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A B S T R A C T

Effects of hydrogen on the mechanical property and microstructure evolution are investigated on a Zr-based
metallic glass composite contains both metallic glass matrix and body centered cubic (bcc) dendrite crystal. The
compressive strength to failure descreased from 2.2 GPa to1.9 GPa; the fracture strain decreased from 39% to
26%. The composite retains a moderate compressive strength and strain after hydrogenation. The composite
shows certain resistance of hydrogen embrittlement. Neither nanocrystallization in amorphous matrix nor
amorphization in bcc dendrite crystal is detected. But there are so many stacking faults in the bcc dendrite crystal
after hydrogen charging. Hydrogen lowers the value of stacking fault energy and promotes planar slip of the
dendrite crystal. Planar slip and slip localization accelerate the deformation of the dendrite crystal and lead to
premature fracture of the composite. The experimental results are consistent with the hydrogen enhanced local
plasticity mechanism of hydrogen embrittlement.

1. Introduction

Hydrogen embrittlement is one of important modes of material
failure in engineering applications. The interaction of hydrogen with
metals has been studied extensively in crystalline alloys. Up to now,
mechanisms for hydrogen embrittlement in crystalline alloys have been
basically clarified, including hydrogen-induced decohesion, metal hy-
dride formation and hydrogen-enhanced localized plasticity [1–3].

Metallic glasses belong to amorphous alloys with long-range dis-
ordered arrangement of atoms. They are attractive for outstanding
properties in elasticity, strength and toughness [4–7]. It is also im-
portant to study the effects of hydrogen on metallic glasses due to their
potential uses for hydrogen storage and purifying. It has been shown
that many metallic glasses are of susceptibility of hydrogen embrittle-
ment [8–15]. The underlying mechanisms also include hydrogen-in-
duced decohesion, metal hydride formation, etc. Metallic glass often
contains high content of active metal elements such as Zr, Ti and Ni.
They are prone to form metal hydrides due to interaction with hy-
drogen atoms [16,17]. Jayalakshmi et al. [8,9] found that the presence
of hydrogen in Zr50Ni27Nb18Co5 and Ni59Zr16Ti13Nb7Sn3Si2 causes both
the expansion of the amorphous structure and the formation of hydride
nanocrystalline phases. The latter promotes easy crack initiation and

accelerates the embrittling effect. However, Suh's works [10–12] have
indicated that metal hydride formation is not involved in the hydrogen
embrittlement of a Zr-Ti-Ni-Cu-Be bulk metallic glass. On the contrary,
the hydrogen just affects atomic movement and short-rang structure.
Actually, hydrogen atoms might occupy a wide variety of interstitial
sites, resulting from a distribution of both chemical and geometrical
configurations in the amorphous structure [13,14].

Introduction of dentrite crystalline phases to metallic glass matrix to
form the composite is a good strategy for the plasticity or ductility
enhancement [18–21]. Despite extensive investigations on the proper-
ties of Zr-and Ti-based metallic glass composites, the hydrogen effects
on their mechanical properties and structures have been rarely con-
cerned, but for work by Jayalakshmi et al. [22]. They found that the
present of hydrogen in a Ti50Zr25Cu25 composite results in reduction in
strength, elastic modulus, and fracture strain. In addition, hydrogen-
induced amorphization is observed in the crystal phase, but nanocrys-
tallization is not detected in the glass matrix. The introduction of hy-
drogen induces lattice expansion of the metallic atoms result by the
slight shift in diffraction peak toward lower angles in XRD pattern,
hydrogen reduces cohesion in both metallic glass matrix and bcc crystal.
Hydrogen embrittlement is mainly attributed to the decohesion be-
tween metallic atoms. As a typical composite material with excellent
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mechanical properties, Zr-based metallic glass composites have at-
tracted much attention. Whether these mechanisms of hydrogen em-
brittlement for Ti-based composites are applicable to Zr-based metallic
glass composites. Mechanisms for hydrogen embrittlement include hy-
drogen-induced decohesion, metal hydride formation and hydrogen-
enhanced localized plasticity. Which mechanism is dominant to the Zr-
based metallic glass composites deserves further investigation.

The aim of present work is to study the hydrogen embrittlement of a
typical Zr-based metallic composite. Structural morphologies of the
composite by hydrogenation are analysised. We examine the decohe-
sion between metallic atoms, the hydrogen-induced nanocrystallization
in glass matrix and hydrogen-induced amorphization in dendritic
crystal. Whether the hydrogen atom will have influence on the plastic
deformation of metal glass matrix and BCC crystal, and further affect
the fracture procedure of the composites. The underlying mechanisms
for hydrogen embrittlement are discussed.

2. Experimental procedure

Alloys were designed according to the pseudo-ternary phase dia-
gram with apexes of Zr, Ti+Nb, and Be9Cu5Ni4 [23,24]. The compo-
sition (Zr75Ti25100-xNbx)100-y(Be50Cu27.5Ni22.5)y with x=10 and
y=20 (Zr60Ti12Nb8Ni4.5Cu5.5Be10)was prepared, which yields a duplex
phase microstructure containing β-phase dendrites in a glass matrix.
Ingots of Zr60Ti12Nb8Ni4.5Cu5.5Be10 (mole fraction, %) were prepared
by arc melting the mixture of high-purity Zr, Ti, Nb, Cu, Ni, and Be
elements (> 99.9 wt%) under a Ti-gettered argon atmosphere. After-
wards, the ingots were crushed into pieces and remelted by induction
under a high pure argon atmosphere, and rods with 8mm in diameter
and about 60mm in length were obtained by suctioning the melt into
the copper mould. The samples were machined to cylinder with 5mm
in diameter and 10mm in length, then ground with 600 grit emery
paper to remove layer of oxide, and part of samples were hydrogen
charged in a 1mol/L H2SO4+1 g/LCH4N2S solution with current
density of 20mA/cm2 for 48 h. Hydrogen concentration in the cylinder
sample was measured by G4 PHOENIX. Compressive experiments were
conducted on specimens as cast and after 48 h hydrogen charging with
MTS810 testing machine, all at a strain rate of 5× 10−4 s−1.

The structure morphologies, fracture surfaces and profiles near the
failure surfaces were observed by JSM-IT300 scanning electron micro-
scopy (SEM). Phase analysis was performed on Rigaku smartlab (9) X-
ray diffraction (XRD) (Cu kα radiation). Structures of the composites as
cast and after 48 h hydrogen charging were observed by transmission
electron microscopy (TEM). One sample was hydrogen precharged in a
1mol/L H2SO4+1 g/LCH4N2S solution with current density of 20mA/
cm2 for 48 h, with 1mm in thickness and 8mm in diameter. For ver-
ifying hydrogen effect to the structure, a thin film sample with only
20 μm in thickness was hydrogen precharged with the same current
density and time to ensure sufficient hydrogen in the sample, and its
structure was examined by high resolution transmission electron mi-
croscopy (HRTEM). Deformation microstructures after compression are
examined by TEM to seek for deformation mechanisms on the cross
section plane of sample As cast and After 48 h hydrogen charging.

3. Results and discussion

The microstructure of the sample is checked to be metallic glass
composite, by SEM observation. As shown in Fig. 1, The light bright
area is bcc dendrite crystal phase, and the dark gray matrix is amor-
phous phase. Bcc dendrite crystals distribute equably in metallic glass
matrix. A limited amount hydrogen concentration of 3.29 ppm is ob-
tained from 48 h hydrogen charged cylinder sample. The limited
amount of hydrogen from high electric current long time charging may
be the result of the limited hydrogen pickup capacity restricted by
oxidation of zirconium alloys surface [25,26].

3.1. Mechanical property

Typical compression stress-strain curves of the composites are
shown in Fig. 2. Before and after hydrogen charging, the composites
maintains the constant slope in the elastic stage, and both yield at a
stress level of about 1.1 GPa and exhibit obvious strain hardening after
yielding. The as-cast composite fractures at a compressive strength of
2.2 GPa with fracture strain of 39%. The composite fractures at a
compressive strength of 1.9 GPa after hydrogen charging, with a frac-
ture strain of 26%. The compressive strength and strain to failure de-
screased by 14% and 33% respectively, the composite holds a moderate
compressive strength and strain after hydrogenation. The composite
shows certain resistance of hydrogen embrittlement.

Fig. 3 presents the SEM morphologies of fracture surface and pro-
files near the failure surface. For the as-cast composite, the failure angle
is about 44.2°. The precharged composite shows a failure angle of about
42.9°. The relatively larger deviation from the maximum shear stress
direction (45°) is consistent with the plasticity decrease in the pre-
charged specimen. This composite exhibits different fracture features
before and after hydrogenation. The composite as cast shows a char-
acterized plastic flow morphology of droplet-like patterns in Fig. 3(a).
As presented in previous work [18,27,28], temperature burst in shear
band propagation of metallic glass is sufficiently high to provoke local
melting. Material in the shear band flows like a fluid. Contrast to the
rough traces of shear flow of the origin composite in Fig. 3(a), (c) shows
a mixture of plastic flow and more flat brittle feature on the fracture
surface after hydrogen charging. The plastic flow fracture morphology
on the sample indicates that the crystalline phase still have the effect to
hinder shear band propagation. The crystalline phase induce stress

Fig. 1. SEM image of Zr60Ti12Nb8Ni4.5Cu5.5Be10.

Fig. 2. The compressive engineering stress-strain curves of the composite. As
cast and After 48 h hydrogen charging.
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concentration at the interface of crystalline phase and the amorphous
matrix during shear bands propagation and drive multiple shear bands
of Zr60Ti12Nb8Ni4.5Cu5.5Be10. As shown in Fig. 3(b) and (d), multiple
shear bands distribute on profiles near the failure surfaces before and
also after hydrogen charging. Shear band arrays extend along habit
planes oriented roughly at 45° to the loading axis of the sample, mul-
tiple shear bands arrays prevail and intersect, resulting in enormous
plasticity of the composite as cast and also after hydrogen charging.

According to the SEM observations, the plastic flow morphology of
the as-cast sample indicates that the compression fracture process is
controlled by the shear banding interaction of metallic glass matrix. The
crystalline phase hinders shear band propagation, resulting in the for-
mation of shear band arrays [18,29–32]. The fractography shows a
mixture of plastic flow and more brittle flat feature morphology on the
sample after hydrogen charging. A more flat feature on the fracture
surface indicates the brittle fracture after hydrogen charging, which is
consistent with the decreased fracture strength and strain after hydro-
genation.

3.2. Structural analyses

The XRD diffraction patterns are shown in Fig. 4. Before charging,
the sharp diffraction peaks for the crystalline phase are superimposed
on the broad diffuse diffraction peaks. The crystalline phase is checked
to be the β-Zr phase with a bcc structure. After charging, the diffraction
peaks show no obvious changes in amorphous matrix and also crys-
talline phases. Crystal lattice parameters do not change obviously. The
brittle flat feature indicates that the hydrogen addition may induce loss
of cohesion between metallic atoms in the amorphous matrix, which
cause the deceased compression properties. However, XRD patterns
show no expansions of the amorphous structure and crystal lattice
parameters, and hydrogen enhanced decohesion is not detected in our
experiments.

Fig. 5 shows the TEM morphology of of the
Zr60Ti12Nb8Ni4.5Cu5.5Be10 composite. Before hydrogen charging The
oval area in specimen in Fig. 5(a) shows the crystalline phase with a bcc
structure, which is confirmed by the lattice pattern. The matrix region
shows an amorphous state, corresponding to the diffraction rings.
Fig. 5(b) shows the microstructure after 48 h hydrogen charging. Nei-
ther amorphization in dentritic crystalline phase or nano hydride for-
mation in metallic glass matrix is observed, which is calibrated dif-
fraction pattern of bcc crystal (BCC) and metallic glass phase (MG) after
48 h hydrogen charging, respectively. TEM observations do not detect
any phase change due to the hydrogenation, which agrees with the
results of XRD in Fig. 4.

To clarify whether longtime hydrogen charging can induce hydride
formation in the composite, a 20 μm thin film specimen was hydrogen
charged for 48 h. TEM images of the composite and corresponding

Fig. 3. SEM morphology of Zr60Ti12Nb8Ni4.5Cu5.5Be10 fracture surface and profiles near the failure surface. (a) fracture surface of As cast, (b) profile of As cast, (c)
fracture surface After 48 h hydrogen charging,. (d) profile After 48 h hydrogen charging.

Fig. 4. The XRD patterns of Zr60Ti12Nb8Ni4.5Cu5.5Be10. As cast and After 48 h
hydrogen charging.
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SAED pattern are presented in Fig. 6. TEM images of the composite in
Fig. 6(a) and the interface of the bcc phase and the amorphous matrix in
6(b) shows no new phase formed by hydrogenation. HRTEM image of
the interface of metallic glass matrix and bcc crystal in Fig. 6(b) is
presented in Fig. 6(c). It verifies the absence of hydride formation, and

both bcc crystalline phase and amorphous phase maintain their re-
spective microstructure. But stacking faults are observed in bcc dendrite
crystals. As shown in Figs. 6(a) and 6(b), the stacking faults distribute
all over the bcc phase of this composite and are along (110) plane of bcc
phase.

Effects of hydrogen on decreasing SFE are discussed in crystal ma-
terial [33–36]. Hydrogen-induced formation of stacking faults is found
in the fcc phase of stainless steel [37,38] and also bcc metals [39,40].
Stacking faults by hydrogenation are observed along the (101) planes of
Ti-V-Mn bcc alloy. SFE decreases by the formation of HeH pairs in the
fault-zone, and Stacking faults are formed by self-accommodation due
to shear stress during hydrogenation [40]. In the present
Zr60Ti12Nb8Ni4.5Cu5.5Be10 sample with a thickness of 20 μm after 48 h
hydrogen charging, hydrogenation is enhanced by long time con-
centrated hydrogen charging in the thin specimen. Stacking faults
origin from accumulation of HeH pairs in fault-zone.

3.3. Deformation mechanisms

Fig. 7 presents the deformation microstructure of
Zr60Ti12Nb8Ni4.5Cu5.5Be10 on the cross section plane of sample after
compression. For the as cast composite, as shown in Fig. 7(a) and (b),
Highly dense dislocations scatter at the grain boundaries of the bcc
crystal, and deformation twins are observed in the bcc phase. In the
hydrogen charged composite, the dislocations tangled and a disloca-
tions bands was found in Fig. 7(c), thin and straight twins were formed,
as shown in Fig. 7(d). These twins should be new mechanical twins
formed during the deformation. The deformation twins are surrounded
by high density dislocations, they are parallel with each other and ex-
pand through the whole bcc phase. Dislocation and deformation twin-
ning contribute the deformation mechanism and work harding cap-
ability of the composite. In the as cast sample, the deformation twins
are more separated to nucleated and facilitated the deformation of the
composite. But in the hydrogen charged composite, deformation of
dislocation and twins are prone to expand planarly.

3.4. Discussion

For the Zr60Ti12Nb8Ni4.5Cu5.5Be10 composite as cast, upon com-
pression loading, the dendrites yield first, and slip systems in dendrites
become active and readily accommodate the plastic strain. Dislocation
accumulation in plastic strain in dendrite, pile-ups of dislocations and
scattered deformation twinning constitute the plastic strain of the bcc
phase. BCC dendrites hinders shear band propagation and promote
formation of multiple shear bands at the interface of dendrites and glass
matrix. The strain energy accumulated during the plastic deformation
and causes a temperature burst sufficiently high to provoke local

Fig. 5. TEM images of Zr60Ti12Nb8Ni4.5Cu5.5Be10 Alloys and diffraction pattern of bcc crystal (BCC) and metallic glass phase (MG). (a) Alloys of As cast, (b) Alloys
after 48 h hydrogen charging.

Fig. 6. TEM images of Zr60Ti12Nb8Ni4.5Cu5.5Be10 with a thickness of 20 μm
after 48 h hydrogen charging. (a) TEM images of the composite, (b) TEM image
of the interface, (c) HRTEM of the interface.
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melting before fracture. As presented by the fracture morphology of the
composite in Fig. 3(a), the fracture of the composite As cast is domi-
nated by the plastic flow from the metallic glass matrix.

For the hydrogen charged composite, the plastic strain in dendrites
and multiple shear intersections caused by the two-phase interface re-
main, which confirms the composite fractures at a moderate compres-
sion strength and strain. But the compression procedure is more af-
fected by planar slip and slip localization of the bcc crystal. Firstly, As
shown in Fig. 6, the present of hydrogen-induced stacking faults con-
firms that hydrogen reduces stacking fault energy. Lower stacking fault
energy can cause dislocations to split into extended dislocations and
prevent dislocations from cross slip, cross slip is restrained, planar slip
is enhanced [36]. Planar and straight twins are favored. Moreover,
hydrogen enhances dislocation mobility and promotes splitting of dis-
locations. Increases in dislocation mobility will enhance slip localiza-
tion and localization of deformation [41]. An inhomogeneous dis-
tribution of hydrogen and hydrogen clusters in the crystal accelerate
slip localization. Dislocation plane slips and gathers to form high den-
sity dislocation zones. High density of dislocations and laminar twins
form in the straining of the composite. High density of dislocations and
laminar twins affect mutually and expand through the bcc crystal.
Dislocations are constrained in the laminar twin bands of the bcc
crystal. Deformation is concentrated, a local stress concentration de-
velops, crack initiates and propagates along the planar slip plane in the
dendrites and eventually throughout the matrix. Planar slip of dis-
locations and slip localization of the bcc crystal accelerate the compress
fracture process and ultimately induce the flat fracture morphology and
a restricted strain of the composite. The effect of hydrogen on
Zr60Ti12Nb8Ni4.5Cu5.5Be10 composite is mainly from enhanced dis-
location mobility and the slip localization of the crystalline phase. The
experimental results are consistent with the hydrogen-enhanced local
plasticity mechanism of hydrogen embrittlement [34–37].

4. Conclusions

Effects of hydrogen on the mechanical property of a Zr-based me-
tallic glass composite Zr60Ti12Nb8Ni4.5Cu5.5Be10 are investigated
through quasi-static compressive experiments. The following conclu-
sion can be obtained.

1) The composite fractures at a moderate compressive strength and
strain after hydrogenation. The composite shows certain resistance
of hydrogen embrittlement.

2) No hydrogen-induced nanocrystallization in amorphous matrix or
hydrogen-induced amorphization in dendrite crystalis detected after
hydrogenation.

3) Stacking faults are observed in bcc dendrite crystal phase after hy-
drogen charging. Hydrogen lowers stacking faults energy, promotes
planar slip of the bcc crystal. Planar slip of the dendrite crystal and
slip localization lead to premature fracture of the composite. The
experimental results are consistent with the hydrogen-enhanced
local plasticity mechanism of hydrogen embrittlement.
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