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a b s t r a c t

Ni90Al10 amorphous membranes were prepared by means of molecular dynamics (MD) simulation tech-
nique with the aim of investigating the structural evolution induced by hydrogen with respect to
hydrogen concentration. The short-range ordered (SRO) structures of the as-cast model sample and
the structural change by hydrogen charging were analyzed using Voronoi tessellation method. This
study indicates that prism and prism-like structures with low coordination number are generated, while
vailable online 22 January 2011
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intrinsically stable SRO structures in the amorphous membrane annihilate upon hydrogen charging. We
discussed the relationship between these local atomic changes and the structural stability which was
evaluated from the potential energy change point of view.

© 2011 Elsevier B.V. All rights reserved.
olecular dynamics simulation
oronoi analysis

. Introduction

Metallic glasses with functional properties have recently been
t the center of attention in the field of hydrogen separable mem-
rane. The reason for this interest is the superior resistance to
ydrogen embrittlement of the hydrogen separable amorphous
embranes in comparison to the crystallized one [1]. However, as a
embrane material for hydrogen separation, not only the mechan-

cal strength but also the permeability and catalytic activity of the
urface for the dissociation of hydrogen molecules into atoms [2]
hould be satisfied [1]. So far, thin Pd coating layers have been gen-
rally used as catalyst to activate hydrogen molecules, although
few studies have been focused on the development of alterna-

ive catalyst materials [2,3]. Therefore, many efforts have been
evoted to improve the hydrogen permeability of alloys by focus-

ng on developing new chemical composition of amorphous alloys
4–7]. Due to their endeavor, values of hydrogen permeability for
i-based amorphous ribbons comparing to those of Pd-alloys could
e obtained [8,9].

Although values of hydrogen permeability are sufficient for
ommercial use, the main difficulty in the long term applica-

ion of metal membranes is the hydrogen embrittlement [1],
hich is a common feature in most metals operating in hydro-

en atmosphere. Accordingly, many researchers have studied the
hange in the mechanical properties by hydrogenation in order

∗ Corresponding author. Tel.: +82 2 958 5456; fax: +82 2 958 5449.
E-mail address: efleury@kist.re.kr (E. Fleury).
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to enhance the resistance to hydrogen embrittlement of alloys
[10–14]. Despite these extensive studies, change in the local atomic
structures induced by hydrogen charging and its correlation with
the embrittlement occurring during hydrogen permeation have
remained unclear. Therefore, in this study, the structural change
of amorphous membrane by hydrogen charging was examined by
molecular dynamic (MD) simulation technique for a Ni90Al10 model
alloy. The evolution of the local atomic structures occurring by
hydrogenation was analyzed in order to find a strategy to improve
the hydrogen permeation properties.

2. Materials and methods

Molecular dynamics simulation is a very useful tool in materials research to
provide an atomic description of the structural change in the hydrogenated sample.
Using this tool, Ni90Al10 model sample (7.355 nm × 18.145 nm × 4.037 nm) was pre-
pared by employing Ni–Al–H EAM (Embedded Atom Method) potential [15,16] and
applying periodic boundary conditions to 3-dimensional (3D) directions in order to
more closely describe real structures of membrane and to eliminate surface effects.
In Ni90Al10 parallelepiped samples, Ni and Al atoms (totally 32,000) are randomly
positioned at simulation cell of FCC and then heated to 4000 K. After sufficient relax-
ation until the energy saturates, the samples were cooled to 50 K at a rate of 1013 K/s
by keeping the external pressure along the three directions at zero pressure using the
constant-pressure and constant-temperature NPT (constant number of atoms, pres-
sure, temperature) ensemble. The cooled samples were again sufficiently relaxed at
50 K.

Experimentally, in order to investigate the hydrogen embrittlement, elec-

trocharging method is frequently used [14]. This is simply because the hydrogen
permeation tests are time consuming, expensive, and hydrogen concentration can-
not be controlled. In addition, electrocharging method without coating of a catalytic
layer on the membrane is appropriate to directly investigate the sole effect of hydro-
gen on the structural change of amorphous membrane. Therefore, even if the driving
force for electrochemical hydrogen charging, that is, differential electrochemical

dx.doi.org/10.1016/j.jallcom.2011.01.092
http://www.sciencedirect.com/science/journal/09258388
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otential of hydrogen ions in solutions on both sides of the membrane, is different
rom the driving force in real hydrogen permeation system, i.e., applied mechanical
tress, the electrocharging method is preferred in order to directly insert hydrogen
toms into thin membrane. Like the experimental electrocharging method, hydro-
en atoms are randomly positioned in the model sample, if the space between atoms
s larger than the diameter of hydrogen atom. The amount of inserted hydrogen
toms (H/M) was varied from 2.5 to 100%, when comparing to the number of initial Ni
nd Al atoms (32,000). The hydrogenated samples were relaxed at 300 K below glass
ransition temperature, Tg (∼500 K) for 100 ps, by applying NPT ensemble, because
he experimental hydrogen permeation is usually performed at a temperature high
nough to reach high values of diffusion rate.

To investigate the structure of the as-cast sample obtained by high cooling rate
nd structural change resulting from hydrogen charging, weighted Voronoi tessel-
ation technique [17] which considers the effect of atomic size and classifies the 3D
tomic configuration between the centered and the surrounding atoms, was used.
he well-known, Voronoi tessellation technique is frequently used to probe them
n the studies on amorphous materials using molecular dynamics [18]. It enables
o precisely analyze their macroscopic behavior from the knowledge of their local
tomic structures.

. Results and discussion

The short-range ordered (SRO) structure of the prepared amor-
hous model sample was examined by calculating the fraction of
oronoi polyhedra using Voronoi tessellation method. Prior to the
tructural analysis, in order to compare the structure of this as-cast
ample with one of the hydrogenated samples later, the as-cast
ample was annealed at 300 K for 100 ps, which is identical to that
f the hydrogenation condition. Although the metallic glasses con-
ist of various short-range ordered structure more than 100 types
ndicated by Richards’s indexing way [19], only the 19 represen-
ative Voronoi SRO structures were shown in Fig. 1. The Ni90Al10
morphous model sample consists of various fractions of Voronoi
olyhedra. Especially, the icosahedron indexed by (0,0,12,0) has the
aximum fraction in amorphous sample. It is known that icosahe-

ron has 5-fold symmetry that prevents long-range ordering, while
t exhibits the densest packing, lowest potential energy together

ith the highest shear resistance [20].
Fig. 2 shows the spatial distributions of atoms in the as-prepared

nd hydrogenated samples as a function of hydrogenated fraction.

ere, small red atoms are hydrogen atoms and they are randomly
istributed in the whole sample. From a critical value of hydro-
en concentration (around H/M = 30%), they agglomerate together
nd finally form hydrogen molecules by making nanovoids. The
ormation of nanovoids by hydrogen charging is considered to be

ig. 1. Fractions of Voronoi polyhedra comprising the as-prepared amorphous sam-
le. The Voronoi polyhedra were classified according to coordination number of
olyhedra which are expressed on the top of the graph. The representative polyhe-
ra, (0,0,12,0), (0,1,10,2), (0,2,8,4), (0,2,8,0), (0,3,6,0), are shown.
mpounds 509S (2011) S456–S459 S457

possible because experimental electrocharging for a long period
induced the increase in the roughness and the formation of micro-
crack on the surface of membrane [21]. This phenomenon might
be originated from a dilatation of the amorphous structures by the
hydrogen introduction. In detail, volume expansion in the hydro-
genated sample was about 2.54% in H/M = 10%, 6.97% in H/M = 30%,
12% in H/M = 50%, which is in agreement with experimental obser-
vations [22].

A better understanding of the structural change of amorphous
membrane due to the hydrogen insertion and a study clarifying
the reason why that variation should occur, are necessary in order
to find the fundamental strategy to enhance the hydrogen perme-
ation properties. Therefore, the change in the fractions of several
Voronoi polyhedra by hydrogen charging was investigated and was
shown in Fig. 3(a). It was found that the fraction of icosahedron
decreases with increasing hydrogen content, its decreasing rate
becomes fast and then was followed by the saturation. Further,
distorted icosahedral SRO structures, (0,1,10,2), (0,2,8,4), annihi-
lated and finally saturated. In contrast, the relatively loosely packed
(0,3,6,4) SRO structure collapsed at the initial stage of hydrogen
charging (until H/M = ∼10%) and then it was created slightly again
for further hydrogen charging. Interestingly, prism and prism-like
structures [23,24] with low coordination number, such as (0,3,6,0),
(0,4,4,0), (0,2,8,0), were generated until H/M = 30%, and decreased
slightly. Considering that the fraction of icosahedral structures is
closely related to the degree of ordering in the SRO structures, such
that higher fraction of icosahedron means higher degree of order-
ing [25,26], this result suggests that the structure of amorphous
membrane becomes more disordered by hydrogenation. The evi-
dence of this structural disordering upon hydrogen insertion was
observed from the experimental data such as spot disappearance
in the Fast Fourier Transform (FFT) image in HRTEM analysis [27],
intensity decrease in the XRD [28], EXAFS analysis [28,29].

To trace the change in the configuration of representative SRO
structures by hydrogen insertion, the variation of the fraction of X-
centered (X = Ni, Al, H) polyhedra and X-neighbored (X = Ni, Al, H)
polyhedra were examined. Among them, the change in the fraction
of X-centered (0,3,6,0) polyhedron as an example of low index poly-
hedra was shown in Fig. 4(a), and the variation of (0,0,12,0) as an
example of main amorphous SRO structures is displayed in Fig. 4(b).
The fractional change of the H-centered of (0,3,6,0) is essentially
characterized by the whole evolution of (0,3,6,0) SRO structure,
while few Ni- or Al-centered (0,3,6,0) exist. This shows that the
preferred central position to be occupied by hydrogen atoms are
those in (0,3,6,0) clusters. But, from the continuous decrease in
the number of Ni-, Al-centered (0,0,12,0) with increasing hydro-
gen content, the annihilation of (0,0,12,0) could be conjectured to
stem from the collapse of all Ni-, Al-centered (0,0,12,0). Moreover,
H-centered could hardly be found in (0,0,12,0). This result gives an
evidence that (0,0,12,0) does not have an ability to lodge hydrogen
atoms. From the investigation of the change of the composition
within the neighboring sites of icosahedra, it was observed that its
initial average composition maintains without large change, which
supports well that the densely packed icosahedron has low ability
to contain hydrogen atoms.

Further, to find the answer for the question how the initially
existing amorphous structure of model sample is topologically
altered by the hydrogen introduction, the structure of the hydro-
genated samples was analyzed again by excluding hydrogen atoms
from the sample used for Fig. 3(a) (Fig. 3(b)). From the Fig. 3(b),
it was found that the structural change of main amorphous SRO

structures have similar tendency to one in the sample included
hydrogen atoms. Interestingly, the creation of (0,3,6,4) polyhedron
was noticeable from H/M = 10%, which suggests that the initial
amorphous structures become considerably looser than before.
However, the prism and prism-like structures with low coordina-
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Fig. 2. Spatial distribution of hydrogen atoms in the am

ion number such as (0,3,6,0), (0,4,4,0), (0,2,8,0) were not detected
n the sample excluding hydrogen atoms. This is because these
rism-like structures are easier to accommodate hydrogen atoms
nd are directly related to the H-centered polyhedra with respect
o the chemical composition.

The generation of prism-like structures is considered to result
rom the reconfiguration of nearest neighbor atoms around hydro-
en atoms which are located in the relatively open space such as

ree volume. This is because hydrogen atoms are small enough to
ll the open site, the generation of polyhedra with index of low
oordination number such as (0,3,6,0), (0,4,4,0), (0,2,8,0) is pos-
ible. In addition, Ni or Al atoms around hydrogen atoms, that
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ig. 3. Change in the fraction of representative polyhedra in the amorphous sam-
le (a) included hydrogen and (b) excluded hydrogen as a function of hydrogen
oncentration.
ous samples as a function of hydrogen concentration.

is, Ni or Al atoms located in the neighboring sites of (0,3,6,0),
(0,4,4,0), (0,2,8,0), find their stable sites, during which the newly
formed polyhedra will induce the distortion of initial amorphous
structures. Therefore, the existing icosahedral SRO structures anni-
hilate. Further hydrogen insertion makes hydrogen atoms occupy
positions not only in the sites with relatively open space which
is the center, but also within neighboring sites of prism-like SRO
structures (data was not shown here). This change of the config-
uration of prism-like structures could affect the configuration of
icosahedral SRO structures which are connected to the prism-like
structures and are sharing the neighboring atoms. Due to large
atomic size difference between constituting atoms (Ni (1.246 Å)
and Al (1.432 Å)) and hydrogen (0.37 Å), even at the insertion
of one or two hydrogen atoms, the configuration of icosahedral
SRO structures can be altered and finally they annihilate. Finally,

polyhedra of low coordination number are reduced due to the for-
mation of hydrogen molecules (from H/M = ∼20%). This formation
of hydrogen molecules is originated from the strong bonding of
a hydrogen molecule between hydrogen atoms within prism and

Fig. 4. Variation in the fraction of X-centered (X = Ni, Al, H) polyhedra. (a) (0,3,6,0),
(b) (0,0,12,0) in the as-cast and hydrogenated samples as a function of hydrogen
concentration.
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ig. 5. (a) Average potential energy of representative polyhedra and (b) the varia-
ion of average potential energy of (0,3,6,0), (0,4,4,0) and (0,0,12,0) with respect to
ydrogenated fraction.

rism-like structures or atoms near them, of which the H–H bond-
ng could be energetically more stable than that of the isolated H
toms.

The generation and annihilation of various polyhedra are related
o the stability of each polyhedron which is affected by the chemical
omposition or atomic configuration of polyhedron. The chem-
cal composition and atomic configuration in various polyhedra
etermine their average potential energy. Therefore, to answer
he question: why does the SRO structural change occurs during
ydrogen insertion? the average potential energy of represen-
ative polyhedra in the hydrogenated sample (H/M = 2.5%) was
alculated as shown in Fig. 5(a). Among several polyhedra, the
verage value of the potential energy is the minimum for icosa-
edron, while (0,3,6,0) has the maximum value, which suggests
hat as the hydrogen concentration increases, the initially stable
cosahedra become unstable and annihilate. Meanwhile, (0,3,6,0)
olyhedron was created since its energy was reduced, this SRO
tructure becomes finally unstable as further hydrogen atoms are
nserted to form hydrogen molecules (Fig. 5(b)). From the point
f structural stability view, it might be natural that small-sized
ydrogen insertion into icosahedron which is most densely packed
tructure and has low ability to accommodate hydrogen, reduces
he structural stability and finally icosahedral structures collapsed.
n the other hand, (0,3,6,0) of low coordination number is eas-

er to lodge small hydrogen atoms in both point of view, chemical
omposition and atomic configuration. Accordingly, the insertion of
ydrogen atoms into prism-like structures makes that SRO struc-
ures more stable and the prism-like structure could be created

ntil a critical value of hydrogen concentration. However, too
uch hydrogen charging brings about the increase in the structural

nstability of prism-like structures, which results in the forma-
ion of hydrogen molecules rather than being as isolated hydrogen
toms.

[

[
[
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4. Conclusions

In summary, the hydrogen insertion into amorphous membrane
induces structural changes by expanding the volume of membrane.
In details, the initially stable and densely packed icosahedral SRO
structures which have low ability to accommodate hydrogen atoms
collapsed by becoming unstable, while the structures like (0,3,6,0),
(0,4,4,0) with high affinity with hydrogen and high potential energy
were created. This generation is closely related to the decreased
potential energy with respect to hydrogen concentration.
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