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The alloying effects of tungsten on the hydrogen solubility and the hydrogen permeability are investigated
for V-based hydrogen permeable membranes. The hydrogen solubility is found to decrease by the addition
of tungsten into vanadium or by increasing the temperature. It is shown that the ductile fracture occurs for
V-5 mol%W alloy even in the hydrogen pressures of 0.3 MPa at 773 K. It is also found that the mechanical
properties (i.e., strength and ductility) of V-based alloy are better than that of Nb-based alloy in hydrogen

atmosphere at high temperature. It is demonstrated that the V-5 mol%W alloy possess excellent hydrogen
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permeability without showing any hydrogen embrittlement when used under appropriate permeation
conditions, i.e., temperature and hydrogen pressures.
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1. Introduction

Mass production of high purity hydrogen gas is necessary for the
future clean energy systems. Hydrogen permeable membranes are
important materials for hydrogen separation and purification tech-
nologies [1,2]. For example, Pd-based alloys (e.g., Pd-Ag alloy) are
widely used practically for these purposes. Recently, there has been
a great demand for the development of new hydrogen permeable
alloys in order to reduce the material cost as well as to improve the
hydrogen permeability. Nb-based and V-based alloys are ones of
the most promising materials for hydrogen permeable membranes
because of their lower cost and higher hydrogen permeability than
currently used Pd-based alloys [3-6]. However, there is still a large
barrier to the practical application due to their poor resistance to
hydrogen embrittlement.

Recently, the mechanical properties of niobium in hydrogen gas
atmosphere at high temperature have been investigated by the
in situ small punch (SP) test method [7]. It was found that the
ductile-to-brittle transition occurs drastically at the hydrogen con-
centration around H/M=0.25 at the temperature range between
573 and 773 K. This fact suggests that the resistance to hydrogen
embrittlement of niobium will be improved by keeping the hydro-
gen concentration below this critical value during the practical
hydrogen permeation.
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On the other hand, in view of the hydrogen chemical poten-
tial in metals, the hydrogen flux, J, through the membrane with a
thickness of d can be expressed as,

Ap
J=—B=. (M
where c is the hydrogen concentration, B is the mobility and Au is
the difference of hydrogen chemical potential between the inlet
and outlet sides of the membrane. Assuming that the equilib-
rium conditions are achieved at both inlet and outlet sides of the
membrane with the hydrogen pressures of Pijjer and Poygiet, the dif-
ference of hydrogen chemical potential, Au, can be expressed as
follows [8].

Aj = rRTIn (@) 2)
2 outlet

High hydrogen permeability will be expected when the param-
eter cx A is large for the designed alloy membrane at a
given hydrogen permeation conditions, i.e., hydrogen pressures
[8].

From these results, we have proposed a concept for alloy design
of Nb-based hydrogen permeable membranes [8,9]. Following this
concept, Nb-based alloys with high hydrogen permeability and
strong resistance to hydrogen embrittlement have been designed
and developed. For example, designed Nb-5 mol%W alloy tested at
773 K under the pressures condition of inlet/outlet=0.05/0.01 MPa
possesses more than 4 times higher hydrogen permeability than
Pd-26mol%Ag alloy tested at the same temperature under the pres-


dx.doi.org/10.1016/j.jallcom.2010.09.161
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hiroshi@numse.nagoya-u.ac.jp
dx.doi.org/10.1016/j.jallcom.2010.09.161

S882 H. Yukawa et al. / Journal of Alloys and Compounds 509S (2011) S881-5884

10 ——T——TT T

107 E .

10° ¢ .

107 H .

Hydrogen puressure, P / MPa

673K
4

10 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 038

Hydorgen content, c / (H/M)

Fig. 1. PCT curves for pure Nb and pure V at 673K [11].

sure condition of inlet/outlet=0.26/0.06 MPa, without showing any
hydrogen embrittlement [10].

According to the concept for alloy design, it is necessary to
reduce the dissolved hydrogen concentration below the DBTC
(Ductile-to-Brittle Transition hydrogen Concentration) in order
to improve the resistance to hydrogen embrittlement. For this
purpose, the heat of hydrogen dissolution into metals should
be reduced. In other words, the pressure-composition-isotherms
(PCT) curve should be controlled and shifted toward left and upper
side in some ways.

Fig. 1 shows the PCT curves for pure niobium and pure vanadium
at 673 K reported by Veleckis and Edwards [11]. As shown in this
figure, the PCT curve for pure vanadium is located at left and upper
side of that for pure niobium. Thus, following to the concept for
alloy design, it is expected that V-based alloys possess stronger
resistance to hydrogen embrittlement than Nb-based alloys.

In this study, the concept for alloy design is further applied to
V-based alloys. The alloying effects of tungsten on the hydrogen sol-
ubility, the resistance to hydrogen embrittlement and the hydrogen
permeability are investigated for V-based alloy in a fundamental
manner.

2. Experimental procedure
2.1. Sample preparation

V-5mol%W alloy is prepared by using a tri-arc furnace in a purified argon gas
atmosphere. Here, tungsten (W) is selected as an alloying element in this study
because tungsten has less affinity for hydrogen than vanadium. Therefore, the
hydrogen concentration is expected to be reduced by the addition of tungsten into
vanadium. In addition, V-W is the continuous solid solution system so that the
alloy is composed of single solid solution phase with simple bcc crystal structure.
The purity of the raw materials used in this study is 99.95 mass% for both vanadium
and tungsten.

2.2. Insitu small punch (SP) test

The mechanical properties of the plate-shaped specimens are evaluated by the in
situ small punch (SP) test method using a special setup of the SP apparatus equipped
with a gas flow system. Here, the SP testing technique is well known as an effective
evaluation method to estimate the DBTT (Ductile-to-Brittle Transition Temperature)
[12-14]. Specimens of about 10 mm x 10 mm with the thickness of about 0.65 mm
are prepared for pure vanadium and V-5 mol%W alloy. Both sides of the specimens
are mechanically polished by alumina abrasive papers followed by the final polish-
ing. The thickness of the specimen is reduced to 0.50 &+ 0.01 mm by the final polishing
with 0.3 wm alumina powders. Subsequently, pure palladium of about 200 nm in
thickness is deposited at 573 K on both sides of the sample surfaces by using an RF
magnetron sputtering apparatus. This palladium layer on the surfaces protects the
sample from the oxidation. It also acts as catalyst for hydrogen dissociation reaction
and subsequent dissolution into metal to take place smoothly.

The load-deflection curves are measured by the in situ SP tests conducted with
the loading rate of v=8.3 x 10> mm/s. The SP absorption energy is estimated

by taking the area under each load-deflection curve until the specimen fails. The
detailed explanation of the in situ SP test is found in elsewhere [7].

2.3. Hydrogen pressure—-composition-isotherm (PCT) measurement

The pressure-composition-isotherms are measured by using a Sieverts-type
apparatus in order to investigate the hydrogen solubility for V-5 mol%W alloy. A
small piece of the sample is set into the PCT apparatus and then evacuated. Subse-
quently, it is heated up to 773 K. Then, about 5 MPa of hydrogen is introduced and
cooled down to room temperature. This process is repeated several times prior to
the measurement in order to activate the sample surface for hydrogen absorption
and desorption reactions to take place smoothly without palladium coating. The PCT
curves are measured at 673-773 K up to about 5 MPa.

2.4. Hydrogen permeation test

The hydrogen permeation tests are performed at 773 K by the conventional dif-
ferential gas pressure method in order to evaluate the hydrogen permeability. Disk
specimens of about @ 12 mm in diameter with a thickness of 0.5 mm are prepared for
V-5mol%W alloy. They are polished mechanically and coated with pure palladium
by the same procedure mentioned above. For comparison, a sample of Pd-26 mol%Ag
alloy is also prepared.

The disk sample is set to the hydrogen permeation apparatus and then evacu-
ated. Subsequently, it is heated up to 773K, and then a high purity hydrogen gas
is introduced to both sides of the specimen. The testing conditions of the inlet and
outlet hydrogen pressures applied in this study are listed in Table 1. The inlet and
outlet hydrogen pressures are controlled within the accuracy of +0.1 kPa. The hydro-
gen fluxes, ], permeated through the disk samples are measured by using mass flow
meter or by monitoring the pressure change of the reserve tank with known volume.
A detailed explanation of the permeation test is given elsewhere [15].

After the hydrogen permeation test, the sample condition (i.e., gas leak due to
cracking) is checked by applying helium gas pressure. Finally, the sample is evacu-
ated and then cooled down to room temperature to take out the sample from the
apparatus in order to check the damage of the sample due to hydrogen embrittle-
ment.

3. Results and discussion

3.1. Ductile-to-brittle transition hydrogen concentration for pure
vanadium

The in situ SP tests are conducted for pure vanadium at 623 or
673 K under several hydrogen pressure conditions. The SP absorp-
tion energy, Esp, is estimated from each load-deflection curve, and
theresults are summarized in Fig. 2 as a function of dissolved hydro-
gen concentration, C (H/M). Here, the hydrogen concentration for
each testing condition is estimated from the PCT curves for pure
vanadium at 623 or 673 K reported by Veleckis and Edwards [11].
As shown in Fig. 2, the SP absorption energy for pure vanadium is
very large when a small amount of hydrogen dissolves in it, indicat-
ing that a ductile fracture takes place in this condition. The value of
Esp decreases drastically with increasing dissolved hydrogen con-
centration. From these results, it is found that the DBTC for pure
vanadium exists at around H/M =0.22.

This fact suggests that the resistance to hydrogen embrittlement
of vanadium will be improved by keeping the hydrogen concentra-
tion below the DBTC, i.e., H/M = 0.22, during the practical hydrogen
permeation.

Table 1
Pressure conditions of the hydrogen permeation tests.

Sample Hydrogen pressure, P (MPa)
Inlet Outlet
V-5 mol%sW 0.30 0.01
0.20
0.15
Pd-26 mol%Ag 0.26 0.06
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Fig. 2. Correlation between SP absorption energy and dissolved hydrogen concen-
tration in pure vanadium.

3.2. Alloying effects on the hydrogen solubility

The alloying effects on the hydriding properties for vana-
dium are investigated by measuring the pressure-composition—
isotherms curves for V-based alloy. The PCT curves measured at
673-773K for V-5mol%W alloy are shown in Fig. 3. For compari-
son, the PCT curve for pure vanadium at 673 K reported by Veleckis
and Edwards [11] is also drawn in the figure. As shown in Fig. 3,
the PCT curve shifts by the addition of 5 mol%W into vanadium. As
aresult, the dissolved hydrogen concentration decreases at a same
hydrogen pressure. The hydrogen solubility further decreases with
increasing the temperature as shown in Fig. 3.

3.3. Mechanical properties of V-W alloy in hydrogen atmosphere

The in situ SP test is conducted for V-5 mol%W alloy in a con-
stant hydrogen pressure of 0.01 MPa at 773 K. The results of the
load-deflection curve are shown in Fig. 4 together with the results
for Nb-5mol%W alloy measured at 773K and for pure niobium
measured at 673 K for comparison.

The load-deflection curve for pure niobium measured at 673 K
shows very small maximum load and deflection, indicating that
brittle fracture due to severe hydrogen embrittlement occurs for
pure niobium under this testing condition. On the other hand,
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Fig. 4. Load-deflection curves for V-5mol%W and Nb-5mol%W alloys measured
at 773 K in hydrogen atmosphere. The curve for pure Nb measured at 673 K is also
drawn in the figure for comparison.

the load-deflection curves for both Nb-5 mol%W and V-5 mol%W
alloys measured at 773 K shows large maximum load and deflec-
tion, meaning that ductile fracture takes place for these alloys.
The dissolved hydrogen concentration in these alloys at the test-
ing condition is about H/M=0.07 and 0.03 for Nb-5 mol%W and
V-5 mol%W alloys, respectively. These values are much lower than
that for pure niobium at 673K, i.e., H/M =0.43.

Here, it is noted that the maximum load and the deflection for
V-based alloy are larger than that for Nb-based alloy, indicating
that the mechanical properties (i.e., the strength and the ductility)
for V-W alloy is better than that for Nb-W alloy in hydrogen gas
atmosphere at high temperature.

The in situ SP tests are also conducted for V-5 mol%W alloy in
0.01,0.1,0.2 and 0.3 MPa of hydrogen atmosphere at 773 K. The dis-
solved hydrogen concentrations are estimated from the PCT curve
for 773 K shown in Fig. 3. The results of the load-deflection curves
are shown in Fig. 5. As shown in the figure, the load-deflection
curve changes when the hydrogen pressure increases. However,
each sample still shows high ductility even for the sample tested
in 0.3 MPa of hydrogen atmosphere. In this pressure condition
the dissolved hydrogen concentration is about H/M=0.2, near
DBTC of vanadium. Thus, the resistance to hydrogen embrittlement
improves by reducing the dissolved hydrogen concentration below
the DBTC. In fact, no brittle cracking occurs for V-5 mol%W alloy

Hydrogen content, C/ (H/M)

1
10 T | T Ll T E
1 ]
o ! UL % ]
1 E
= I ovsw 723K
g 100 i 673K
g 0.3MPa _
=3
g 0.2MP.
o
£ 10 [21MRg //: 4
5 A\ i
g é’&é; pure V, 673K
= -2 | 0.01MP
2107 by | 3
DBTC of V ]
10'3 L Y ¥ N PR 1
0 01 02 03 04 05 06

Fig. 3. PCT curves for V-5 mol%W alloy measured at 673-773 K. PCT curve for pure
V measured at 673K [11] is also drawn in the figure for comparison.
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Fig. 5. Load-deflection curves for V-5 mol%W alloys measured at 773K.
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Fig. 6. Changes in the normalized hydrogen flux, J.d, during the measurements at
773 K. The inlet and outlet hydrogen pressures for each measurement are indicated
in parentheses in the figure as (inlet/outlet (MPa)).

membrane when hydrogen permeation tests are conducted under
appropriate hydrogen permeation condition as explained later.

3.4. Hydrogen permeability

The steady-state hydrogen fluxes, J, are measured by the hydro-
gen permeation tests. They are divided by the inverse of the sample
thickness, 1/d, in order to estimate the normalized hydrogen flux,
J-d. It is noted here that the atomic hydrogen flux, molHm~1s-1,
is evaluated in this paper, which is twice as large as the gaseous
hydrogen flux, molH, m~1s-1.

Fig. 6 shows the change in the normalized hydrogen flux, J.d,
during the measurement at 773K for each testing condition. The
pressure conditions are indicated in parentheses in the figure as
(inlet/outlet (MPa)). The results of Pd-26 mol%Ag alloy measured
at 773 K with the pressure condition of inlet/outlet=0.26/0.06 MPa
are also presented in the figure for comparison. As shown in Fig. 6,
the hydrogen flux is stable and nearly constant during each mea-
surement.

As shown in Fig. 6, the hydrogen flux changes depend on the
applied hydrogen pressures. It is evident that the hydrogen flux is
much higher for V-5 mol%W alloys than Pd-26 mol%Ag alloy. For
example, the J.d value for V-5 mol%W alloy measured under the
pressure condition of inlet/outlet=0.30/0.01 MPa is more than 7

V-5W

1/4" VCR gasket

Fig. 7. Photo image of a disk sample of V-5 mol%W alloy evaluated and cooled down
to room temperature after the hydrogen permeation test.

times higher than that for Pd-26 mol%Ag alloy measured under the
pressure condition of inlet/outlet=0.26/0.06 MPa. As mentioned
before, the hydrogen permeability of Nb-5mol%W alloy is about
4 times higher than Pd-26 mol%Ag alloy. Thus, the amount of
hydrogen flux increases about 1.75 times for V-5 mol%W than
Nb-5 mol%W, although the pressure conditions are different each
other because higher hydrogen pressures can be applied to V-based
alloy than Nb-based alloy.

Fig. 7 shows a photo image of the sample of V-5 mol%W alloy
after the hydrogen permeation test. There is no evidence of hydro-
gen embrittlement on the sample. Thus, V-5 mol%W alloy possess
excellent hydrogen permeability together with strong resistance to
hydrogen embrittlement and good mechanical properties in hydro-
gen atmosphere at high temperature.

4. Summary

The mechanical properties of pure vanadium in hydrogen atmo-
sphere are investigated by the in situ SP test method. It is found
that the SP absorption energy decreases drastically with increasing
dissolved hydrogen concentration at the hydrogen concentration
around H/M=0.22. Thus, the DBTC (Ductile-to-Brittle Transition
hydrogen Concentration) for pure vanadium is determined to be
about H/M=0.22.

The hydrogen solubility is found to decrease by the addi-
tion of tungsten into vanadium or by increasing the temperature.
As a result, the V-5mol%W alloy possesses strong resistance to
hydrogen embrittlement. Also, the mechanical properties (i.e., the
strength and the ductility) for V-based alloy in 0.01 MPa of hydro-
gen pressure at 773 K are better than that for Nb-based alloy. It is
demonstrated that the V-5 mol%W alloy exhibits excellent hydro-
gen permeability without showing any hydrogen embrittlement
when used under appropriate permeation conditions, i.e., hydrogen
pressures and temperature.

Acknowledgements

This research was partially supported by the Grant-in-Aid for
Scientific Research from the Japan Society for the Promotion of Sci-
ence (JSPS), by Research Foundation For Materials Science and by
General Sekiyu Research & Development Encouragement & Assis-
tance Foundation.

References

[1] V. Mordkovich, Y.K. Baichtock, M. Sosna, Platinum Met. Rev. 36 (1992) 90-97.
[2] S.N. Paglieri, ].D. Way, Sep. Purif. Methods 31 (2002) 1-169.
[3] R. Buxbaum, A. Kinney, Ind. Eng. Chem. Res. 35 (1995) 530-537.
[4] C.Nishimura, M. Komaki, S. Hwang, M. Amano, J. Alloys Compd. 330-332(2002)
902-906.
[5] K. Hashi, K. Ishikawa, T. Matsuda, K. Aoki, Mater. Trans. 46 (2005) 1026-1031.
[6] T. Nambu, K. Shimizu, Y. Matsumoto, R. Rong, H. Yukawa, M. Morinaga, I.
Yasuda, J. Alloys Compd. 446-447 (2007) 588-592.
[7] Y. Matsumoto, H. Yukawa, T. Nambu, Metall. J. LXIII (2010) 74-78.
[8] H.Yukawa, M. Morinaga, T. Nambu, Y. Matsumoto, Mater. Sci. Forum 654-656
(2010) 2827-2830.
[9] H. Yukawa, T. Nambu, Y. Matsumoto, N. Watanabe, G.X. Zhang, M. Morinaga,
Mater. Trans. 49 (2008) 2202-2207.
[10] N. Watanabe, H. Yukawa, T. Nambu, Y. Matsumoto, G.X. Zhang, M. Morinaga, .
Alloys Compd. 477 (2009) 851-854.
[11] E. Veleckis, R.K. Edwards, ]. Phys. Chem. 73 (1969) 683-692.
[12] Y. Matsumoto, M. Morinaga, T. Nambu, J. Fukumori, T. Sakai, Iron Steel Inst.
Japan 81 (1995) 237-242.
[13] Y. Matsumoto, M. Morinaga, M. Furui, Scripta Mater. 38 (1997) 321-327.
[14] ]J. Kameda, O. Buck, Mater. Sci. Eng. 83 (1986) 29-38.
[15] T. Nambu, N. Shimizu, H. Ezaki, H. Yukawa, M. Morinaga, ]. Jpn. Inst. Met. 69
(2005) 841-847.



	V–W alloy membranes for hydrogen purification
	1 Introduction
	2 Experimental procedure
	2.1 Sample preparation
	2.2 In situ small punch (SP) test
	2.3 Hydrogen pressure–composition–isotherm (PCT) measurement
	2.4 Hydrogen permeation test

	3 Results and discussion
	3.1 Ductile-to-brittle transition hydrogen concentration for pure vanadium
	3.2 Alloying effects on the hydrogen solubility
	3.3 Mechanical properties of V–W alloy in hydrogen atmosphere
	3.4 Hydrogen permeability

	4 Summary
	Acknowledgements
	References


