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ABSTRACT
Hydrogen induced plasticity has been found in metallic glasses; however, the underlying mecha-
nism remains unclear. Herein, we studied a Cu-Zr metallic glass charged in a hydrogen atmosphere
inside an environmental transmission electronmicroscope. Compression tests of hydrogen charged
nanopillars show more controllable deformation compared to uncharged ones. A variable resolu-
tion fluctuation electron microscopy study of the hydrogen charged samples reveals an increase in
the correlation length of the medium-range order. Our results provide experimental evidence for
hydrogen-induced heterogeneity and support the idea that increasing the degree of heterogeneity
leads to multiple local shear events and suppresses catastrophic shear banding.

IMPACT STATEMENT
Direct evidence of an increase in the spatial correlation length of the medium-range order is found
during hydrogen charging of a Cu-Zr metallic glass and leads to enhanced plastic deformation.
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1. Introduction

The structure and properties of metallic glasses (MG)
have been found to be heterogeneous at various length
scales [1–4]. Heterogeneities in elastic modulus [5],
medium-range order [6], density [7] and relaxation
behavior [8,9], all have great impact on the mechanical
properties of metallic glasses. On the one hand, hetero-
geneities inMGs evolve with deformation. Ross et al. [10]
compared the nanoscale elastic heterogeneities between
an as-cast and a fatigued Zr50Cu40Al10 MG and observed
an increase in the contact stiffness distribution induced
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by the cyclic mechanical loading. On the other hand,
changing the degree of heterogeneity ofMGs in the initial
state gives rise to distinct deformation behavior during
mechanical testing. Zhu et al. [11] reported that hyper
quenched Zr53Cu36Al11 MGhas higher degree of hetero-
geneity, a larger excess enthalpy and is less brittle than its
highly relaxed counterpart. By simulation studies, Wang
et al. [12] showed the non-linear relationship between
spatial correlation lengths of structural heterogeneities
and plasticity ofMGs. Thus, describing structural hetero-
geneities and correlating them with deformation behav-
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ior is important for understanding the amorphous struc-
ture and its deformation mechanism.

Hydrogen charging is expected to change the hetero-
geneities in metallic glasses [13,14]. However, the mech-
anism of how hydrogen changes the amorphous struc-
ture remains unclear and direct evidence of structural
changes, especially the changes in heterogeneities which
lead to different mechanical behavior, is still missing. In
this work, the effect of hydrogen charging on the struc-
ture and mechanical properties of a Cu49Zr51 MG are
studied using an environmental transmission electron
microscope (ETEM) with the aim of pinpointing the key
structural parameters that govern themechanical proper-
ties and deformationmechanisms ofMGs. Taking advan-
tage of the ETEM, the structure of the hydrogen charged
samples can be characterized directly using variable res-
olution fluctuation electron microscopy (VR-FEM) to
measure the correlation length of the medium-range
order.

2. Methods

2.1. Sample preparation

A Cu49 Zr51 MG ribbon with the thickness of ∼40μm
was prepared using melt spinning. Cylindrical nanopil-
lars with radius ∼200 nm were fabricated on the edge
of the ribbon via focused ion beam (FIB, FEI Helios
NanoLab 600) milling with 30 keV gallium ion currents
from 2.8 nA to 28 pA. The gradually reduced current was
used to minimize the surface damage and pillar taper
angles.

2.2. Hydrogen charging and in situmechanical test
in TEM

The in situ TEM nanocompression tests were performed
with a Hysitron PI95 H1H PicoIndenter. Mechanical test
in a vacuum and in ∼2 Pa hydrogen gas were observed
in real-time in an ETEM (Hitachi H-9500) operating at
300 kV and 4uA emission current. Before the tests in
hydrogen atmosphere, the pillars were charged under
electron beam exposure with a current density of 2.55 ×
10−11C/cm2 in hydrogen gas for about 2 h.

2.3. Mechanical controllability index (MCI)
calculation

To quantitatively estimate the stability of deformation of
nanopillars under compression, the mechanical control-
lability index (MCI) was calculated [15]. A ‘controllable
plastic strain’ εcontrolP is defined as

εcontrolP = ∫ dεP�(ρ(εP) − CSR−1), (1)

where ρ(εP) is the ‘density-of-states’ of plastic-strain
[15], �() is the Heaviside step function (�(x > 0) = 1
and �(x ≤ 0) = 0), and CSR is a ‘critical strain rate’
parameter which is set to 0.1/second according to the
data collection rate. The εcontrolP is the plastic strain of
the sample minus the strain bursts. The MCI index rep-
resents the portion of the total plastic strain which is
controllable and is calculated by,

MCI = −ln(1 − εcontrolP /εtotalP ). (2)

A cutoff at a total strain of 15% is applied to exclude
the large strain bursts in all the samples at large strains.
According to Equation (2), a low MCI is expected when
obvious strain bursts occurs in the stress–strain curve,
with MCI = 0 meaning completely uncontrollable plas-
tic deformation and MCI = ∞ indicating totally con-
trollable plastic deformation. In metallic glasses, shear
band formation results in intermittent plasticity thus
a low MCI. An increase MCI indicate a more con-
trollable deformation and improved plasticity. Detailed
definitions and descriptions of the MCI have been
reported in [15].

2.4. Variable resolution fluctuation electron
microscopy

Fluctuation electron microscopy (FEM) has been suc-
cessfully used to characterize structural heterogeneities
in amorphous materials [16,17]. Variable resolution fluc-
tuation electron microscopy (VR-FEM) [18,19], collects
FEM data using electron probes with different sizes and
uses these to determine the correlation length of the
structural heterogeneities. In this study, VR-FEM is car-
ried out on a lamella prepared by FIBmilling in an ETEM
(Thermo Fisher Scientific FEI E-TEM) on the same sam-
ple with and without hydrogen charging. The hydrogen
charging procedure is the same as that of the pillars
except that the hydrogen pressure is ∼200 Pa, 100 times
of that of the pillars to make sure hydrogen charging
results in detectable structural changes. The nanobeam
diffractionmapping is operated in the ‘microprobe’mode
with the C2 condenser lens aperture of 10 μm. By tun-
ing the convergence angle between 0.7 and 0.25mrad,
different probe sizes R = 2.0, 2.5, 3.5, 4.4, and 6.2 nm
can be achieved. After changing the convergence angle,
the beam current is finely adjusted to keep a constant
value (∼15 pA) and the beam alignment is optimized in
order to keep the coherence as consistent as possible for
the different probe sizes. The exposure time is set to 2 s,
long enough to ensure a good signal-to-noise ratio but
not too long to lead to obvious sample drift. The FEM
data sets are taken from the same region of the sample
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to get direct comparison of the structure with and with-
out hydrogen. To control possible contamination in the
region of interest, which is scanned multiple times, the
sample is cleaned using a plasma cleaner for 30 s right
before being inserted into the TEM chamber. The char-
acteristic correlation length � is calculated using pair
persistence analysis [16,20].

3. Results

3.1. In situ compression of pillars in a vacuum and
hydrogen gas

Engineering stress–strain curves of three of the eight pil-
lars compressed in a vacuum and three out of nine pillars
compressed in hydrogen gas with low, medium and high
MCIs are shown in Figure 1(a,b) respectively. From the
stress–strain curves of P1–P3 in Figure 1(a) which are
tested in a vacuum, one can observemultiple strain bursts
and stress drops. In contrast, the curves of some pillars
tested in hydrogen gas, for instance P5 and P6, are more
continuous.

Figure 1(c–f) are images of P1 which is a typical
low MCI pillar at different strains corresponding to the
points marked in its stress–strain curve. Shear steps of
shear bands are captured at strain ∼7% (Figure 1d)

and ∼12% (Figure 1e). When strain reaches ∼20% a
large strain burst occurs, see the SupplementaryMovie 1.
Movie frames from the compression process of P6 which
was charged with hydrogen and has the highest MCI in
all pillars are presented in Figure 1(g–j). Different from
the deformation in a vacuum, there are no significant
strain bursts until the engineering strain reaches 22%, see
Figure 1(j). As shown in Figure 1(h,i), the typical ‘mush-
room’ morphology develops in the top part of pillar P6,
which indicates that relatively uniform deformation with
no visible shear bands is occurring in the top region of
the pillar.

The average MCI of hydrogen charged pillars is
2.58± 1.41, about 2.2 time of that of pillars compressed
in a vacuum which is 1.16± 0.3. This increase in MCI
implies improved plasticity induced by hydrogen charg-
ing. It should be noted that some hydrogen charge pillars
deform via shear banding. For instance, the stress–strain
curve of P4 displays multiple strain bursts. This insta-
bility in the deformation is well characterized by its low
MCI. The large scattering in MCI for hydrogen charged
pillars presumably reflects the increase in degree of het-
erogeneity caused by hydrogen incorporation. The yield
strength (defined as the onset of major shear band for-
mation or strength at 2% offset strain) vs the MCIs
of all tested pillars are summarized in Figure 2. Their

Figure 1. The in situ compression of Cu-Zr nanopillars in a vacuum and hydrogen gas. Typical engineering stress versus strain curves of
nanocompression tests in a vacuum (a) and hydrogen gas (b). (c)–(f ) correspond to the marked points in a vacuum tested P1 in (a) with
a low MCI. (g)–(j) denote the marked points in compression of hydrogenated P3 in (b) which has the largest MCI. The scale bar in each
figure represents 200 nm. See also the recorded movie in Supplementary Materials.
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Figure 2. The comparison of yield strength and MCI between
pillars tested in a vacuum and hydrogen gas. The data points cor-
responding to the stress-strain curves in Figure 1 are marked by
the pillar numbers.

strength is unchanged within the noise, see the insets in
Figure 2.

3.2. VR-FEM during hydrogen charging

To study the amorphous structure with and with-
out hydrogen, a Cu-Zr lamella prepared using FIB is
measured by nanobeam diffraction before and during
hydrogen charging. FEM datasets are first collected on
the uncharged sample with five different sequential elec-
tron probe sizes, R = 2.0, 2.5, 3.5, 4.4, and 6.2 nm. The
FEM variance curves, shown in Figure 3(a), feature two
main peaks, with the first one located at a scattering
vector of k = 4.2 nm−1. Before hydrogen charging, the
probe size is set back to 2.0 nm and tuned to get the
same beam conditions. Then the hydrogen charging is
started keeping the e-beam unchanged. After the sample
is immersed in hydrogen gas for 2 h, FEM datasets are
collected again with the five different probes. The vari-
ance curves for the 2.0 and 6.2 nmprobes collected before
and during hydrogen charging are plotted in Figure 3(a).
The average of 3–5 curves are plotted as a solid line
with the colored bands indicate the standard devia-
tion. The variance V of the 2.0 nm probe data is higher
than the 6.2 nm probe data, which is typical for metal-
lic glasses [19]. After the sample has been charged with
hydrogen, the variance curves of the smallest probe of
2.0 nmdecrease while those of the largest probe of 6.2 nm
increase. As indicated by the black and red arrows in
Figure 3(a) and summarized in Figure 3(b), the difference
in variance (at k = 4.2 nm−1) between the smallest and
largest probes decreases after the sample is charged with
hydrogen. FEM datasets are collected again 2 h after the
hydrogen was pumped out and the variances are shown

as the closed squares in Figure 3(b). The recovery of
the variance values suggests that hydrogen has left the
sample.

The correlation length � is determined from a linear
fit to a plot of Q2/V against Q2 in Figure 3(c). Q is the
radius of a virtual objective aperture (in reciprocal space
units) and is related to the probe size R by Q = 0.61/R.
According to the pair-persistence analysis [18], � =
1
2π

√
b
a where a is the intercept and b is the slope. The cor-

relation length � of the sample is 1.25± 0.44 nm before
hydrogen charging and increases to 1.58± 0.60 nm with
hydrogen. See the supporting information for details of
the error analysis. There is no clear evidence for struc-
tural expansion in the variance curve due to hydrogen
charging, presumably because of the lower k resolution of
electron diffraction relative to x-ray diffraction. No evi-
dence for hydrides was found in the hydrogen charged
sample.

4. Discussion

We employed VR-FEM to study the correlation length
� of the medium-range order with the scattering vec-
tor k = 4.2 nm−1 at the first main peak in both variance
and scattering intensity. The correlation of the medium-
range order is described by the correlation coefficient
ρ(r) = exp

(
− r2

2�2

)
[18]. As illustrated by the two curves

in Figure 4(a), the correlation coefficient inmaterialswith
a larger � (curve 2) drops more slowly than in materi-
als with a smaller � (curve 1). To visualize the change
in�, the specific medium-range order which contributes
to the scattering events at k = 4.2 nm−1 is depicted as
squares in Figure 4(b,c). An increase in � then corre-
sponds to a change in spatial distribution (Figure 4b–c),
without a change in average number density. The con-
stant number density is supported by the almost identical
intensity profiles of diffraction patterns. In these simpli-
fied 2D cases (representative cross-sections of a 3D vol-
ume),� can be seen as ameasure of the size of the regions
containing the specific medium-range order [21]. The
increase in � corresponds to a tendency of agglomera-
tion as illustrated by Figure 4(c) compared to Figure 4(b).
These sketches represent a possible scenario of the struc-
tural evolution during hydrogen charging which can be
induced by the preferential occupation of hydrogen in
the amorphous structure given the affinity of hydrogen to
Zr rich sites [22]. As a result of the local rearrangement
induced by hydrogen incorporation, e.g. reducing shared
atoms between specific clusters [23], the � increases
and the degree of heterogeneity of the entire amorphous
structure also increases. The measurement of variance
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Figure 3. Variance resolution fluctuation electronmicroscopy study of the amorphous structure. (a) Variance curves of the sample before
and during hydrogen charging using electron beam probe sizes of 2.0 and 6.2 nm. (b) The evolution of the variance at k = 4.2 nm−1

before charging, after 2 h’ hydrogen exposure and 2 h after hydrogen is pumped out. (c) Pair-persistence analysis and calculation of the
correlation length of the sample before and during hydrogen charging.

of the sample after hydrogen gas was pumped out sug-
gests that this increase in � during hydrogen charging
is reversible and hydrogen tends to leave the sample
in a vacuum.

It has been predicted by simulations [12] that
enhanced degree of heterogeneity increases the plasticity

ofmetallic glasses. The hydrogen charged structure offers
more sites for the activation of local shear events, which
leads to distribute plastic flow [12]. Consequently, catas-
trophic shear bands are postponed as clearly evidenced
by themorphology of pillars compressed in hydrogen gas
(see a schematic in Figure 4d) compared to that of pillars
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Figure 4. A schematic of structure change induced by hydrogen charging. (a) The correlation coefficient as a function of distance. The
correlation length � is defined when e−0.5 = 0.607 and r = �. (b–c) The distribution of medium-range order in 2D view before and
after hydrogen charging. (d–e) Deformation morphology with and without hydrogen.

tested in a vacuum (Figure 4e). Our ETEM experiments
confirms co-occurrence of increased degree of hetero-
geneity and improved plasticity, thus, support the theo-
retical prediction. While the plasticity is improved, the
strength remains unchanged by hydrogen charging. This
observation agrees with our recent work [24] and also
the work of other groups [14,25] on bulk MG samples.
Indeed, the strength of the hydrogen charged pillars as
shown in Figure 2 has narrower distribution than that of
pillars without hydrogen while the distribution of MCIs
increases. The pillars without hydrogen, on the contrary,
sometimes suffer from early shear bands occurring at low
stresses. We infer that the hydrogen addition in metallic
glasses can heal some defects in the amorphous structure
by filling small voids and free volumes, while at the same
time increasing the variation in local structure at the nm
scale. Further studies are needed to understand hydrogen
charged metallic glasses from atomic scale.

5. Conclusions

In this work, we studied the effect of hydrogen charg-
ing on the structure and mechanical properties of a
Cu-Zr metallic glass. Compression tests of hydrogen
charged MG pillars in an ETEM reveal more control-
lable deformation without sacrificing strength. VR-FEM
analysis indicates an increase in the correlation length
of medium-range order in the hydrogen charged sam-
ple. This work provides first direct experimental support
for the idea that the spatial distribution of medium-range
order in a MG control the extent of plasticity. We show

also that hydrogen charging can be used to tune the
heterogeneities and the plasticity.
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