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a b s t r a c t

The effect of pre-deformation and annealing on serrated plastic flow and shear band features of a Zr-
based bulk metallic glass was investigated through nanoindentation and macroindentation tests. The
results showed that the serrated plastic flow during the loading process of nanoindentation was signif-
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icantly suppressed in pre-deformed sample and re-appeared after subsequent annealing. The effect of
pre-existed shear bands on the development of final shear bands was characterized by macroindenta-
tion without bonded interfaces. Pre-deformation does not lead to the multiply of shear band during the
consequent plastic deformation, but decrease the shear band number significantly. The change in plastic
flow behavior of the alloy by pre-deformation is thought to be the preferential propagation of existed

t can
nnealing
hear bands

shear bands, and its effec

. Introduction

Bulk metallic glasses (BMGs) have received considerable inter-
sts since the early 1990s due to their unique physical, chemical
nd mechanical properties being of special interest for a wide range
f potential applications [1–3]. However, BMGs display little or no
lastic deformation at room temperature because the plastic flow

n a BMG is governed by the formation of localized shear bands [4,5].
o overcome this problem, many researchers have made attempts
o develop an extrinsic composite microstructure within the glassy

atrix [6,7], or an intrinsic structure such as BMGs with high
ossion’s ratio or with large free volume [8–10]. Recently, “work-
uctilizing” phenomenon has been reported in BMGs through cold
olling [11,12], pre-compression [13], surface shot-peening [14]
r high pressure pre-treatment [15]. The ductility improvement
ight be related to more uniform deformation induced by a high

opulation of pre-existing shear bands.
It is well known that pre-plastic deformation makes crys-

alline metals stronger and harder because dislocations nucleate
nd multiply during the plastic deformation. In contrast, pre-
train generally soften the BMGs due to the increase of free

olume with respect to the un-deformed sample [16]. However,
re-deformation might also strengthen the BMGs, because of the
train-induced structural heterogeneity or nanocrystallization [17].
iang et al. [18] found that cold rolling could reduce the amplitude of

∗ Corresponding author. Tel.: +86 10 82544118; fax: +86 10 82544096.
E-mail address: weibc@imech.ac.cn (B.C. Wei).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.02.021
be eliminated by annealing below glass transition temperature.
© 2010 Elsevier B.V. All rights reserved.

strain serrations in the load–displacement curve, while Bhowmick
et al. [19] found that pre-plastic deformation could enhance the
serrations in the plastically pre-deformed region. It is evident that
more work should be done for further understanding the underly-
ing mechanism of effect of pre-existed shear bands induced on the
final deformation behavior in BMGs.

In this work, a ductile Zr64.13Cu15.75Ni10.12Al10 [9] BMG was
pre-strained up to 53% by constrained compression. The effect
of the pre-strain on the shear banding feature and shear band
pattern during consequent loading was characterized by multi-
scale indentation measurements. In order to further understanding
mechanical response of a pre-strained BMG, the pre-strained and
as-cast samples were also annealed below glass transition temper-
ature for comparisons.

2. Experimental procedures

The alloy ingots of Zr64.13Cu15.75Ni10.12Al10 were first prepared by arc-melting
a mixture of pure Zr, Cu, Ni, and Al metals with purities higher than 99.9% under
an argon atmosphere. In order to obtain the homogeneity, the alloy ingots were
re-melted several times before cast into a water-cooled copper mold using an in
situ suction-casting facility. The resulting cylindrical BMG rods have a dimension
of 5 mm in diameter and 100 mm in length. Pre-strain treatment was conducted on
the as-cast short rods with an aspect ratio of about 0.64 (�5 mm × 3.2 mm) through
a standard Instron testing machine at strain rates of 1 × 10−4 s−1. The specimen

was plastically compressed by a plastic strain of about 53%. Both as-cast and pre-
deformed samples were annealed at 590 K which is lower than the glass transition
temperature for 6 h. The structures of the samples obtained were examined by X-
ray diffraction (XRD) with Cu K� radiation. The thermal response of all alloys was
investigated with differential-scanning calorimetry (DSC, NETZSCH DSC-404C) at a
heating rate of 20 K/min in an argon atmosphere.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:weibc@imech.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.02.021
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Table 1
Thermal and mechanical properties of the BMGs at various states (Cast: as-cast
specimen; P53: pre-deformed specimen; Cast-A: annealed Cast; P53-A: annealed
P53).

Specimen Tg (K) Tx (K) �H (J/g) H (GPa) E (GPa)

Cast 645 746 8 5.90 ± 0.09 93.10 ± 1.73

the recovery of them on the plastic deformation behavior of
the Zr64.13Cu15.75Ni10.12Al10 BMGs, instrumental nanoindentations
were carried out on the four specimens. The hardness and elas-
tic modulus obtained from the P–h curves of nanoindentation are
ig. 1. Engineering stress–strain curve for the constrained compression of as-cast
pecimen with small aspect ratio at the initial strain rate of 1.0 × 10−4 s−1. The insets
re XRD patterns of the four specimens at various states.

The specimens for indentation measurements were mechanically polished to
mirror finish. Nanoindentation measurements were carried out in an MTS Nano-

ndenter XP fitted with a Berkovich indenter. A load control mode to a depth limit
f 1 �m was employed. Shear band pattern of the sample at various states was
haracterized through Rockwell hardness tester with the static load 1500 N and the
well time of loading was 15 s. The deformation morphology around the indents
fter indentation was studied by scanning electron microscopy (SEM) and optical
icroscope (OM).

. Results and discussion

The typical engineering stress–strain curve during the pre-
eformation of the as-cast rods with the aspect ratio of about 0.64

s shown in Fig. 1. The smooth stress–strain curve implies a macro-
copically homogeneous plastic deformation in the specimen [20].
RD patterns of the as-cast (Cast), as-cast plus annealing (Cast-
), pre-deformed (P53), and pre-deformed plus annealing (P53-A)
pecimens are shown in the inset of Fig. 1. The broad diffraction
axima demonstrate that the specimens at various states are all

f amorphous structure. The severely plastic deformation and the
ubsequent annealing did not cause detectable crystallization.

DSC thermograms of the four amorphous alloys are shown in
ig. 2. It can be seen that the onset crystallization temperature (Tx)

f the alloy does not change distinctly upon the pre-deformation,
nnealing or pre-deformation plus annealing treatments. More-
ver, the annealed and pre-deformation plus annealed specimens
xhibit an almost identical DSC trace, with an endothermic over-

Fig. 2. The DSC curves of the four specimens.
P53 645 746 13 5.81 ± 0.14 91.22 ± 1.19
Cast-A 650 744 0 6.17 ± 0.20 101.45 ± 1.20
P53-A 650 744 0 6.16 ± 0.11 101.03 ± 2.29

shoot at the beginning of glass transition. Whereas, a broad
exothermic peak can be found in the DSC traces of the as-cast and
pre-deformed specimens below glass transition temperature (Tg).
The area of the exothermic peak increases from 8 J/g for the as-cast
specimen to 13 J/g for the 53% plastically deformed specimen. The
Tg, Tx, and the exothermic enthalpy of the four specimens are list
in Table 1. Van de Beukel and Sietsma [21] proposed that prior to
Tg, the exothermic event strongly links with the existence of free
volume in BMGs, which was testified by Slipenyuk and Eckert [22].
This indicates that the pre-deformed sample has more free vol-
ume or atomic-scale defects than the as-cast sample because of
pre-existing shear bands. However, after annealing at temperature
590 K for 6 h, both the annealed as-cast sample and annealed pre-
deformed sample have almost identical DSC curves. This means that
the pre-existing shear bands have been recovered by annealing and
the structure of annealed pre-deformed sample is almost identical
to the annealed as-cast sample.

To examine the effect of this pre-existing shear bands and
Fig. 3. Typical load–depth (P–h) curves of the four samples during nanoindention
at loading rates of 0.2 mN/s (a) and 1 mN/s (b).
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lso listed in Table 1. It is shown that the pre-deformed specimen
as the average hardness of 5.81 GPa and modulus of 91.22 GPa
espectively, which are about 2% lower than the values of the as-
ast specimen. However, the scatter in the hardness data for the P53
pecimen (2.4%) is larger than that in the as-cast one. This indicates
hat pre-deformation leads to a local softening of the BMG, owing
o the introduction of excess free volume or atomic-scale defects,
hough few pre-existed shear bands are involved in the small plas-
ic deformation region during nanoindentation. This consists with
revious results, wherein a lower hardness was observed in the pre-
eformed region [16]. In contrast, annihilation of free volume or
tomic-scale defects during annealing increases the hardness and
odulus of the as-cast specimen significantly by about 5% and 9%,

espectively. It should be noted that annealing the pre-deformed
pecimen gives rise to almost same values of hardness and mod-
lus as the annealed as-cast specimen. This further supports the

dea that the excess free volume or atomic-scale defects induced by
he pre-deformation could be completely annihilated by annealing
elow Tg.

Typical load–depth (P–h) curves of the four samples at the load-
ng rates of 0.2 and 1 mN/s are shown in Fig. 3. The origin of each
urve is displaced for clear observation. Serrated flow phenomenon
an be observed during the loading process of nanoindentation for
ll samples, and is less obvious at high loading rate as in other
r-based BMGs [23]. Annealing at 590 K for 6 h does not distinctly
hange the serrated flow of the as-cast specimen. It is worth not-
ng that the serrated flow in the pre-deformed specimen is weaker
han that in the as-cast sample, especially at the loading rate of
mN/s. This indicates that the pre-existed shear bands do affect the
eformation behavior of the BMG during nanoindentation, though

he plastic deformation region of nanoindentation is quite small
with a depth of about 5 �m in the present case). It can also be seen
hat annealing recovers the serrated flow phenomenon of the pre-
eformed specimen, and gives rise to a strain serration magnitude
imilar to that of the as-cast specimen.

Fig. 4. Shear band morphologies around indents after Rockwell indentation of Zr64.13
pounds 504S (2010) S65–S68 S67

For understanding the effect of pre-deformation and annealing
on the plastic deformation behavior of the BMG, Rockwell indenta-
tion tests were used to characterize the plastic deformation region
feature of the four samples. Fig. 4 shows the typical upper surface
morphologies around the indents for the four samples after inden-
tation under the load of 1500 N. Well developed shear band pattern
can be found around the indents for all samples. The shear bands
originate at the edge of the indent following an outward logarithmic
spiral pattern. It should be noted that the shear band pattern in the
pre-deformed specimen (Fig. 4c) is quite different from that in the
as-cast specimen (Fig. 4a). Shear bands are rough and irregular in
the pre-deformed specimen in contrast to the regular and smooth
shear bands in the as-cast specimen. Moreover, the shear band
spacing at the edge of the indents in the pre-deformed specimen is
about 25 �m, which is about twice larger than that of the as-cast
specimen. The shear bands spacing here (about 25 �m) is compa-
rable to that of a similar BMG uniaxially compressed by about 50%
plastic strain [16]. The much less shear band number in the pre-
deformed specimen indicates that the plastic deformation during
the indentation is governed by the propagation of the pre-existing
shear bands, rather than the nucleation of new shear bands. Dur-
ing indentation shear band first forms along the pre-existed shear
band, and its further propagation will cause the shear band deviate
significantly from the maximum shear stress plane. Then the prop-
agation along existed shear band stops, and new shear bands along
the maximum shear plane forms, until it meets another pre-existed
shear band. This kind of movement of shear bands leads to the irreg-
ular and tough shear band pattern in the pre-deformed specimen,
and its much less shear band number is due to the contribution of
pre-existed shear bands on the final plastic deformation. The weak-

ness of serrated flow during nanoindentation in the pre-deformed
specimen may also related to the preferential propagation of shear
bands along the pre-existed shear bands, which is deviated from the
maximum shear plane. Annealing at 590 K for 6 h does not distinctly
change the shear band pattern of the as-cast specimen. Whereas,

Cu15.75Ni10.12Al10 BMG at various states: (a) Cast; (b) Cast-A; (c) P53; (d) P53-A.
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n the pre-deformation plus annealing sample, the shear bands are
gain smooth and regular, with the shear band spacing similar to
he as-cast (Fig. 4a) and the annealed specimens (Fig. 4b). This fur-
her proves that annealing below Tg can eliminate the effect of the
re-existed shear bands.

. Conclusions

The effect of pre-deformation and annealing on mechanical
ehavior and shear band pattern of a Zr64.13Cu15.75Ni10.12Al10
MG was studied by multi-scale indentation tests. Pre-deformation

eads to the local softening and weaker serrated flow phenomenon
uring nanoindentation of the BMG. This is related to the pref-
rential propagation of shear bands along the pre-existed shear
ands, which is confirmed by the rough and much less shear bands
fter macroindentation of the pre-deformed specimen. This effect
f pre-deformation on the consequent plastic deformation can be
liminated completely by annealing the specimen below glass tran-
ition temperature.
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