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Abstract: The microstructure and the mechanical property of Nb-Ti-Ni alloy membranes for hydrogen permeation were investigated.
XRD and SEM were employed to characterize the structures of Nb-Ti-Ni alloys, and the bending property of the alloy membranes
was measured by three-point bending tests. The results indicate that the as-prepared alloy is mainly composed of two phases, i.e. the
primary bcc-Nb(Ni,Ti) solid solution phase, and [bce-Nb(Ni, Ti)+52-NiTi] eutectic phase. The former acts as functional cell for
hydrogen permeation and the later is structural cell to keep the stability of alloy membrane. Mechanical properties of Nb-Ti-Ni alloy
membranes have been improved to a certain degree by magnetic heat-treatment (MHT) along the three directions (0< 45<and 909.
An obvious improvement has been made in the case of N7 sample by MHT at both of 0°and 45< and in the case of N5 sample by
MHT at 90<angle. MHT can lead to the change of grain sizes and grain orientations. In the case of MHT at 0<angle, a tiny bar-like
region (consisting of eutectic phase) is formed and spreads along the direction of membrane surface, while some oral-like (or
spot-like) region is regularly arranged on the surface, and the region extends vertically to the surface in the case of MHT at 90 <angle.
It is suggested that suitable MHT is beneficial to the improvement of the bending property of Nb-Ti-Ni alloy membranes.
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With the increasing demand for high-purity hydrogen in
fuel cells, semiconductors and other fields, considerable
attention has been focused on the development of hydrogen
separation and purification technology. Owing to its high
hydrogen permeability, Nb-based hydrogen permeable alloy
is one of the most promising candidates to replace Pd and its
alloys™?. However, poor mechanical properties of Nb-based
alloy membranes, caused by hydrogen embrittlement, restrict
its direct application. Alloying is an effective way to improve
its mechanical properties. Takano et al.”! reported that
Nb39Ti31Ni30 and Nb10Zr45Ni45 had good performance of
hydrogen permeation. Body-centered cubic-(Nb,Ti) phase
was responsible for hydrogen permeation, and (NiTi +
NbTi) eutectic phase resisted to hydrogen embrittlement;
then they proposed a “Dual-phase composition, function
sharing” alloy-design philosophy. Luo et al.”* confirmed that
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the hydrogen permeability of Nb68Til7Nil5 alloy with 74%
(volume fraction) of the primary phase (Nb, Ti) and 26%
(volume fraction) of eutectic phase ((Nb, Ti) +TiNi) reached
4.91x10°® mol H* m™ s Pa’%, which is 3.5 times as large
as that of pure palladium. Tokui et al.”! reported that the
extension of (Nb, Ti) phase in Nb40Ti30Ni30 alloy was
parallel to the direction of hydrogen flow, and its hydrogen
permeability was 2.15 times as large as that of as-cast sample.
Kishida et al.® also confirmed that rod-type eutectic
microstructure of Nb41Ni40Ti alloy with Nb rods aligned
parallel to the growth direction was obtained by directional
solidification in an optical floating zone furnace. The values
for the specimens with Nb rods aligned perpendicular to the
membrane surface are about an order of magnitude larger
than those for the specimens with Nb rods parallel to the
surface. These reports supported that Nb-Ni-Ti alloy with

Foundation item: National Natural Science Foundation of China(51261003); National Basic Research Program of China(2010CB631303); The Innovation Team
Project of Guangxi Province (2012GXNSFGA060002); The Natural Science Key Project of Guangxi Province (2011GXNSFD018004); Guangxi Experiment Center

of Information Science (20130113)

Corresponding author: Wang Zhongmin, Ph. D., Professor, School of Material Science and Engineering, Guilin University of Electronic Technology, Guilin 541004,
P. R. China, Tel: 0086-773-2291956, E-mail: ghab1987@163.com, zmwang@guet.edu.cn

Copyright © 2016, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.

1443



Zhang Huaigang et al. / Rare Metal Materials and Engineering, 2016, 45(6): 1443-1448

reasonable properties for hydrogen permeation can be
obtained by suitable composition adjustment and structural
modulation.

Magnetic field is a non-contact, orientation physical fields,
which can be used in crystal grow process and crystal
orientation constraint by suppressing thermal convection in a
conductive fluid such as heat and mass transfer in
solidification process. Therefore, magnetic field is generally
employed in metal solidification process in order to modify
its microstructure, and obtain some special properties™®.
Savitsky et al' reported that MnBi grain was oriented along
the magnetic field direction when Bi-Mn alloy was solidified
in a strong magnetic field (2.5 T). Asai et al." confirmed
that the orientation of precipitated phase particle of
Al-11%Si-2%Fe alloy was perpendicular to the magnetic
field direction, and arrangement of transverse orientation of
Al-Ni alloy was obtained by Ren et al. ™3 As we know, Ni
element is a ferromagnetic material and Ti element is a
paramagnetic element. So it is feasible to modify the
microstructure of Nb-Ti-Ni alloys in magnetic field. In the
present paper, the effects of magnetic heat-treatment on the
structure and mechanical properties of Nb-Ti-Ni alloy for
hydrogen permeation were investigated, and the influences of
composition and phase proportion were discussed.

1 Experiment

The composition (at%) of Ni30Ti31Nb39 was the
original one, which was adjusted by a percentage of 5at%,
so a series of Nb-Ti-Ni alloys were designed and prepared.
The sample diagram is shown in Fig.1. Alloy samples were
produced by melting elemental Nb (purity: 99.9%), Ni
(purity: 99.97%) and Ti (purity: 99.9%) in a KW-II
non-consumable electrode induction melting furnace
(Beijing Opto-electronic Technology limited company).
The ingots were turned 2~3 times to homogenize the alloy
composition. The X-ray diffraction (XRD) analysis was
carried out using a Bruker D8 diffractometer (Cu Ka
radiation). The surface morphologies of the alloys were
examined by an JSM-5600LV scanning electron microscope
(SEM, Japan Electronics Co, Ltd.), the surfaces of the

samples were treated with 4% alcohol solution of nitric acid.

Before the test of hydrogen permeability, the alloy
membranes (@=12 mm, d=0.6 mm) were fabricated by the
wire-cutting method, then grinding, polishing and other
processes. A catalytic Pd layer for H, dissociation was
deposited in the gas-inlet surface of the membrane by a
magnetron sputtering technique.

Alloy samples with the same composition were divided
into 3 groups. The angles between the membrane surface
and the direction of magnetic field were 0° (parallel), 45°
and  90° (perpendicular),  respectively.  Magnetic
heat-treatment started from room temperature to 673 K and
these samples stayed for 30 min at 673 K, and then heated

from 673 K to 873 K in magnetic field (B=1 T) for 40 min.
At last a magnetization was stopped and the samples were
cooled to room temperature for using. The heating rate of
0.5 K/s was adopted in the heating process. Fig.2 shows the
equipment for magnetic heat treatment.

Hydrogen permeability of the membranes was measured
in a double electrolytic cell by Devanathan-Stachurski (DS)
methods. Before testing, a catalytic Pd layer for H,
dissociation was deposited in the reaction side of the
membrane by electrochemical plating.

In general, hydrogen-induced brittle crack is easy to be
produced due to heavy stress concentration, which is
induced by hydrogen absorption and desorption within the
alloy membrane. A three point bending test was conducted
to measure the bending stress of the membranes. When in
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Fig.2 Sketch map of equipment for magnetic heat treatment
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the elastic range, the maximum bending stress of the sample
is o (6=M/W). Here M=FLy/4, W=(bh?/6™ F is the
bending force, L, is span length, b and h are the width and
thickness of the membrane sample, respectively. The testing
device is shown in Fig.3.

2 Results and Discussion

2.1 Structure and mechanical properties of Nb-Ti-
Ni alloy membranes

Some Nb-Ti-Ni alloy membranes with good hydrogen
permeability were used to measure their mechanical
properties by three point bending test. The results are
shown in Table 1. It can be seen that after electrochemical
hydrogen permeation testing (EHPT), mechanical
properties of those samples inordinately decrease. Without
EHPT, the maximum force is 1444.49 N for N5, and the
maximum displacement is 3.15853 mm for N10 sample.
While after EHPT, poor mechanical property is observed in
N5 sample, and the maximum force decreases from initial
1444.49 N to 368.9 N. While, N9 sample presents better
mechanical property than samples, whose maximum force
is 1485.42 N, and maximum displacement is 1.195 mm,
indicating that N9 has good bending strength against
hydrogen embrittlement.
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Fig.3 Schematic drawing of the experimental apparatus for
three-point bending test

Material property is greatly dependent on its composition
and microstructure. We can confirm that N1, N2, N3, N5,
N7 and N8 are all two-phase alloys, consisting of the
primary bcc-Nb  (Ni, Ti) solid solution phase and
[bee-Nb(Ni, Ti)+A2-NiTi] eutectic phase™*®. However, a
small amount of NiTi2 is also found in N9, N10 and N11
samples, which plays a “pinning” effect. In general, the
primary bcc-Nb(Ni,Ti) solid solution phase acts as
functional cell for hydrogen permeability. The eutectic
phase is a structural cell to keep the stability of alloy
membrane. Hydrogen diffusion coefficient (D) increases
with increasing of proportion of precipitation of solid
solution phase. The increase of Ni and Ti content will lead
to higher eutectic phase volume fraction. It can be seen that
N5 sample has the maximum Nb content and N10 sample
has the maximum contents of Ni and Ti as shown in Table 1.
SEM images of N3, N5, N7 and N9 are shown in Fig.4. It
can be clearly seen that N5 sample with high Nb content
has a big volume fraction of solid solution phase (Fig.4b),
while N9 sample with low Nb content has a small volume
fraction of solid solution phase (Fig.4d). It is suggested that
net-like texture consisting with eutectic phase is easily
formed in the sample with low Nb content. Such structure
can effectively restrict structure expansion of solid solution
phase in the process of hydrogen permeability. So N5
sample has good hydrogen permeability and poor
mechanical property. And N9 sample has the opposite
property according to these results in Table 1.

In terms of alloy composition and phase, the increase of
Nb content will benefit the improvement of hydrogen
permeability of Nb-Ti-Ni alloys. The addition of Ni and Ti
will reduce hydrogen permeability to some extent, but an
obvious increase of mechanical property is obtained for the
formation of net-like texture. And the formation
of dispersive distribution of NiTi2 phase can effectively
mitigate stress  concentration due to hydrogen
embrittlement.

Table 1 Data of three point bending test of Nb-Ti-Ni alloy before/after hydrogen permeation test by DS method

Before hydrogen permeation test

Alloy Alloy composition

After hydrogen permeation test

Max force, F/N

Max displacement, L/mm

Max force, F/N Max displacement, L/mm

N1 Nb44Ni35Ti21 334.32 0.2306 49.27 0.1325
N2 Nb34Ni40Ti26 1079.86 1.3215 130.96 0.1490
N3 Nb39Ni35Ti26 1266.93 2.7310 217.66 0.2085
N5 Nb49Ni25Ti26 1444.49 2.6620 368.90 0.2895
N7 Nb39Ni30Ti31 1154.75 2.6985 612.97 0.5365
N8 Nb44Ni25Ti31 724.26 0.5141 602.12 0.5015
N9 Nb44Ni20Ti36 968.00 1.3790 1485.42 1.1950
N10 Nb29Ni35Ti36 904.60 3.1585 474.33 0.9945
N11 Nb34Ni30Ti36 547.87 1.9525 503.93 0.7030
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Fig.4 SEM images of N3 (a), N5 (b), N7 (c), and N9 (d) samples

2.2 Effect of magnetic heat-treatment on structure
and mechanical properties of Nb-Ti-Ni alloy
membranes

The data of three-point bending test of Nb-Ti-Ni samples
with/without magnetic heat treatment (MHT) are shown in

Table 2. It can be clearly seen that the maximum force and

displacement obviously increase to different degrees after

MHT at 0°, 45°and 90°, indicating that MHT is an effective

method to improve mechanical property of Nb-Ti-Ni

membranes. However, an exception is in the case of the

three samples (N7, N9, N11, MHT at 90°). Based on Table 2,

the maximum force is 1244.09 N (N7, MHT at 0°) and

1380.62 N (N7, MHT at 45°, and the maximum

displacement is 3.379 mm (N9, MHT at 45°) and 3.030 mm

(N5, MHT at 45°). Considering that N5 and N7 samples

present the better hydrogen permeability, they have been

selected to investigate the relationship between structure
and mechanical property.

Table 2 Data of three point bending test of Nb-Ti-Ni alloy samples after hydrogen permeation test by DS method with/without

magnetic heat-treatment (MHT)

MHT at 0°angle MHT at 45<angle MHT at 90 <angle Without MHT
Alloy  nMax force, _ Max Max force, . Max Max force, . Max Max force, . Max
displacement, displacement, displacement, displacement,
FIN FIN F /N F/N
L/mm L/mm L/mm L/mm
N2 418.18 1.3530 178.14 1.9135 749.61 1.4740 130.96 0.1490
N5 992.16 2.3055 778.75 3.0300 1036.69 1.7925 368.90 0.2895
N7 1244.09 2.7310 1380.62 2.3095 584.72 0.6405 612.97 0.5365
N9 1005.83 1.3215 1221.06 3.3785 548.63 0.7015 968.00 1.1950
N11 1122.27 2.6620 765.33 2.1700 380.11 0.1475 503.93 0.7030
XRD patterns and SEM images of N5 sample Based on the results obtained from the above mentioned

(with/without MHT) are shown in Fig.5 and Fig.6,
respectively. When MHT is at different angles, an obvious
change occurs in the relative intensity of Nb(Ni,Ti) and
sharp shape peaks are formed. Further SEM results confirm
that as-adopted MHT can change grain sizes and grain
orientations, while the sizes and the shape of phase region
(eutectic phase) will change after MHT. In the case of MHT
at 0°, a tiny bar-like region is formed, such bar-like region
spreads along the direction of membrane surface (Fig.6b).
In the case of MHT at 90°, some oral-like (or spot-like)
region is regularly arranged on the surface (Fig.6d), which
possibly suggests that this region extends along the
direction of magnetic field (vertical to the membrane
surface). In the case of MHT at 45°, the region shape and
arrangement can be attributed to the combination of vertical
and horizontal cases. XRD patterns and SEM images of N7
sample (with/without MHT at 45°) are shown in Fig.7 and
Fig.8. Here the net-like region of eutectic phase changes to
some small spot-like regions, which disperses in the matrix
consisting of Nb (Ni, Ti) solid solution phase.

structure analysis and mechanical property tests, the
following points can be drawn. (1) Mechanical properties of
Nb-Ti-Ni alloy membranes can be generally improved by
MHT at the three angles, which may be attributed to the
microstructural modification induced by magnetic field. (2)
The direction of magnetic field plays an important role in
structural changes of alloy samples. In the case of MHT at
0° (the membrane surface is parallel to the direction of
magnetic field), the eutectic phase region changes to some
tiny bar-like regions and spreads along the surface. In the
case of MHT at 90°, some small oval-like regions of
eutectic phase are formed and regularly arranged on the
surface. (3) The effect of MHT on mechanical property is
related to the alloy composition. MHT at the angle of 90° is
a good way to improve mechanical property of N5 sample
(the max force is 1036.69 N), the max force is 1380.62 N
for N7 sample by MHT at 45°, and 1221.06 N for N9
sample by MHT at 45°. (4) Nb-Ti-Ni alloy membrane must
meet both requirements of hydrogen permeability and
mechanical property. And MHT will be able to satisfy the
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Fig.5 XRD patterns of N5 sample with/without MHT

1) The increase of Ni and Ti content will lead to the
increase of volume fraction of (bcc-Nb(Ni, Ti)+A2-NiTi)
eutectic phase, following by good mechanical property. The
dispersive distribution of NiTi2 phase in eutectic area is
beneficial to the improvement of the mechanical properties
of alloy samples.

2) Mechanical properties of Nb-Ti-Ni alloy membranes are
inordinately improved by magnetic heat-treatment along the
three directions (0< 45<and 909. MHT can lead to the
change grain size and orientation.

3) In the case of MHT at 0< a tiny bar-like region
(consisting of eutectic phase) is formed and spreads along the
direction of membrane surface. In the case of MHT at 90<
some oral-like (or spot-like) region is regularly arranged on
the surface and the region extends vertically for the surface.
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