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Inelastic neutron scattering study of the hydrogenated (Zr55Cu30Ni5Al10)99Y1 bulk metallic glass
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The lattice dynamics of both as-charged and room-temperature-aged, hydrogenated bulk metallic glasses
(BMGs) with the stoichiometry of (Zr55Cu30Ni5Al10)99Y1 have been investigated by inelastic neutron scattering
at 4 K. The vibrational density of states of dissolved hydrogen atoms in the as-charged BMG shows a broad
band maximized at ∼135 meV. Three months of room-temperature aging caused this band to narrow somewhat,
losing intensity at both lower and higher energies. The results suggest that hydrogen atoms preferably occupy the
interstitial tetrahedral-like t sites comprised of four Zr atoms, with a local atomic arrangement similar to that of
δ-zirconium hydride. At higher hydrogen loadings, hydrogen atoms can also occupy octahedral-like and/or more
Zr-deficient tetrahedral-like o sites. The spectral differences between the as-charged and aged specimens and
accompanying Vickers hardness measurements suggested that around two-thirds of the hydrogen atoms in the
as-charged specimen were trapped in the strongly binding t sites and relatively immobile at room temperature,
while the remaining one-third occupied the more weakly binding o-sites and disappeared from the specimen upon
aging. These latter sites most likely play a crucial role in the diffusion of hydrogen in BMGs at room temperature.
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I. INTRODUCTION

“Hydrogen in metals” has been a popular topic for material
scientists and engineers for many decades. One of the main
reasons is the infamous ability of hydrogen to degrade the
mechanical properties of most metallic materials.1 Another
reason is the potential of using metal hydrides for hydrogen-
storage materials.2,3 For either perspective, it is very important
to understand two fundamental properties, diffusivity and sol-
ubility of hydrogen in alloys. The diffusivity determines how
rapidly hydrogen can travel within the alloy, and the solubility
affects how much hydrogen can be absorbed in the alloy. Both
properties are strongly affected by the microstructure of the
alloys.

Hydrogen-storage properties of early-transition-metal–
late-transition-metal (ETM-LTM) amorphous alloys have been
studied extensively since the 1970s. Amorphous alloys tend
to have loose atomic packing and more interstitial spaces
between atoms. One advantage of amorphous alloys over
their crystalline counterparts is their relatively broader range
of interstitial-site energies. As a result, they can potentially
absorb more hydrogen atoms in a given volume and have
higher hydrogen permeation rates4,5 than the same material in
the crystalline state. Another advantage is their large elastic
limit, ∼2%, which could alleviate one of the main problems
of current hydrogen-storage materials, the degradation of
the material due to a large volume change between the
hydrogenation and dehydrogenation processes.

It was found that hydrogen atoms tend to bond with early-
transition metals, which have high hydrogen affinity. Samwer
and Johnson6 studied the structures of amorphous Pd-Zr and
Rh-Zr alloys by x-ray diffraction, and suggested that hydrogen
occupied only two types of tetrahedral interstitial sites under
their experimental conditions. They carefully monitored the

Zr-Zr interatomic distance as a function of hydrogen concen-
tration and concluded that most of the dissolved hydrogen
occupied tetrahedral interstitial sites surrounded by four Zr
atoms (E4 site), and a small part of the hydrogen rested in sites
composed of three Zr atoms and one Pd (or Rh) atom (E3L1

site, where E denotes early-transition metals, and L denotes
late-transition metals). Similar results on the study of ZrNi
glasses using neutron diffraction had been reported by Suzuki
et al.7 They used neutrons to directly probe the hydrogen-metal
distance as a function of hydrogen concentration and indicated
that the hydrogen atom tended to be fourfold coordinated to
either four Zr atoms or three Zr atoms and one Ni atom.7

Rush et al.8 came to similar conclusions for the amorphous
Ti-Cu system using inelastic neutron scattering (INS). Later,
Harris et al.9 proposed a universal model, after reviewing
the common features of hydrogen in Ni-Zr, Cu-Ti, Pd-Zr,
Rh-Zr, Cu-Zr, and Fe-Ti systems, to describe the behavior
of dissolved hydrogen in ETM-LTM amorphous alloys. They
suggested the following: First, interstitial sites for hydrogen
are tetrahedral, with varying chemical environments (E4,
E3L1, E2L2, etc.). Each type of site has different site energy,
depending on the affinity of surrounding atoms for hydrogen,
and the site energies are broadened due to the distorted atomic
environment. Second, the chemical potential of each type of
site is independent of composition, and hydrogen can occupy
E4 sites as well as E3L1 and E2L2 sites. Third, blocking effects
exist in the amorphous ETM-LTM-H system, which restrict
the maximum fraction of each type of hydrogen absorption
site to ∼3/8. This site-independent value further predicts the
maximum hydrogen to metal (M) ratio of 1.9 for this kind of
alloy (ETM-LTM).

Studies of hydrogen in bulk metallic glasses (BMGs) have
not been done as thoroughly as those for crystalline alloys
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and binary amorphous ribbons. It was not until the early
1990s that the Zr-based BMG family was discovered.10,11

This major breakthrough significantly boosted the amount of
research on amorphous alloys with an emphasis on being
able to synthesize them at large size, which is the first
step required for real-world applications. Bulk amorphous
metallic alloys exhibit many unique material properties,12,13

causing them to be promising materials for various advanced
engineering applications.13 Recently, some of the BMG com-
positions have drawn considerable attention for their potential
as hydrogen purification and separation membranes.4 Some
amorphous alloys that are composed of ETMs and LTMs were
found to have performances comparable to palladium-based
membranes and could be cheaper alternatives for hydrogen-
selective membranes.4,14

In the present study, the vibrational density of states (DOS)
of dissolved hydrogen in the BMG (Zr55Cu40Ni5Al10)99Y1 (in
atomic percent) was investigated by INS. The evolution of
neutron vibrational spectra (NVS) as a function of time was
studied. Based on the experimental evidence, a mechanism was
proposed to explain the diffusion of hydrogen in ETM-LTM-Al
BMGs.

II. HYDROGEN VIBRATIONS AND INELASTIC
NEUTRON SCATTERING

Hydrogen, composed of one electron and one proton, has
the smallest atomic size of all elements in the periodic table.
Therefore, it has the potential for a very high mobility in solid
metals, even at room temperature. Yet the small mass and low
charge density make it very difficult to detect by most material
characterization techniques. Fortunately, the relatively large
neutron scattering cross section for hydrogen renders the
neutron a uniquely useful probe for hydrogen-related studies.

Hydrogen dynamics in a solid can be studied by measuring
the energy distribution of scattered thermal neutrons that
have exchanged energy with lattice vibrations, thus generating
a vibrational DOS. Each absorbed hydrogen atom has its
characteristic vibration energies, which correspond to the
specific local environment of the interstitial site, such as the
nature of coordinating metal atoms, the H-M distances, and
the coordination geometry. Hence, the measured DOS can
be used as a spectral probe of the distribution of interstitial
sites.15 The above concept has been used extensively to study
rare-earth-metal hydrides16–19 and amorphous hydrides.8

Kirchheim20 proposed a concept to treat the behavior of
hydrogen in amorphous alloys using the term, the density
of site energies (DOSE). One can consider an alloy having
various types of interstitial sites with different chemical
potentials (treated as site energies), and the energy distribution
of occupied sites, ni(E), in an amorphous alloy follows a
Gaussian function,

ni(E) = 1

σ
√

π
exp

[
−

(
E − Ei

σ 2

)2
]

, (1)

where σ is the full width at half maximum (FWHM) of the
distribution, Ei is the site energy for the ith kind of site, and
n(E) satisfies the following normalization condition:∫ ∞

−∞
n(E)dE = 1. (2)

The distribution of hydrogen occupying a specific site with
a site energy, Ei , follows Fermi-Dirac statistics:

f (E) = 1

1 + e[(E−Ei )/kBT ]
, (3)

where kB is Boltzmann’s constant, and T is the temperature
in kelvin. By further integrating the DOSE over all energies,
one can obtain the total fraction, N/N0, of sites occupied by
hydrogen,

N

N0
=

∫ ∞

−∞
f (E)n(E)dE =

∫ ∞

−∞

n(E)

1 + e[(E−Ei )/kBT ]
dE,

(4)

where N is the total number of dissolved hydrogen atoms and
N0 is the total number of available sites. For BMGs, the precise
prediction of this ratio is not straightforward, since a good
value for N0 requires an accurate structure model for BMGs.
Nevertheless, the DOSE picture is quite useful for analyzing
hydrogen in amorphous alloys.21

III. EXPERIMENTAL DETAILS

The (Zr55Cu40Ni5Al10)99Y1 bulk amorphous alloys were
fabricated in an atmosphere-controlled arc melter by a suction-
casting method.22 The master ingot of the alloy was prepared
by arc-melting the mixture of high-purity transition metals
Zr (>99.95% mass fraction), Cu (99.99%), Ni (99.995%),
Al (99.9995%), and Y (99.5%) in a water-cooled copper
crucible under an argon atmosphere. Then the ingot was
remelted several times before being ejected into a water-
cooled copper mold to produce 12 × 2 × 30 mm3 plates.
A more detailed description of the fabrication procedure can
be found elsewhere.22 All fast-cooled specimens used in the
experiments were examined by high-energy x-ray diffraction
(XRD) in transmission geometry and differential-scanning
calorimetry (DSC). All specimens showed a lack of sharp
diffraction peaks by XRD and a distinct, reproducible glass
transition point by DSC.

The hydrogen charging of the specimens was conducted by
a cathodic-charging method at room temperature. There are
several ways to introduce hydrogen into materials, many of
which involve either high temperatures or high pressures. Since
amorphous alloys are in a metastable state, and may crystallize
at high temperature, cathodic charging in an aqueous solution
in atmosphere is one of the most common ways to introduce
hydrogen into amorphous alloys. The specimens were charged
continuously for 36 h with a constant current density of
30 mA/cm2 in a 0.5N H2SO4 solution at room temperature
with 0.1% mass fraction of As2O3 as the hydrogen-uptake
promoter. Prior to the charging process, all specimens were
wet-ground with SiC papers down to 800 grit, then polished
with Al2O3 powders down to 1 μm, and finally rinsed with
acetone. Although the alloy is susceptible to hydrogen damage
in a long duration of a high-charging-current density, the
specimens were still macroscopically coherent solids within
the charging time and current density used in this study. After
the hydrogenation process, a part of the specimens, which
were used in the neutron experiment, were transferred to
a He-filled box, sealed in an Al cylinder, and immediately
dipped into liquid nitrogen to alleviate any possible hydrogen
escape. A part of the specimens was used to collect the
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hardness data. The hardness of the sample was measured by
a Vickers microhardness tester with an indentation load of
100 gram-force (gf). The measurement was conducted right
after the charging process (within 12 h) and repeated after
17 days, 38 days, and 3 months aging treatment in atmospheric
air.

The INS measurements were conducted at the National
Institute of Standards and Technology Center for Neutron
Research. Neutron vibrational spectra were obtained using
the BT-4 filter analyzer neutron spectrometer23 with the
Bi-Be-graphite-Be composite filter analyzer and an averaged
neutron final energy of 1.2 meV. The horizontal collimations
before and after the Cu(220) monochrometer were both 40’
of arc. The measured spectra ranged from 40 to 200 meV
with an energy resolution of 4% to 5% of the incident energy.
The spectra were taken at 4 K for the as-cast and as-charged
specimens. After NVS measurements, the aged specimen was
stored in a dry box, in atmospheric air. After three months, the
same measurement was repeated again for this specimen.

IV. RESULTS AND DISCUSSION

The NVSs of the as-cast (without hydrogenation),
the as-charged (hydrogenated), and the three-months-aged
(hydrogenated) (Zr55Cu40Ni5Al10)99Y1 BMGs at 4 K are
shown in Fig. 1. The spectra of the as-cast specimen with no
hydrogen content showed a featureless background within the
observed energy range (i.e., the intensity of the vibrational
DOS of the amorphous alloy alone is very small due to
the relatively small neutron scattering cross sections of the
other elements in the as-cast sample.), confirming that under
the current experimental conditions, all the spectral features

FIG. 1. (Color online) (Top) NVSs at 4 K of as-cast, hydrogen-
charged, and aged hydrogenated (Zr55Cu40Ni5Al10)99Y1 bulk amor-
phous alloy. (Bottom) The loss of hydrogen vibrational DOS due to
3 months aging treatment.

for the hydrogenated specimens were due to the vibrational
DOS of absorbed hydrogen. As for the previously reported
amorphous hydride systems,8 the NVSs of both as-charged and
aged samples exhibited a broad (∼50 meV FWHM) energy
distribution maximized at ∼135 meV. The spectra in Fig. 1
are scaled to the same neutron monitor counts, providing
a direct comparison of H concentrations. In particular, the
relative integrated intensities reflect the relative total H con-
centrations in the as-charged and aged states, clearly indicating
a decrease in H concentration upon aging. The bottom panel of
Fig. 1 is the difference spectrum between the as-charged and
aged samples. This spectrum shows two maxima near ∼100
and ∼170 meV, indicating that the spectrum of the as-charged
sample is actually comprised of three broad bands, a main
band in the middle with two minor sidebands at higher and
lower energies. The difference spectrum clearly indicates that
the aged sample has lost these minor sidebands, leaving the
main middle band essentially intact.

Since the DOSE in amorphous alloys can be expressed by
a Gaussian function [Eq. (1)], we obtained good Gaussian fits
for each of the three bands for the as-charged sample and
the remaining band for the aged sample. The fitted curves are
shown in Fig. 2, and the fit parameters are listed in Table I.
Our results are further compared with the NVSs of crystalline
zirconium hydrides reported by others, as summarized in
Table II. For the as-charged sample, the fit resulted in a main
peak centered at 135 meV and two minor side peaks centered at
97 and 168 meV. For the aged sample, the fit resulted in a single
main peak with a similar position (134 meV) and integrated
intensity as those for the as-charged sample, indicating (and
consistent with the Fig. 1 (bottom), difference spectrum) that
the amount of interstitial hydrogen associated with this feature
indeed did not change with room temperature aging. Thus, this
hydrogen appears to be relatively strongly bound, immobile,
and effectively trapped at room temperature.

FIG. 2. (Color online) Experimental (open points) and calculated
(line) spectra of the as-charged and aged samples in the range of the
hydrogen optical modes.
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TABLE I. Peak position, FWHM, amplitudes, and peak areas of the Gaussian functions that were used to fit
the DOS of hydrogen in (Zr55Cu40Ni5Al10)99Y1. The spectral energy resolutions at 84, 97, and 135 meV are 3.6,
4.4, and 7.1 meV, respectively.

Sample Center Ei FWHM Peak Peak Peak γ 2

condition H site (meV) 2σ (meV) height area area % coefficient

Ascharged o site 97 67 0.0023 0.1652 23 0.9964
t site 135 44 0.0097 0.4632 64
o site 168 49 0.0020 0.0956 13

Aged t site 134 42 0.0102 0.4732 100 0.9942

Previous theoretical simulations using the central force
(CF) lattice dynamic model suggested that the hydrogen
vibration energy of a particular occupation site depends only
on the H-M distance and the local atomic arrangement (the
site geometry).24 The peak width is mainly determined by
the interaction of the surrounded M atoms with the second-
nearest M atoms. Therefore, the width of the DOSE in
amorphous alloys is wider than that in crystalline alloys with
the same chemical composition.8 As a result, the site energy is
independent of hydrogen concentration. According to previous
results8,24–29 and after comparing the DOSE of hydrogen in
BMGs with those of several other well-known crystalline
zirconium hydrides in Table II, we believe that the main
135 meV band reflects hydrogen mainly in tetrahedral
interstices (t sites) composed of four Zr atoms, and the
short-range-order bonding of the BMG is almost identical
to the bonding arrangements in the face-centered-cubic (fcc)
zirconium hydride. Our results bolster the argument that the
Zr4 tetrahedron is one of the basic structures composing
Zr-based BMGs. Although it is likely that the Zr4 tetrahedron
is the strongest binding tetrahedral interstice in the present
BMG, this does not rule out the possibility that other potential
Zr-rich tetrahedral interstices, such as Zr3Ni, contribute to
the collection of room temperature hydrogen-trapping sites
available and yield similar H vibrational energies as the Zr4

t sites do. Further research is required to determine in more
detail the populations and relative binding energies of the other
types of possible t sites.

In addition to the strongly binding t sites, it is clear from
the presence and behavior of the minor sidebands at 97 and
168 meV for the as-charged sample that additional more
weakly binding hydrogen sites are occupied. Their relative
intensities compared to the main t-site feature indicate that
around one-third of the interstitial hydrogen atoms are in these
types of sites. The lower-energy sideband is in the expected
spectral region for hydrogen atoms occupying octahedral-like
sites24 (also tentatively labeled o sites with reasons given
later), since octahedral sites are typically larger interstices than
tetrahedral sites. It is not certain what other types of interstitial
sites (also tentatively labeled o sites to distinguish them
from the more strongly binding t sites) might be responsible
for the higher-energy sideband. Based on the approximate
2:1 intensity ratio of the lower-energy and higher-energy
sidebands, it is tempting to associate both bands with the same
type of octahedral-like sites. Hydrogen in these sites could
have two degenerate basal-plane vibrations at lower energies
and one nondegenerate orthogonal apical vibration at higher
energies. This feature is commonly observed for octahedral
sites comprised of more than one type of metal atom and/or
possessing geometric site distortion, such as for Nb4V2 and V6

TABLE II. Comparison of optical vibrational peaks of hydrogen atoms in various zirconium hydrides and the BMG.

H occupation Peak center FWHM 2σ

Material site Ei (meV) (meV) Notes Reference

(Zr55Cu40Ni5Al10)99Y1 o site 97 45.562 (4 K) ascharged, Present work∗

t site 135 51.446
o site 168 34
t site 134 4644.0 (4 K) aged 3 months

δ-ZrH Tetrahedral 134 15 (298 K) (fcc) 28

γ -ZrH Tetrahedral 142,149,156 <10 (4.5 K) (fco) 33,34

ZrH2 Tetrahedral 137 20 (298 K) 35

ε-ZrH2 Tetrahedral 137,143,154 20–25 (298 K) (fct) 26,36

ε-ZrHx Tetrahedral 132,137,151 10–20 (77 K) (fct) 37

α-ZrH0.03 Tetrahedral 143 — (490 K) (hcp) 38

α-ZrH0.03 Tetrahedral 144 47 (873 K) (hcp) 27

ZrH2 Tetrahedral 137 20 (296 K) calculated 24

by CF model, assuming
CaF2 structure

∗Current study.
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FIG. 3. (Color online) Vickers hardness of hydrogenated
(Zr55Cu40Ni5Al10)99Y1 as a function of aging time at 293 K. The
time denotes the duration after hydrogen charging.

octahedral sites in Nb95V5Hx and β-V2H, respectively.39,40 Of
course, since this is an amorphous alloy, we cannot rule out the
possibility that the two sidebands (Fig. 1 bottom) are at least
partially associated with hydrogen in two different sites such
as other octahedral-like sites [e.g., Zr4Ni2 (Ref. 41)] and/or
more Zr-deficient tetrahedral-like sites (e.g., Zr2Ni2, Zr2Cu2,
etc.). Again, the exact local geometry of the o sites in the BMG
requires further research.

Compared to the trapped t-site hydrogen, the spectroscopic
results indicate that the o-site hydrogen atoms are clearly
more mobile and can move more freely at room temperature.
Moreover, the hydrogen jumping rate between o sites is
probably orders of magnitude higher than the jumping rate
between t sites or from t sites to o sites. This finding suggests
that the o-site hydrogen could play an important role in the
elementary diffusion process of hydrogen in BMGs at room
temperature.

Finally, Fig. 3 presents the Vickers hardness of the
hydrogenated (Zr55Cu40Ni5Al10)99Y1 as a function of aging
time (293 K, room temperature aging). The time denotes the
duration after electrochemical charging. The hardness of the
sample shows an abrupt 32% increase from 490 to 650 HV
right after hydrogen charging, and decreases parabolically
until it becomes stable at ∼560 HV after ∼20 days. The
hydrogen-induced hardening of BMGs has been reported
on Zr-based,30 La-based,31 and Mg-based32 systems. For
such systems without crystalline hydride formation after

hydrogenation, the increased hardness was proposed to be
a consequence of the hydrogen-absorption-induced decrease
in free volume in the material, which was causing the
retardation of atomistic relaxation processes.30 The magnitude
of the increase was found to be proportional to the hydrogen
concentration in the sample.30 The current result suggests that
one might indeed use the hardness as an index to qualitatively
estimate the hydrogen concentration in the sample and it is
consistent with the spectroscopic observations. In other words,
the decrease in hardness with time followed by its stabilization
mirrors the loss of the initially dissolved hydrogen that was
associated with the more weakly binding o sites, eventually
leaving behind the rest of the hydrogen trapped in the
t sites.

V. CONCLUSION

The lattice dynamics of both as-charged and
room-temperature-aged hydrogenated (Zr55Cu30Ni5Al10)99Y1

BMGs has been investigated by inelastic neutron scattering.
Comparison of the optical vibrational densities of states
of dissolved hydrogen atoms in the as-charged and aged
alloys suggests that the hydrogen atoms preferentially
occupy strongly binding, tetrahedral-like interstices (t sites)
comprised totally or mostly of Zr atoms, and subsequently
fill more weakly binding, Zr-deficient and/or octahedral-like
interstices (o sites) as the hydrogen concentration in the
alloy exceeds a certain level. The spectral data combined
with hardness measurements suggest that the Zr-rich t sites
act as hydrogen traps, forming a stable amorphous hydride
phase at room temperature. The hydrogen-occupied Zr4

t sites in the BMG are most likely very similar to the local
atomic arrangement of d-zirconium hydride (fcc), suggesting
that the short-range order in the BMG is very similar to the
order in its crystalline counterpart. The changes of the neutron
vibrational spectra between as-charged and aged specimens
imply that hydrogen atoms in the t sites are much less mobile
than those occupying the o sites. These results suggest that
these more weakly binding o sites in the BMG play a crucial
role in the diffusion of hydrogen at room temperature.
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