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ABSTRACT

In order to develop alloys combing high hydrogen permeability with large resistance to the
hydrogen embrittlement, microstructures and hydrogen permeability (#) have been
investigated for the as-cast alloys on the straight line connecting the eutectic {TiCo + (Nb,
Ti)} phase and the Nb-rich primary (Nb, Ti) phase in the Nb—Ti—Co system. The alloys on
the above-mentioned line consist of the TiCo compound and the (Nb, Ti) solid solution. The
value of ¢ increases with increasing temperature and volume fraction of the primary
(Nb, Ti) phase. The most Nb-rich NbgTi,1Co4 alloy shows the highest @ value of 3.99 x 108
(mol H,m™* s7* Pa~®%) at 673 K, which is 2.6 times higher than that of pure Pd. The
present work demonstrates that highly hydrogen permeable alloys are obtainable in the Nb
rich Nb—Ti—Co ones on the straight line connecting the eutectic {TiCo + (Nb, Ti)} phase and
the Nb-rich primary (Nb, Ti) phase.

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
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reserved.

1. Introduction

Currently hydrogen is mainly prepared by methane steam
reforming (MSR) [1,2], to get pure hydrogen, separation and
purification is indispensable. Pd—Ag alloys are commercially
used for the separation and the purification of hydrogen gas [3].
However, Pd is very expensive and rare natural resources. Then,
itis strongly desired to develop low cost and high performance
hydrogen permeation alloys other than Pd alloys [4]. Generally,
hydrogen permeation alloys must have high hydrogen perme-
ability (#) and high mechanical strength to endure the pressure
difference between upstream and downstream side [5—10]. The
product of the diffusion coefficient (D) and the solubility coeffi-
cient (K ) express hydrogen permeability ¢. High @ requires the

high D and/or high K. The Group 5A metals such as V,Nb and Ta
have much higher hydrogen permeability than Pd—Ag alloys,
but these alloys suffer from the severe hydrogen embrittlement.
Generally, the high value of K gives rise to the severe hydrogen
embrittlement. That is, hydrogen embrittlement is generally
incompatible with high @ in pure metals or single-phase alloys.
Recently, the present authors have found out that resistance to
the hydrogen embrittlement is compatible with high @ in the
Nb—Ti—Ni alloys consisting of the B2—TiNi and bec-(Nb, Ti) solid
solution [11—13]. The eutectic phase {TiNi + (Nb, Ti)} has large
resistance to the hydrogen embrittlement and much lower
hydrogen permeability than Nb, while the primary bce-(Nb, Ti)
phase contributes mainly to hydrogen permeation in this alloy.
As for the Nb—Ti—Ni alloys, the hydrogen permeability should

* Corresponding author. Guangzhou Institute of Energy Conversion Chinese Academy of Sciences, Nengyuan Rd. 2, Tianhe,
Guangzhou 510640, China Tel.: +86 20 3724 6316; fax: +86 20 8705 7729.

E-mail address: luowm®@ms.giec.ac.cn (W. Luo).

0360-3199/$ — see front matter Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.ijjhydene.2012.06.005


mailto:luowm@ms.giec.ac.cn
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2012.06.005
http://dx.doi.org/10.1016/j.ijhydene.2012.06.005
http://dx.doi.org/10.1016/j.ijhydene.2012.06.005

12794

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 12793—12797

depend on the amount of the primary bce-(Nb, Ti) phase, which
have been verified with the Nb—Ti—Ni Hypereutectic Alloys [14].
That is, the Nb—Ti—Ni alloys have opened a new field for the
hydrogen permeation membrane. It is reasonable to infer that
the Nb—Ti—Co alloys containing much amount of primary bcc-
(ND, Ti) solid solution show high hydrogen permeability and
large resistance to the hydrogen embrittlement. According to
the previous works, the further improvement of @ could be may
achieve by the increment of the volume fraction of the primary
(ND, Ti) phase. Ternary alloys on the straight line connecting the
eutectic point and the primary phase in the phase diagram
consist of the eutectic and primary phases. The constituting
phases of the Nby,TizoCosg alloy, i.e. the primary (Nb, Ti) phase
and the eutectic {(Nb, Ti) + TiCo} phase, are Nbg,;TigCos and
Nb3Ti35C03s, respectively. Hydrogen permeability @ of the Nb-
rich Nb—Ti—Co alloys on the line connecting the eutectic point
and the primary phase in the Nb—Ti—Co phase diagram are
investigated in order to find out high performance hydrogen
permeable alloys.

2. Experimental

The Nb-rich Nb—Ti—Co alloys on the straight line connecting
the eutectic point (NbsoTissCoss) and the primary phase
(Nbg;Ti13Co4) in the Nb—Ti—Co phase diagram were prepared
by arc melting using Nb (99.9 mass% purity), Ti (99.5 mass%
purity) and Co (99.9 mass%) in a purified argon atmosphere. In
the present work, alloy compositions are expressed by mol%.
Disk samples of 12 mm in diameter and 0.8 mm in thickness
were cut from the alloy ingots with a spark erosion wire-
cutting machine. Both sides of disks were polished with buff
and «-alumina of 0.5 um particle, and coated with Pd in the
thickness of 190 nm by an RF-sputtering machine. Micro-
structural observations and structural examinations were
carried out using a scanning electron microscope (SEM) and
a powder X-ray diffractometer (XRD). Chemical compositions
were analyzed by an energy dispersive X-ray spectrometer
(EDS) attached to SEM. The volume fracture of primary (Nb, Ti)

Fig. 1 — The SEM photographs of the Nb—Ti—Co alloys on the straight line connecting the eutectic point and the primary
Phase. (a) The Nb3oTi3sc°35, (b) the Nb48Ti26,50025_5, (C) the Nb5GTi23C.'021, (d) the NbeoTiz]_CO]_g, (e) the Nb54Tilch17 alloy and (f)

the NbsGTi11CO4 alloys.
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Fig. 2 — The volume fracture of the primary (Nb,Ti) phase
increases proportionately with the Nb contents for the
Nb—Ti—Co alloys on the straight line connecting the
eutectic point and the primary phase.

phase was achieved by analyzing the SEM photograph with the
public domain NIH image program. The XRD pattern of the Pd-
coated disk sample was firstly measured at 673 K in a vacuum.
The Pd-coating was done to avoid oxidation and to promote
the hydrogen dissociation and the recombination. Hydrogen
permeability ¢ was measured by using the apparatus, which
has been described in the previous paper [11]. The hydrogen
flux] was measured for above upstream pressure, respectively.
The measurements were repeated when the temperature was
stepped down from 673 K to 523 K at 50 K intervals.

3. Results

3.1. Microstructures and the crystal structure of
Nb—Ti—Co alloys on the line connecting the eutectic and the
primary phase compositions

Fig. 1(a)—(f) show scanning electron microscopic (SEM)
photograph of the Nb-Ti-Co alloys on the straight line

connecting the compositions of the eutectic and the primary
phases, i.e., the Nb30Ti35C035, the Nb48Ti26.5C025_5, the
NbsgTip3C0,1, the NbgsTigCoq7 and the NbgsTigj3Cos alloys in
the as-cast state, respectively. An SEM photograph of the
Nb3TizsCoss alloy shows the fine lamellar microstructure
characteristic of the eutectic phase, while that of the
NbgsTi;3Cos one does the single-phase microstructure of
the primary phase. The white phases in Fig. 1(b)—(e) are the
primary (Nb, Ti) one, which are surrounded by the dark phase
of the lamellar eutectic phase.

Fig. 2 shows the relation between the volume fraction of the
primary (Nb, Ti) phase and the Nb content. The volume frac-
tion of the primary phase increases linearly with increasing Nb
contents of these alloys. The constituting phases of the alloys
on the line connecting the compositions of the eutectic and the
primary phases and their chemical compositions are tabulated
in Table 1. These alloys consist of the eutectic phase and the
eutectic phase + primary phase. The Nb contents in the
primary phase and in the eutectic phase increase slightly with
increasing Nb content in the alloys. On the contrary, Ti
contents in them decrease slightly with Nb content in the
alloys. The Co contents in both phases are nearly constant.

Fig. 3 shows the XRD patterns of the above-mentioned
alloys. All of these alloys consist of the bce-(Nb, Ti) and the
B2—TiCo phase. From Figs. 1 and 3, we can see that these
alloys consist of the eutectic {bcc-(Nb, Ti) + B2—TiCo} phase,
phase, and a combination of the primary bce-(Nb, Ti) phase
with the eutectic {bcc-(Nb, Ti) + B2—-TiCo} phase and the
primary bce-(Nb, Ti). The lattice parameters of the former and
the latter phase are 0.330 and 0.301 nm independent of the
alloy compositions, respectively.

3.2. Hydrogen permeability ® of the Nb—Ti—Co alloys on
the line connecting the eutectic and the primary phases

Fig. 4 shows the plot of (J x L) versus (P> — P3*) for the above-
mentioned alloys between 523 K and 673 K. The linear relation
coefficient R? is obtained by a linear regression analysis. The R?
values are over 0.992 in the temperature range of 523—673 K.

Table 1 — The constituting phases and their chemical compositions in the Nb—Ti—Co alloys on the straight line connecting

the eutectic point and the primary phase.

Alloy Alloy composition (nominal) (mol%) Constituting phase Chemical composition of the constituting
phases (mol%)

Nb Ti Co Nb Ti Co
Nb3,TizsCoss 30 35 35 (Nb, Ti) + TiCo 30 35 35
NbaoTizC030 40 30 30 (Nb, Ti) 83 13 4
(Nb, Ti) + TiCo 31 34 35
NbagTizs sCOs 5 48 26.5 25.5 (Nb, Ti) 83 13 4
(Nb, Ti) + TiCo 31 33 36
Nbs,TizsCo03 52 25 23 (Nb, Ti) 84 12 4
(Nb, Ti) + TiCo 32 32 36
NbseTis3C02 56 23 21 (Nb, Ti) 84 12 4
(Nb, Ti) + TiCo 33 32 35
NbgoTiz1Co1o 60 21 19 (Nb, Ti) 86 11 3
(Nb, Ti) + TiCo 33 31 36
Nbg,TizsC017 64 19 17 (Nb, Ti) 86 11 3
(Nb, Ti) + TiCo 33 31 36
NbgsTi;3Co, 83 13 4 (Nb, Ti) 86 11 3
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Fig. 3 — The XRD patterns of the Nb;,TizsCoss, the
Nb,gTize 5C025 5, the Nbg,Ti;9Co47, and the NbgsTi 3C0,
alloys, respectively on the straight line connecting the
eutectic point and the primary phase.

Therefore, it is reasonable to say that hydrogen permeation is
controlled by the diffusion of hydrogen atoms in the alloys. The
@ value of the alloy is determined from the slope of the line.

Fig. 5 shows hydrogen permeability @ of the above-
mentioned alloys in the form of the Arrhenius plot. Those of
Pd measured using the same apparatus and procedures as the
present work are also plotted for reference in this figure. The @
value increases with increasing temperature and the Nb
content. The values of ¢ for the Nb—Ti—Co alloys having the
Nb contents between 30 and 60 mol% are higher than that of
the pure Pd between 423 K and 673 K. NbgoTi,;C049 alloy shows
the highest ® of 3.99 x 108 (mol H,m * s~ Pa—%%) at 673 K,
which is 2.5 times higher than that of the pure Pd. On the other
hand, the hydrogen permeation measurement is impossible
due to the hydrogen embrittlement in the Nbg,Ti;oCo47; and
the Nbg;Ti;3Co,4 alloys.

Fig. 6 shows the values of @ for the above-mentioned alloys
at 673 K plotted against the volume fraction of the primary
phase (Nb, Ti). The @ value increases parabolically with
increasing the volume fraction of the primary phase (Nb, Ti).
The most Nb-rich hydrogen permeable NbgoTiy;Co49 alloy
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Fig. 4 — The plots of (J x L) versus (P}5—PJ5) for the
Nbg,Ti»1Co1o alloy between 523 K and 673 K.
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Fig. 5 — Hydrogen permeability ¢ for the as-cast Nb—Ti—Co
alloys on the straight line connecting the eutectic point and
the primary phase in the form of the Arrhenius plot.

consists of the 38 vol% eutectic phase and the 62 vol% primary
phase.

4, Discussion

The alloy compositions investigated in the present work along
with the previous one [11] are plotted in Fig. 7. The open circles
and triangles denote the alloys for which the hydrogen
permeation experiments are possible. On the other hand, the
solid squares and circles denote the brittle alloys in the as-cast
state and the broken ones by hydrogenation, respectively.
According to the previous work, ¢ of the Nb—Ti—Co alloys
increase with the volume fracture of the primary (Nb, Ti)
phase. Consequently, in order to develop high hydrogen
permeability alloys, the Nb-rich Nb—Ti—Co ones consisting of
a combination of the primary phase with the eutectic phase
are investigated, because the NbsoTissCoss eutectic alloy
shows higher @ than the NbysTisgsNiy; eutectic alloy.
Microstructures and the @ values of the alloys on the straight
line connecting the eutectic point and the primary phase on
the Nb—Ti—Co phase diagram have been investigated. The
above mentioned alloys are all consisted of bcc-(Nb,Ti) phase
and eutectic {bcc-(Nb,Ti) + B2-TiCo} phase, the former
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Fig. 6 — The values of for the as-cast alloys on the straight

line connecting the eutectic point and the primary phase at

673 K plotted against the volume fraction of the primary

phase (Nb, Ti).
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Fig. 7 — The alloy compositions investigated in the present
work along with the previous one [12]. The open circles (o)
and triangles (A) denote the alloys for which the hydrogen
permeation experiments are possible. On the other hand,
the solid squares (M) and circles (@) denote the brittle
alloys in the as-cast state and the broken ones by
hydrogenation, respectively.

surrounded by the latter. The Co contents of both phases
show nearly constant value for all these alloys, however the
Nb contents of both phases increase with the Nb contents of
the alloys, and Ti contents of both phases decrease corre-
spondently. The @& value increases parabolically with
increasing the volume fraction of the primary phase (Nb, Ti).
In fact however the Nbg,Ti;oCo,; alloy is immeasurable in
a hydrogen permeation experiment. The eutectic phase
{TiCo + (Nb, Ti)} contributes to large resistance to the
hydrogen embrittlement, while the primary bcc-(Nb, Ti) phase
contributes mainly to hydrogen permeation in this alloy. The
Nbg,Ti;9C047 alloy has too less amount of the eutectic phase
{TiCo + (Nb, Ti)} to suppress hydrogen embrittlement.

The most Nb-rich hydrogen permeable NbgTi,;Co1o alloy
shows the highest @ of 3.99 x 107 (mol H,m * s~* Pa°%),
which is 2.5 times higher than that of the pure Pd.

5. Summary and conclusion

In order to develop alloys combing high hydrogen perme-
ability with large resistance to the hydrogen embrittlement,
microstructures, structural changes in a hydrogen atmo-
sphere and hydrogen permeability (@), i.e., the product of
hydrogen diffusion coefficient (D) and hydrogen solubility
coefficient (K ), have been investigated for the as-cast alloys on
the straight line connecting the eutectic {TiCo + (Nb, Ti)} phase
and the Nb-rich primary (Nb, Ti) phase in the Nb—Ti—Co
system. The volume fraction of the primary (Nb, Ti) phase
increases linearly with increasing Nb content. @ is measurable
in the alloys containing 38 vol% or more eutectic phases,
which indicate that the eutectic phase suppresses the
hydrogen embrittlement. The value of & increases with
increasing volume fraction of the primary phase when its
volume fraction is about 20 vol% or more, although it is almost
independent of its volume fraction when it is less than about
20 vol%. The most Nb-rich NbgoTip;Coqe alloy shows the

highest @ value of 3.99 x 1078 (mol H,m~* s~ Pa=*°) at 673 K,
which is 2.6 times higher than that of pure Pd. The present
work demonstrates that highly hydrogen permeable alloys are
obtainable in the Nb rich Nb—Ti—Co ones on the straight line
connecting the eutectic {TiCo + (Nb, Ti)} phase and the Nb-rich
primary (Nb, Ti) phase.

The Nb-rich Nb—Ti—Co alloys on the line connecting the
eutectic point (NbzoTi3sCoss) and primary phase (Nbg;TigCos)
consist of primary bcc-(Nb, Ti) phase and eutectic {bcc-
(Nb,Ti) + B2—TiCo} phase, the former surrounded by the later.
The Nbg,Ti;oCoy; alloy is immeasurable in a hydrogen
permeation experiment. Hydrogen permeability ¢ of the Nb-
rich Nb—Ti—Co alloys on the above-mentioned line increases
with the volume fracture of the primary phase up to 62 vol%.
The most Nb-rich NbgoTi,;1Co49 alloy, consisting of the 38 vol%
eutectic phase and the 62 vol% primary phase, shows the
highest @ of 3.99 x 108 (mol H,m* s~ Pa=%?).
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