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Stress-induced softening and hardening in a bulk metallic glass
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To uncover the influence of pre-existing/residual stress on the mechanical behavior of metallic glass, the micro-Vickers indenta-
tion of a stressed metallic glass was studied. The pre-existing stress was introduced by bending. The results show that the nominal
hardness decreases with pre-existing tensile stress and increases with pre-existing compressive stress. The real hardness decreases
with pre-existing tensile stress, but does not increase obviously with pre-existing compressive stress. The mechanism of the strong
hardness dependence on stress was investigated using finite element analysis. The unexpected hardness dependence on pre-existing
compressive stress is also discussed.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Bulk metallic glasses (BMGs) exhibit the unique
combination of high yield strength, high hardness, large
elastic limit [1–3] and high strength reliability (high Wei-
bull modulus) [4,5], which is of significant interest for
applications. However, the poor plasticity and low fati-
gue resistance seriously restrict their applicability [3,6,7].
A number of efforts, including introducing chemical/
structural heterogeneity [8–17], searching for alloys with
high Poisson’s ratios [18,19] or tailoring the amount of
free volume [20,21], have been made to improve the
plasticity as well as the fatigue resistance of BMGs. Re-
cently, the enhancement of plasticity by shot-peening-in-
duced residual stress [22], and loading-induced stress
gradients [23] were reported. The influence of residual
stress on fatigue resistance has also been investigated
[24,25]. These reports reveal that tailoring the stress in
BMGs is a practical and promising way to improve their
mechanical performance. Thus, understanding the influ-
ence of pre-existing stress on the mechanical response of
BMGs is essential. The purpose of this work is to ad-
dress this issue, focusing on the influence of pre-existing
stress on hardness, by micro-Vickers indentation. The
evolution of hardness, indented impression and shear
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band distribution around the indenter with stress is
demonstrated and discussed.

Cu45Zr46.5Al7Ti1.5 alloy ingots were prepared by arc
melting the mixtures of Cu (99.9 wt.%), Zr (99.8
wt.%), Al (99.9 wt.%) and Ti (99.9 wt.%) elements in
Ti-gettered high-purity argon atmosphere. Rectangular
alloy bars with a cross-section of 3 � 3 mm were pre-
pared by injecting alloy melt into copper mold. Struc-
tures of samples were examined by X-ray
diffractometry (XRD, Cu Ka radiation), high-resolution
XRD (HRXRD, 100 keV, at HASYLAB, Germany)
and transmission electron microscopy (TEM, Hitachi
H-9000NAR). Glass transition and crystallization
behavior were studied by differential scanning calorime-
try (DSC) using a Netzsch DSC 404 C under a continu-
ous argon flow at a heating rate of 0.33 K s–1. The pre-
existing stress was applied by bending using a home-
made apparatus presented below. Indentation experi-
ments were conducted with a micro-Vickers hardness
tester (MH-5, Everone, China). Morphology and shear
band distribution of the indented impression were ob-
served by field emission scanning electron microscopy
(FESEM, Hitachi S-4800).

Figure 1a shows the facility for introducing pre-exist-
ing stress by bending as well as the bent specimen fixed
in the apparatus. The specimen for bending tests with a
size of 2.2 � 2.2 � 35 mm was cut, milled and polished
sevier Ltd. All rights reserved.
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Figure 1. (a) Schematic diagrams of the artificially bent specimen fixed
in the apparatus and (b) the enlargement of the squared part in (a),
which shows the distribution of the indentations made on middle part
of the specimen. The stress on the cross-section of the specimen
induced by bending is also shown.

Figure 2. (a) The stress dependence of the nominal hardness Hn

(calculated from the diagonal length of the impression without
concerning the pile-up and sink-in effects) and the real hardness Hr

(calculated from the real projected contact area). (b) The stress
dependence of DH (the difference between nominal hardness Hn and
real hardness Hr).
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from the as-cast alloy bar with a cross-section of
3 � 3 mm. Before bending, the amorphous nature of
the specimen was verified by HRXRD, TEM and
DSC, and the homogeneity of the hardness around the
specimen was also checked. When bent elastically, the
applied stress on the surface of the bar varied linearly
from the largest tension at the top to the largest com-
pression at the bottom as shown in Figure 1b. Several
linear arrays of indentations were made on the surface
of the bar by micro-Vickers hardness tester, allowing
for the acquisition of the hardness data at numerous ten-
sile and compressive uniaxial stresses, as shown in
Figure 1b. The magnitude and the sign of the stress at
each indentation were calculated from the strain that
the position of the indentation undertakes under bend-
ing. The load and the dwell time used for micro-Vickers
hardness test are 2 N and 15 s, respectively.

The Meyer hardness at nine different stress levels was
obtained according to a standard method (measuring
the diagonal length of the impression) during micro-
Vickers indentation experiments. The hardness value
obtained by this way was assigned as nominal hardness
(Hn) hereafter. Figure 2a demonstrates the stress depen-
dence of the nominal hardness Hn. Hn decreases from
5.5 to 4.6 GPa (i.e. �16% reduction) under 1.05 GPa
tensile stress and increases from 5.5 to 6.0 GPa (i.e.
�9% increase) under 1.05 GPa compressive stress. The
maximum change of nominal hardness in the present
BMG is about 25%, which is much larger than the max-
imum value about 10% reported for crystalline alloys
[26]. It should be stressed that the recent research indi-
cates that the stress dependence of nominal hardness
in a crystalline alloy is the result of the mis-estimation
of the projected contact area [26,27]. When the hardness
data were deduced by measuring the diagonal length of
the impression in the micro-Vickers hardness test or
from the load–displacement curve in the instrumented
indentation experiment, the pile-up and sink-in induced
by applied stress were not fully considered, which results
in the mis-evaluation of the projected area [26,27]. If the
real projected contact area was used to deduce the hard-
ness data, no stress dependence of hardness was detected
in the crystalline alloy [26,27]. To check whether the ap-
plied stress can induce a change in the real hardness (cal-
culated from the real projected contact area, referred to
hereafter as Hr), the intended impressions on the Cu45Z-
r46.5Al7Ti1.5 BMG in this work were all imaged by SEM.
Three representative impressions, at 1.05 GPa tensile
stress, zero stress and 1.05 GPa compressive stress, are
shown in Figure 3. It is clear that the edges of the
impressions are curved inward in Figure 3a due to
sink-in, but curved outward in Figure 3c due to pile-
up. The real projected areas were measured through out-
lining the contact perimeter and determining the number
of pixels in the enclosed region. Then, the real hardness
was calculated based on the real projected contact area.
Contrary to the case for the crystalline alloy [26,27], the
applied stress indeed induces a change in the hardness in
this BMG, as shown in Figure 2a. It is found that the
change is asymmetric: the real hardness decreases with
applied tensile stress, but the increase in real hardness
with compressive stress cannot be detected. Figure 2b
illustrates the difference (DH) between nominal hardness
Hn and real hardness Hr. It is found that DH changes
linearly with applied stress with a slope of 0.4 and arises
from the pile-up or sink-in. Thus, the linearity of DH vs.
stress indicates that the stress-induced pile-up or sink-in
changes linearly with applied stress. This result could be
useful for characterizing pre-existing/residual stress in
BMGs.

A simple explanation to the real hardness dependence
on applied stress is given by yield locus, as shown in Fig-
ure 4. It is apparent that the indentation stress required
for yielding increases as the applied stress changes from
1.05 to –1.05 GPa (marked by arrow). Consequently, an
increase in real hardness is expected. Since this analysis
is based entirely on the initial stress state in the speci-



Figure 3. SEM images of the indentations made at uniaxial stress of (a) 1.05 GPa (tension), (b) 0 GPa (without stress) and (c) –1.05 GPa
(compression); (d) and (e) are enlargements of (b) and (c), respectively. The lengths of scale bars are 10 lm in (a), (b) and (c), 5 lm in (d) and (e).

Figure 4. Yield locus for von Mises criterion drawn based on the
compressive yield strength of Cu45Zr46.5Al7Ti1.5 BMG. rap and rin

denote the applied stress and indentation stress, respectively.

Figure 5. Hardness deduced from finite element analysis of (a) the
tension side and (b) the compression side. The hardness data obtained
by experiment are also shown for comparison.
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men, the influence of the localized plastic deformation
on the stress state in the vicinity of the indenter is not
considered. To further understand the stress dependence
of Hr in BMGs, finite element analysis was conducted
using the commercial software ABAQUS. To simplify
the analysis, the Vickers pyramid indenter used in the
experiment was approximated by a rigid cone with a
half-included tip angle of 70.3�, which gives the same
depth-to-area ratio as the Vickers pyramid. The speci-
men was represented by a bar with the same yield
strength, 1.8 GPa, elastic modulus, 92 GPa, and Pois-
son’s ratio, 0.368, for the Cu45Zr46.5Al7Ti1.5 metallic
glassy bar used for indentation measurements. The
pre-existing stress was applied by bending as in the
experiment. The elastic–perfectly plastic constitutive
behavior with von Mises yield criterion was used for
simulation. Figure 5a shows the simulated results at
the tension side together with the experimental data.
The simulated data captures the trend of the hardness
dependence on stress well. The most likely reasons for
the slight difference in the results between the simulation
and the experiment are (i) different shapes of indenters
used (i.e. Vickers indenter in experiment while conical
one in simulation) and (ii) the fact that the von Mises
yield criterion used in simulation underestimated the
hardness of the BMG [28–30]. In addition, we also per-
formed a few simulations with the same yield locus for
various ratios of yield strength to elastic modulus. It is
found that the stress dependence of hardness decreases
as the ratio of yield strength to elastic modulus de-
creases. This indicates that the unique combination of
the high yield strength and low elastic modulus or large
elastic limit for BMGs is the reason for the stress depen-
dence of hardness for the BMG, which is consistent with
the results in Ref. [31]. However, the simulation results
for the compression side cannot capture the trend well:
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the slope of the experimental results is lower than that of
the simulated ones. To address this issue, we carefully
examined the shear band distribution on the impression.
It is found that the pre-existing compressive stress in-
duced formation of high-density shear bands as shown
in Figure 3e, which may result in softening [32,33], while
a low number of shear bands were detected on the sur-
face at zero stress (Fig. 3d). It is not unreasonable to ex-
pect that the lower enhancement of hardness obtained
from experiments is due to a softening effect induced
by the high-density of shear bands. For the relationship
of density of shear bands with compressive stress, we
suggest that the shear displacement of a shear banding
event is dependent on the normal stress on the shear
plane. The higher the normal stress, the smaller the
shear displacement. An increase in the applied compres-
sive stress results in an increase of the normal stress on
the shear plane. Thus, a smaller shear displacement is
expected on the compression side. To accommodate
the plastic deformation, formation of high-density shear
bands is required.

In conclusion, the influence of the applied stress on
indentation behavior of a Cu45Zr46.5Al7Ti1.5 BMG was
investigated. The nominal hardness decreases with ap-
plied tensile stress and increases with applied compres-
sive stress. The real hardness decreases with applied
tensile stress, but does not increase with compressive
stress obviously. Finite element analysis indicates that
the strong hardness dependence on stress results from
the large elastic limit of BMGs. Compressive stress in-
duced the formation of high-density shear bands, which
results in softening, reducing the enhancement of hard-
ness induced by applied compressive stress. The results
obtained in this work are helpful to understand the
mechanical behavior of BMGs. The relationship of
DH vs. applied stress reported here indicates that the
indentation technique might be a promising method to
characterize residual stress in BMGs.
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