [7] were significantly

smaller than those presently obtained. The mechanism

underlying this difference is discussed in Section 3.2.

3.2. Evaluation of permeation rate and comparison with

literature data

The concentration ratio of Ti to V on the surface of

Specimen HT is comparable to that on the surface of V–

4Cr–4Ti alloy specimens prepared by Shkolnik et al.

[12]. They reported that the surface of their specimen

was heavily contaminated by carbon in the initial stage

of experiments [12]. Hence, they heated the specimen

first in O2 at 873 K and then in vacuum at 973 K; the

surface composition changed by this treatment from C

67.3 at.%, S 14.6 at.%, Ti 13.8 at.%, and V 4.3 at.% to C

14.9 at.%, S 47.9 at.%, Ti 18.6 at.%, and V 18.6 at.%

[12]. Namely, the surfaces of their specimens were en-

riched in carbon and sulfur, whereas Ti oxide is believed

to be formed on the surface of Specimen HT. Therefore,

it is worthwhile to compare the reaction rates of

hydrogen on these surfaces to understand the difference

in the influences of carbon, sulfur and oxygen. Direct

comparison is difficult, however, because Shkolnik et al.

[12] analyzed their results of permeation experiments by

assuming diffusion-limited permeation and no data on

surface reaction rates were derived. Hence, the perme-

ation rates for V–4Cr–4Ti alloy membranes under the

surface conditions of Specimens AP and HT were eval-

uated from the presently obtained values of a by

assuming surface-limited permeation, and they were

compared with the permeation rates calculated from the

data on permeability given by Shkolnik et al. [12]. The

permeability data reported by other researchers for Pd-

coated V–4Cr–4Ti [13] and V–6Cr–5Ti [7] alloys were

also subjected to similar comparison. In the surface-

limited regime, the permeation rate /P is expressed as

/P ¼ aP1A=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8pmRT
p

, provided that the properties of

upstream and downstream surfaces are identical, i.e. the

membrane is symmetric. Here, P1 is the pressure of

hydrogen on the upstream side. The hydrogen pressure

on the downstream side was assumed to be negligibly

small. On the other hand, in the diffusion-limited regime,

the permeation rate is expressed as /P ¼ ADKSP
1=2
1 =L

where L is the thickness of membrane; KS should be in

mol H2 m
�3 Pa�1=2. Here, DKS is often described as

permeability and given in Refs. [7,12,13]. The perme-

ation rate was evaluated by applying A ¼ 1 m2, P1 ¼ 1

Pa and L given in the corresponding papers [7,12,13].

The results of evaluation are summarized in Fig. 3. In

this figure, the ‘theoretical’ permeation rate in the dif-

fusion-limited regime evaluated from the presently ob-

tained value of KS and the above-mentioned value of D
for V–4Ti alloy [17] is also plotted for comparison

(Theoretical-1). In this evaluation, L was taken to be the

same thickness as the membranes used by Shkolnik et al.



Fig. 3. Permeation rates evaluated from a obtained in the

present and previous [8] studies and permeability data reported

in the literature [7,12,13]. Details of evaluation are described in

text. d Specimen AP, m: Specimen HT. s and n: V–4Ti alloy

specimens prepared in the same manner as Specimens AP and

HT, respectively [8]. /: V–4Cr–4Ti alloy, C 67.3 at.%, S 14.6

at.%, Ti 13.8 at.%, V 4.3 at.% [12]. .: V–4Cr–4Ti alloy, C 14.9

at.%, S 47.9 at.%, Ti 18.6 at.%, V 18.6 at.% [12]. I: Pd-coated

V–4Cr–4Ti alloy [13], and h: V–6Cr–5Ti alloy [7]. Solid line

(Theoretical-1) indicates the ‘theoretical’ permeation rate in the

diffusion-limited regime calculated from presently obtained KS

and D reported by Tanaka and Kimura [17] and dashed line

(Theoretical-2) shows that evaluated from D and KS reported by

Klepikov et al. [16].

414 R. Hayakawa et al. / Journal of Nuclear Materials 329–333 (2004) 411–415
[12] and Romanenko et al. [7], 1 mm, and hence direct

comparison is possible. Similar evaluation was also

carried out with the data on D and KS reported by

Klepikov et al. [16] (Theoretical-2). The characteristic

points of this figure are:

(1) Permeation rates for Specimen AP are comparable

with those for Pd-coated V–4Cr–4Ti alloy reported

by Buxbaum et al. [13], indicating that the surface

of Specimen AP is rather clean;

(2) Permeation rates for Specimen HT are significantly

smaller than those for Specimen AP and for the data

reported by other researchers [7,12,13];

(3) The data of Shkolnik et al. [12] provide comparable

permeation rates with Specimen AP, although Ti

was enriched on the surfaces of their specimens;

(4) Permeation rates for the data of Romanenko et al.

[7] fall between those for Specimens AP and HT

although the a values were significantly smaller than

those of Specimen HT as mentioned in Section 3.1;

(5) Theoretical-1 has a negative temperature depen-

dence;

(6) All data approach Theoretical-1 in the high temper-

ature region;

(7) Theoretical-2 is smaller than the permeation rates

calculated from experimentally obtained permeabil-

ity data [7,12,13].
The negative temperature dependence of the ‘theo-

retical’ permeation rate, Theoretical-1, is due to a large

negative heat of solution of hydrogen DHS In the diffu-

sion-limited regime, the activation energy for perme-

ation EP is expressed as EP ¼ ED þ DHS where ED is the

activation energy for diffusion. Here, ED is 12 kJmol�1

according to Tanaka and Kimura [17], whereas DHS was

determined to be )32.6 kJmol�1 as mentioned above.

Hence, EP was estimated to be )20.6 kJmol�1. Such

negative temperature dependence was experimentally

observed by Shkolnik et al. [12] as shown in Fig. 3. On

the other hand, EP should be positive in the surface-

limited regime because it is determined by the activation

energy for dissociative absorption Ea which was

14.9 ± 1.2 kJmol�1 for Specimen AP and 46.6± 4.2

kJmol�1 for Specimen HT as shown in Fig. 2. The

permeation rate takes the maximum value in the ‘pure’

diffusion-limited regime, and hence the approach of all

data to this ‘theoretical’ permeation rate indicates the

validity of this treatment. The activation energy for

permeation EP appears to become smaller as /P in-

creases. This observation was ascribed to the smaller Ea

or to the change in the permeation mechanism from the

‘pure’ surface-limited regime to that intermediate be-

tween surface- and diffusion-limited regimes by increase

in /P. The small permeation rate for D and KS reported

by Klepikov et al. [16] (Theoretical-2) suggests that D
value obtained by their desorption measurements was

underestimated, because KS agreed with presently ob-

tained values and those reported by other researchers

[14,15] as mentioned in Section 3.1. This is the reason

that their D value was not employed in the model cal-

culation of diffusion-limited absorption in Section 3.1.

The agreement between the permeation rates for the

permeability data of Romanenko et al. [7] and those for

the presently obtained a suggests that both of their per-

meation experiments and present absorption experiments

were reliable and the surface properties of V–6Cr–5Ti and

V–4Cr–4Ti alloys are similar. Hence, the disagreement in

a shown in Fig. 2 can be ascribed to the evaluation

method of a employed by Romanenko et al. [7].

Although the surfaces of the specimens used by

Shkolnik et al. [12] were enriched in Ti and contami-

nated by carbon and sulfur, the permeation rates eval-

uated for their specimens were comparable with those

for Specimen AP, the surface of which appears to be

rather clean as described above. The negative tempera-

ture dependence of permeation rates observed for the

data of Shkolnik et al. [12] indicates that the reaction

rate of hydrogen on their specimen surfaces was rather

high and consequently the permeation was controlled by

bulk diffusion process in part. Hence, it is appropriate to

consider that the influence of sulfur and carbon on

hydrogen permeation is rather small. In addition, these

results indicate that the surface segregation of Ti itself

does not provide a barrier effect. Namely, oxidation of
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Ti plays an essential role for the barrier effect observed

for Specimen HT as proposed in the previous section.

The partial pressure of water vapor in the present

experimental conditions was rather low, 3 · 10�5 Pa.

This level of oxygen containing impurities such as O2,

CO2 and water vapor can be present in hydrogen isotope

gases used to fuel fusion devices and could help to

provide the barrier effect against hydrogen ingress.

Further investigation on this barrier effect is necessary

from the viewpoints of isotope effects and the influence

of impurity levels to understand the tritium permeation

and ingress for the expected conditions of fusion devices.
4. Conclusions

(1) The heat treatment of V–4Cr–4Ti alloy at 1273 K in

vacuum resulted in significant reduction in absorp-

tion coefficient of H2, a.
(2) The reduction in a by the heat treatment was as-

cribed to the surface segregation of Ti and its prefer-

ential oxidation by water vapor present as an

impurity in H2 gas.

(3) The permeation rates of H2 estimated for the heat-

treated specimen from measured a values were radi-

cally smaller than those reported by other researchers

[7,12,13], indicating the strong barrier effect of Ti

oxide against hydrogen ingress.
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