
Available online at www.sciencedirect.com
ScienceDirect
Scripta Materialia 93 (2014) 56–59

www.elsevier.com/locate/scriptamat
Hydrogen-induced hardening and softening of Ni–Nb–Zr amorphous alloys:
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The influence of absorbed hydrogen on the mechanical behavior of a series of Ni–Nb–Zr amorphous metallic ribbons was investigated through
nanoindentation experiments. It was revealed that the influence is significantly dependent on Zr content, that is, hydrogen induced softening in
relatively low-Zr alloys, whereas hydrogen induced hardening in high-Zr alloys. The results are discussed in terms of the different roles of mobile
and immobile hydrogen in the plastic deformation.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The science and technology of hydrogen (H)
separation is gaining importance for a variety of reasons.
A critical component in such technologies, for example in
H-powered fuel cells, in the H-permeable membrane, and
a number of different options are available for the design
engineer. Currently, either Pd or Pd-based alloy mem-
branes are the most popular. However, these are expensive,
and alternative materials are being sought actively. One
group of potential candidate materials is the Ni–Nb–Zr-
based metallic glass (MG) alloy membranes, as their perme-
ability to H is comparable to that of Pd-based ones, but
they are much less expensive [1]. In this alloy system, Zr,
due to its strong affinity to H, is the key element as it deter-
mines the kinetics of H transport [2,3].

An important issue in the context of MG membranes is
the H-induced embrittlement [1,3] and efforts to understand
the role played by H in the mechanical properties, espe-
cially plastic deformation behavior, of MGs are underway.
On the one hand, H appears to enhance flow resistance,
which is mechanistically similar to that seen in crystalline
metals and alloys. On the other hand, few studies report
the effects of H-induced softening, such as enhanced shear
band density and an enlarged plastic zone in H-containing
MGs [4]. Since the free volume content in an MG often
determines its plastic response and fracture behavior, and
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the size of H atoms – being the smallest of all elements –
is similar to that of the free volume sites, it is reasonable
to expect that the interactions between H in the amorphous
structure and the free volume play a vital role in determin-
ing the overall response of the H-charged MGs. However,
there is disagreement on the changes in free volume associ-
ated with hydrogenation. Suh et al.’s [5] positron annihila-
tion lifetime spectroscopy (PALS) measurements on a
hydrogenated Zr-based bulk metallic glass (BMG) indicate
a decrease in the free volume content upon H-charging,
which can explain the increased hardness and decreased
fracture toughness. In contrast, Zhou et al.’s [4] PALS
studies indicate H-induced free volume expansion, which
would mean plastic flow softening upon charging. These
contradictory results mandate a systematic study that
critically examines the role of H in plastic deformation of
amorphous alloys, which is attempted in the present study,
wherein nanoindentation is employed to examine a series of
MGs with varying Zr contents, both before and after H
charging.

MG ribbons that were �30–60 lm thick were prepared
via a conventional melt-spinning technique at Fukuda
Metal Foil and Powder Company, Kyoto, Japan. They
had the following compositions: Ni45Nb30Zr25, Ni33Nb22

Zr40Co5, Ni27Nb18Zr50Co5 and Ni35Nb30Zr15Ti10Fe5Co5

(in at.%), which are considered as candidate materials for
MG membranes. These are referred to hereinafter as
Zr25, Zr40, Zr50 and Zr15Ti10, respectively. Note that,
reserved.
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Figure 2. Representative SEM images of nanoindentation impression
for Zr25 and Zr50 alloys. UC and C indicate uncharged and charged,
respectively.
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in Zr15Ti10 alloy, Ti exhibits a strong affinity to H, just like
Zr. Gaseous H charging was performed in a Sievert-type
apparatus at 300 �C under gas pressure (0.5 MPa) for
3600 s followed by water quenching of the specimen-
containing cylinder. Nanoindentation tests were conducted
at room temperature using a Nanoindenter-XP (formerly
MTS; now Agilent, Oak Ridge, TN, USA) on the roll side
surface of the melt-spun ribbons, which were polished with
0.3 lm alumina to a mirror finish. Nanohardness was eval-
uated with a cube-corner indenter that is sharper than the
commonly used Berkovich indenter and produces signifi-
cantly higher levels of stresses and strains underneath the
contact [6,7]. After nanoindentation, indenter impressions
were imaged using a field-emission scanning electron micro-
scope (SEM; JSM-340, JEOL Ltd., Tokyo, Japan) and pro-
filed with the aid of an atomic force microscope (AFM;
XE-100, Park Systems, Suwon, Korea). In all cases, the
maximum depth of penetration (hmax, at largest �2.5 lm)
is much less than one-tenth of the ribbon thickness. Hence,
the influence of the substrate on the nanoindentation
responses could be ignored. All H-charged specimens were
tested within 72 h after charging.

The nanoindentation hardness values, H, estimated
according to the Oliver–Pharr method [8], are displayed
in Figure 1, where representative load–displacement (P–h)
curves recorded during nanoindentations are also pre-
sented. The plot clearly shows that, for indentations into
the uncharged samples, H decreases as the Zr content
increases, which is consistent with the increasing inter-
atomic distance with Zr content [9]. A striking result is
the dependence of the relative change in H upon hydroge-
nation on the Zr content in the alloy; H of Zr40 and
Zr50 are enhanced whereas Zr15Ti10 and Zr25 become
softer (H-induced softening). To illustrate this more vividly,
the relative change in hardness due to hydrogenation, DH
(=HC � HUC, where the subscripts C and UC refer to
charged and uncharged alloys, respectively), is plotted as
a function of the Zr content in the alloy in the same plot
(with open triangle symbols). It is seen that DH is ��2 GPa
for Zr15Ti10 and Zr25 and �+1.5 GPa for the other two
alloys.

The H values in Figure 1 were estimated according to
the Oliver–Pharr method [8]. To make sure that these val-
ues were not affected by the pile-up around the indents
[10], we also evaluated the Meyer’s hardness, HM, by mea-
suring the areas of the indentation impressions with the aid
of an SEM. Representative images for Zr25 and Zr50 alloys
Figure 1. Variation in hardness with Zr content and the H-induced
hardness change, DH (=HC � HUC). The inset shows representative P–
h curves.
are shown in Figure 2, where values of HM (=Pmax/mea-
sured impression area [7]) are also provided. These data,
which are in general agreement with those plotted in Fig-
ure 1, suggest that the observed trends are indeed intrinsic
to the material and not experimental artifacts.

The values of DH, while intriguing, indicate that the
interaction of H with the MG and its consequent influence
on plastic deformation are sensitive to the Zr content of the
alloy. We surmise that the dual nature of H on the hardness
of the MGs, observed in Figure 1, may be closely related to
the mobility of H in the amorphous alloys. It has been sug-
gested that the absorbed H in amorphous structure may be
partitioned into weakly bound mobile and strongly bound
immobile states [1,2]. It has also been conclusively shown
[1,11] that H preferentially occupies the polyhedral intersti-
tial sites surrounded by the maximum number of early tran-
sition metal atoms (e.g. Ti, Zr) that have a strong affinity
with H, and only goes to the other locations when in excess.
Thus, it is reasonable to expect the amount of immobile H
in higher-Zr amorphous alloys with more Zr-rich sites to be
relatively large. Indeed, in a recent study on the same MG
systems [12], we have shown that the amount of immobile
H scales with the Zr content in the alloy whereas the mobile
H amount remains nearly invariant.

From Figure 1, it is seen that both Zr40 and Zr50 exhibit
hardening upon H absorption, which is similar to that
reported in some other Zr-based BMGs and has been ratio-
nalized by Suh et al. [5] – through PALS – as being due to
the free volume site occupancy by the absorbed H atoms
and, in turn, the reduction in free volume. Typically, these
sites are surrounded by hydride-forming elements such as
Zr and Ti. A similar conclusion was reached in the nanoin-
dentation studies on a Zr-based BMG [13]. As listed in
Table 1, a significant fraction of the H in Zr40 and Zr50
alloys is immobile H, which preferentially occupies those
interstitial sites that are mostly surrounded by Zr. In
Zr-rich MG systems, hydrogenation can result in the
Table 1. Amount of mobile and immobile H estimated from the data
of weight change measurements and H permeation tests [12].

Alloy Mobile H content
(wt.%)

Immobile H content
(wt.%)

Zr15Ti10 0.28 0.38
Zr25 0.27 0.57
Zr40 0.28 0.84
Zr50 0.29 1.09
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formation of H-rich amorphous clusters [14,15]. This may
also occur in the charged Zr40 and Zr50 of the current
study; the trapped H is strongly bound with surrounding
metallic (mostly Zr) atoms, forming a densely packed struc-
ture which has specific chemical and geometrical configura-
tions. This, in turn, results in the constriction of the local
atomic movement that would otherwise aid in plastic defor-
mation through the activation of the shear transformation
zones (STZs) when the hydrogenated MGs are stressed [14].

While the H-induced hardening discussed above is along
the lines expected, the most interesting and counter-
intuitive observation of the current study is the H-induced
softening in Zr25 and Zr15Ti10. In these cases, mobile H
may have a dominant role in assisting plastic deformation
due to the relatively low amount of immobile H (see
Table 1). To the best of our knowledge, there has been
no direct observation of such H-induced softening in
MGs in the literature, though a limited amount of indirect
evidence exists. For instance, Zhou et al. [4] reported that
both the plastic zone size and the free volume in an amor-
phous Ni–P coating increased with the mobile H concentra-
tion, although the Vickers hardness per se did not change
significantly after H charging.

When an H atom occupies an interstitial site and the
binding between it and its surrounding metallic atoms is
weak, it can be considered mobile. One of the main conse-
quences of such occupancy is the increased interatomic dis-
tance between metallic atoms surrounding the H due to the
inevitable volume expansion by H absorption, which is gen-
erally observed in amorphous alloys as well as in crystalline
materials [11]. The mobile H acts mostly as a simple
“spacer” in the interstitial site, expanding the interatomic
spacing without interaction (or strong binding) with sur-
rounding metallic atoms.

Based on this “spacer” concept, three possible mecha-
nisms for mobile H-assisted softening can be proposed,
which are schematically illustrated in Figure 3. The first
two mechanisms (illustrated in Fig. 3a and b) are based
on the two popular mechanisms for explaining the plastic
deformation of MGs, viz. the STZ model and local atomic
jump model [16], respectively. In Figure 3a, due to the
weakened binding force between metallic atoms, STZ acti-
vation becomes easier under the applied shear stress,
Figure 3. Illustrations of the three possible mechanisms for H-induced
softening: (a) H lowering the formation barrier energy of STZ; (b) free
volume “creation” by H; and (c) H–“free volume” interaction. Note
that these are simplified 2-D illustrations; in reality, an H atom is likely
to occupy the tetrahedral site surrounded by atoms with different kinds
and sizes.
enhancing plasticity. In Figure 3b, free volume can be cre-
ated by mobile H atom as follows: during shear, the dark
metallic atom in the left side of Figure 3b can move into
the dilated space, pushing the H atom out. In this case,
the H dilates the space such that the metallic atom can
jump into the space with ease. In this sense, the mobile H
itself simply plays the role of the free volume for the atomic
reconfiguration and can be regarded as the “H-created free
volume”.

A third possible mechanism, which is somewhat analo-
gous to the H–vacancy interaction in crystalline metals, is
illustrated in Figure 3c. In crystalline metals and alloys,
the attraction between interstitial H and vacancy is consid-
ered to derive a higher level of equilibrium vacancy concen-
tration in H-containing metals than in uncharged metals.
This is often referred to as “superabundant vacancy” for-
mation [11,17]. Such vacancies and their clustering were
suggested to be the crucial factors influencing the plasticity
in H-related failure [18]. In the context of MGs, such inter-
actions must translate into H vs. free volume interactions.
Although it is difficult to define “vacancy” in an amorphous
structure, if H prefers vacancy to exist nearby, the atomic
cluster containing H is likely to have a lower energy barrier
for the reconfiguration; in other words, it has a larger free
volume. In this regard, the H–vacancy cluster or H–“free
volume” cluster can be the predominant mechanism for
explaining the observed H-induced softening behavior
[19]. It should be noted that the H interacting with the
vacancy is a mobile one. Due to their “spacer” effect, the
unavoidable volume expansion could be part of the ther-
modynamic driving force for attracting free volume.

From the SEM images of indents displayed in Figure 2,
a noteworthy feature is the variation in the shear band
number densities around the nanoindents. In Zr15Ti10
and Zr25, which exhibit H-induced softening, the number
of shear bands around the indentations increases with H
charging. Note that plasticity enhancement in MGs is usu-
ally accompanied by a greater number of closely spaced
shear bands [20]. Interestingly, in relatively high-Zr alloys
(Zr40 and Zr50), such enhanced densities of shear bands
are also observed after H charging, despite the H-induced
hardening. This implies that both mobile and immobile H
atoms contribute to the plasticity in these alloys, though
in different ways. While mobile H can enhance shear band-
ing, as mentioned earlier, immobile H can also enhance it,
but in an indirect way; i.e., since heterogeneities (such as
inclusions or crystallites) in an amorphous structure can
block shear banding and stimulate shear band proliferation
[20], the densely packed H-rich structures (where immobile
H is trapped) will act as heterogeneities and thus increase
the shear band density. Therefore, one may expect that
the combined effects by mobile and immobile H will induce
the closely spaced shear bands in Zr40 and Zr50 alloys.
This hypothesis is supported by additional AFM analyses
of the indents made on Zr25 and Zr50, as shown in Fig-
ure 4. From the AFM profiles of nanoindentations, the
pile-up height is always higher in charged specimens. How-
ever, while the average size of each shear offset does not
change noticeably in H-charged Zr25, the H-induced size
reduction is non-negligible in Zr50. More importantly,
the shear offset in the hydrogenated sample (see the arrows
in Fig. 4) is smaller for higher Zr content, indicating signif-
icant shear band blocking due to immobile H, which, in
turn, validates that the densely packed structures formed
by immobile H atoms can block the shear bands.



Figure 4. The representative AFM results of cube-corner nanoinden-
tations: (a) Zr25 and (b) Zr50 alloys.
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In summary, the effects of H absorption on the strength
of four Ni–Nb–Zr amorphous metallic ribbons having var-
ious Zr contents were studied. Although the H absorption
caused an obvious change in the nanomechanical behavior,
the changes for different Zr content alloys appeared differ-
ently. While the hardness increased in the Zr40 and Zr50
alloys, a softening behavior was observed in the Zr25 and
Zr15Ti10 alloys. The results could be successfully explained
by the significant role of H mobility in the mechanical
behavior.
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