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We examined the hydrogen permeation of the melt-spun (NiggNbgshoosZry (x=0-50 at%)
~amorphous alloys. The maximum hydrogen permeability obtained in this work was 1.59x10°
mot-m™s™Pa? at 673 K for the (NigsNby 4)s0Zrso amorphous alloy. It is noticed that the permeability
is higher than that of pure Pd metal. Moreover, it was found that the permeability of the alloys
prepared in this work was strongly affected by the amorphous local structural features inferred from
the XRD observation. On the basis of these findings, the importance of optimization of the alloy

composition is discussed.
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1. INTRODUCTION

Nowadays, the Pd-Ag alloy membranes have been
practically vsed for hydrogen purification for decades
[1]. However, since the Pd metal is extremely expensive,
it is very important to search for 4 new alloy possessing
good hydrogen permeability as high as the Pd-Ag alloy.
The new alloy should not include the Pd metal so much
and if possible, it shouid be a non-Pd-based alloy with a
minimum Pd addition. So far, a lot of studics on the
non-Pd-based hydrogen permeable membrane were
performed. For example, it was reported that the V-Ni
alloys possessed cxcellent hydrogen permeability as
high as the Pd-Ag alloy [2]. However, the V-Ni alloy is
easily subjected. to severe hydrogen embrittlement.

Amorphous alloys are known to have higher
mechanical strength [3] and more excellent corrosion-
resistance [4] than crystalline ones. Morcover, it was
reported that the amorphous alloys showed good
immunity from hydrogen embrittlement relative to
crystalline ones [5]. Hara et al. reported that the
melt-spun  Ni-Zr  amorphous alloys had enough
mechanical strength without suffering from hydrogen
embrittlement  during the measurement  although
hydrogen permeability of those alloys was much lower
than that of the Pd-Ag alloy [6]. We have tried to
develop a practical membrane with high permeability
and with insignificant embrittlement by employing the
Ni-Nb-Zr ternary system. In our previous work, we
reported that we could produce the melt-spun
(Nig gNbg 4)70Zr30 amorphous alloys with high hydrogen
permeability of 1.3x10°* mol-m™-s"-pa? [7]. However,
we could not measwre hydrogen permeability of the
alloys with Zr content higher than 40 at% presumably
because of embrittlement of the alloys and the technical
problem in the measurement. Recently, we modified the
sample cell and the experimental procedurc for
hydrogen permeation measurement. So, the objective of
this work is to measure hydrogen permeability of the
melt-spun  (Nig ¢Nbg 4)10e.Zry (3240 at%) amorphous
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alloys and to examine the relationship between hydrogen
permeability and the local structural features of the
amorphous alloys.

2. EXPERIMENTAL

{Ni@ﬁNboq)mo__XZ}fx (X:40, 50, 60 at%) ZiH()y ingots
were prepared by arc-melting the mixture of pure metals
in an Ar atmosphere. Melt-spun ribbons were produced
by a single-roller melt-spinning equipment in an Ar
atmosphere. The ribbons to measure the hydrogen
permeation and the density were about 20 mm wide and
40 pm thick and to the measure mechanical properties,
about 1.5 mm wide and 20 pm thick.

The amorphicity of the melt-gpun ribbon specimens
was investigated by X-ray diffractometry (CuKa, 40 kV,
30 mA, hereafter denoted as XRD). The tensile fracture
strength was measured at a strain rate of 4.2x 107 s°
with an Instron-type testing machine. The hardness was
also measured by a Vickers microhardness toster with a
load of 100 g And the deusity was mcasured by the
Archimedean principle.

Pd thin film of about 0.1 pm in thickness was
deposited on both sides of specimens by the sputtering
technique as an active catalyst for hydrogen dissociation
and recombination during permeation. Hydrogen
permeation measurements were  performed with a
conventional  gas-permeation  technique in  the
temperature range of 573 to 673 K at the hydrogen
pressure up to 0.3 MPa. Sample membranes were
mounted in the gas-permeation cell. The diameter of the
permeation arca was 5 mm. Pure hydrogen gas was
introduced to one side of a membrane and then the flow
rate of effluent gas from the other side (permeate side)
was measurced by a mass flow meter.

3. RESULTS
3.1 Amorphicity and mechanical properties

Figwre 1 shows the optical photograph of the
melt-spun (Nig ¢Nbg 4)5p71so Tibbon. We had no problem
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Fig.1 A photograph of the melt-spun (Nig¢Nbg 4)soZrso
ribbon.
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Fig.2 The X-ray diffraction patterns of the melt-spun
(Nig sNbg.4)100.:28y (x=0-50 at%) ribbons.

when producing rapidly solidified ribbons of the alloys
prepared in this work by a conventional melt-spinning
technique.

Figure 2 shows the XRD patterns of the mclt-spun
{Nig¢Nbga) 100,21« (x= 50 at%) with previously reported
patterns of x=0, 20, 30 and 40 at% by the present
authors. No sharp diffraction peaks are secn in the 26
range of 20-80°. This indicates that all alloys possess a
single amorphous phase. Besides, a halo peak shifts to
lower angles with increasing Zr content, indicating that
the amorphous local structure is changed by Zr addition.

The result of measuring the tensile fracture strength is
shown in Fig. 3(a) and the Vickers hardness in Fig, 3(b).
As shown in the figures, both the tensile fracture
strength and the Vickers hardness decrease with
increasing Zr content. Kimura et al. reported that the
thermal stability of the melt-spun Ni-Nb-Zr amorphous
alloys also decrcased with increasing Zr content [8].
Therefore, it may be difficult to adopt the Ni-Nb-Zr
amorphous alloy with extremely large amount of Zr
content as a hydrogen permeable membrane working at
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Fig.3 - The mechanical propertics - of the melt-spur
{(Nig.sNbghaoxZrx (x=0-60 at%) ribbons. (a) the tensile
fracture strength and (b) the Vickers hardness.
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Fig.4 The density of the (NiggNboa)ipo.Zry (x=0-70
at%) amorphous alloys and crystalline ones.

high temperature and high hydrogen pressure in
practical use. .

Figure 4 shows the density of both the crystatline and
the amorphous alloys. The density of the crystalline
alloys is measured with the arc-melted ingots of those

-alloys. It is natural that the crystalline alloys are denser

than the amorphous ones. It is found that the density of
both the crystalline and the amorphous alloys decreases
with increasing Zr content. In the case of amorphous
alloys, since the alloy density may be strongly affected
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by the local packing structure, the dccrcase of the
density may be related to the structural change,
cspecially the increase in the interatomic distance in the
amorphous alloy.

3.2 Hydrogen permeability

Figure 5 shows the hydrogen permcability of the
melt-spun (NigsNbog)ionxZty (x= 40 and 50 at%) with
previously reported data of x=0, 20, 30 at% by the
present authors [7] and the wave vector, K, = (4msind)/i
as a function of Zr content in the alloys, wherc 4 is the
angle of the halo peak position shown in Fig.2. [t is
shown that thc permcability incrcascs with
decreasing the wave vector K, value. The
decrease in the K, value indicates that the ncarest
ncighbor distancc of the atoms in the amorphous
structurc incrcases by Zr addition. It can be said
from this obscrvation that the amorphous alloy
having a larger atomic spacing possesses higher
hydrogen permeability in this alloy systcm. In
this work, the highest permeation cocfficient was
1.59x10"  mol'm™s'-Pa’ at 673 K for the
(Niy 6Nbyg 4)50Zrsy amorphous alloy.
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Fig.5 The hydrogen permeability and the wave vector as
a function of Zr content in the alloys.

4. DISCUSSION

As shown in Fig.5, it is noticed that the hydrozen
permeability of the (Nig sNby 1)seZrsy amorphous alloy is
larger than that of pure Pd metal (about 9.5x107
mol-m'-s'-Pa”"?). Thesc permcation  characteristics
indicatc the possibility of future practical use of the
melt-spun amorphous alloy as a hydrogen permeable
membrane.

Morcover, wc tentatively investigated the  local
structure of the melt-spun Ni-Nb-Zr amorphous alloys
by the radial distribution analysis. From the analysis, we
found that thc number of Zr-Zr pairs in amorphous
structure increased with increasing Zr content of the
alloys. The Zr-Zr pair has the largest interatomic
distance than any othcer atomic pairs such as Ni-Ni,
Ni-Nb, Ni-Zr, Nb-Nb and Nb-Zr pairs. And we also
found that there may be a tendency that the Zr atoms
gather with cach other and form a cluster of a few atoms
which is much smaller than a nano-grain. Figure 6
shows a schematic illustration of an imaginary local
atomic structure derived from this analysis and the
considcration by the XRD obscrvation. From these
findings, we can conclude that the Zr atoms form a small
cluster and the intcratomic distance inercascs with
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increasing Zr content. Hydrogen atoms can permcate
through such small Zr regions, which results in the
increase in hydrogen permeation.

However, the requirements the hydrogen permicable
membranes have to meet arc not only high hydrogen
permeability but also excellent immunity from hydrogen
cmbrittlement.  When practically used in a severe
atmosphere at high temperature and at high hydrogen
pressure, a membrane would absorb much hydrogen,
which causcs a volume expansion, and then coltapses
duc to hydrogen cmbrittlement. In the case of the
amorphous alloys prepared in this work, although
hydrogen atoms can pass through the Zr rcgion and
probably can swell the Zr region at the same time, the
Ni-Nb alloy region which has relatively small
interaction with hydrogen, would play a role of a buffer
phasc to prevent the collapse of the Zr region.

As shown in Fig.5, hydrogen permeability may be
improved by the Zr addition more than 50 at%. However,
the permeability may be saturated to a certain level if the
average interatomic distance becomes cnough large.
And too much addition of Zr atoms in the alloys cause
significant  cmbrittlement  induced by  hydrogen
absorption. Therefore, we need to find the optimum
composition with high hydrogen permcability and
excellent immunity from hydrogen embrittlement.

Zr region |

Fig.6. A schematic illustration of an modcl of local
atomic structure derived from the XRD obscrvation

5. SUMMARY

The conclusions of this work are summarized as follows;
(1) Fracture strength and Vickers hardness of the alloys
decrease with increasing Zr content.

(2) A halo peak shifts to lower angles and the related K,
valuc decrcases with increasing Zr content. And the
density of the alloys also decreases with increasing Zr
content, From these observations, it is estimated that the
average interatomic distance in the amorphous local
structure may increcase with increasing Zr content in the
alloys.

(3) Since Zr atoms can casily gather with cach other,
which results in the increase in the number of the “path”
along which H atoms can casily permeate, hydrogen
permeability increased with inereasing Zr content. The

3253



3254 Hydrogen Permeation Characteristics of Melt-Spun Amorphous Alloy Membranes

maximum permeation coefficient was 1.59x10°
molm s Pa at 673 K for the (NigeNboa)soZrso
amorphous attoy in this work.
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