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a b s t r a c t

In this work, the effect of the annealing treatment on the serrated flow in Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk
metallic glass was investigated. It was found that the as-cast alloy exhibited a pronounced serration flow,
and the critical strain rate, number and displacement of the pop-ins of the serration decreased with the
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increase in annealing temperature. The decrease in free volume may be responsible for the change of the
serration behavior in the annealed samples.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Bulk metallic glasses (BMGs) have attracted considerable atten-
ion due to their unique properties such as high strength and
ardness, high fracture toughness, good corrosion resistance, and
xcellent wear resistance [1,2]. It is well documented that plastic
eformation in amorphous alloys at room temperature is accom-
odated through the development of multiple shear bands, and

s highly localized in very thin shear bands, resulting in a very
ow ductility of the alloys at room temperature. The poor ductil-
ty of BMGs may limit their forming or application, therefore, many
nvestigations of deformation, fracture, and shear banding in var-
ous BMG alloys. It is generally known that the BMGs have excess
ree volume, which is defined as “holes” or “voids” and plays a dom-
nant role in the diffusive arrangement of atoms, trapped within
he amorphous structure depending on the preparation conditions
3–6]. Annealing of the glasses at temperatures near or below the
lass transition temperature (Tg) will result in the annihilation of

his additional free volume and the glass gradually relaxes into the

ore equilibrium state. This structural relaxation may lead to a
onsiderable change in their physical properties [7–11]. The free
olume is apparently important parameter as a chain to under-
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stand the correlation between the structural characteristics and
relevant mechanical properties. However, the mechanism respon-
sible for the embrittlement and especially the change of plastic
deformation behavior in metallic glasses due to structural relax-
ation still need to be identified. Schuh and Nieh [12] recently
studied the shear band pop-in phenomenon under different load
rates and temperatures using a nanoindenter. They successfully
applied the free volume theory for explaining the observed shear
band evolution patterns. The serrated flow phenomenon ascribe
to the change of free volume. However, it is not clear how the
free volume would affect the serrated flow behavior of BMGs yet.
In this work, nanoindentation tests were conducted on a metal-
lic glass, Zr41.2Ti13.8Cu12.5Ni10Be22.5, in as-cast state and annealed
state, aiming at establishing the experimental relationship between
the free volume and the serrated flow behavior in a Zr-based metal-
lic glass.

2. Experimental

The Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGs was prepared by sucking the melt into cop-
per mold. The samples were isothermally annealed at 523 K and 573 K for 12 h,
and at 593 K and 633 K for 1 h in vacuum, respectively. The amorphous nature was

ascertained by X-ray diffraction and differential scanning calorimetry (DSC), and the
results have been reported elsewhere [13]. Instrumented nanoindentation exper-
iments were conducted using a Triboindenter. The tests were performed in the
load control mode with a maximum load of 8000 �N. Loading rates were chosen
to be 2 mN/s, 0.08 mN/s, 0.04 mN/s and 0.02 mN/s, respectively. Scanning electron
microscopy (SEM) was used to observe the morphology around the indents.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wenl@ualberta.ca
dx.doi.org/10.1016/j.jallcom.2009.09.108
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Fig. 1. Typical load–displacement (P–h) curves during nanoindentation; as

. Results and discussions

Fig. 1 shows the load–depth (P–h) curves of the as-cast sample
nd the samples annealed at 573 K and 633 K during nanoinden-
ion at the various loading rates. It can be found that the serrated
ow not only depends strongly on the loading rate, but also on the
nnealing temperature. The serrated flow occurred in the as-cast
nd the sample annealed at 573 K for 12 h at low loading rates, but
o distinct serrations can be found in the annealed BMGs (633 K) at
he loading rates chosen in the present work. For the as-cast sample,
he critical rate is about 0.08 mN/s, while this value decreased to be
.02 mN/s for the sample annealed at 537 K for 12 h. The serrated
ow during nanoindentation has already been observed in many
MG systems, which is attributed to the nucleation and propaga-

ion of shear bands underneath the indenter [14,15]. Moreover, the
errated flow was suppressed at high loading rates or the precip-
tation of crystalline phases, due to the formation multiple shear
ands [9]. The present results indicate that the structural relaxation

ig. 2. The displacement of the pop-ins (�h) in the different samples at the inden-
ation rate of 0.02 mN/s.
sample (a), and sample annealed at 573 K for 12 h (b), and 633 K for 1 h (c).

caused by low temperature annealing also lead to the weakness of
serration flow during nanoindentation. In order to examine if there
is any quantitative differences in the pop-in displacements, �h,
between the as-cast and annealed alloys, the pop-in displacements
of the samples at the indentation rate of 0.02 mN/s were calculated,
which are presented in Fig. 2. It can be clearly seen that the num-
ber and size of the pop-ins gradually decrease with the annealing
time. The average �h is about 85 nm for the as-cast alloy, and it is
60 nm for the sample annealed at 573 K for 12 h. While, after 633 K
annealing, no distinct pop-in events can be observed in the sample.
It should also be noted that the serrated flow occurred in the as-cast
and the sample annealed at 573 K for 12 h at low loading rates, but
no distinct serrations can be found in the annealed BMGs (633 K) at
the loading rates chosen in the present work. For the as-cast sample,

the critical rate is about 0.08 mN/s, while this value decreased to be
0.02 mN/s for the sample annealed at 537 K for 12 h. This proves
that the start of the inhomogeneous flow is more sluggish in the
annealed samples.

Fig. 3. The correlation of the change of critical rate and �h with the defect concen-
tration in the BMG.
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Fig. 4. SEM images of the shear bands of the as-cast sample (a) and the sample annealed at 573 K for 12 h (b).
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ig. 5. SEM images of the deformation region underneath a Vickers indenter for the
amples.

The annealing process at a temperature near the Tg is generally
egarded as a structural relaxation process, and the excess vol-
me in the structure will be removed with a sufficient annealing
ime. The process can be thought to be a result of the free vol-
me influences to the serration behavior. It has been confirmed
hat the reduction of the free volume associated with the structure
elaxation can be accessed on the basis of the DSC testing result
13,16–19]. The defect concentration cD is utilized to characterize
he state of metallic glass and related to the reduced free volume
by cD = exp(−1/x). The change in the defect concentration due

o the structural relaxation during the annealing progress can be
xpressed by the differential equation as follows [18]:

dcD

dt
= −krcD(cD − ceq

D ) (1)

here t denotes time; kr is a temperature-dependent rate factor for
tructural relaxation, which has the form of kr = k0 exp(−Ef/kBT) (kB

s Boltzmann’s constant); ceq
D [ceq

D = exp(−1/xep)] denotes the defect
oncentration in the metastable equilibrium. The DSC signal can
e simulated by using the only fit parameter, initial defect con-
entration c0

D, which is calculated to be 1.16 × 10−14, 2.10 × 10−15,
.84 × 10−16, 2.12 × 10−16, and 6.70 × 10−17 for the as-cast sample
nd the samples annealed at 523 K (12 h), 573 K (12 h), 593 K (1 h)
nd 633 K (12 h), respectively. The changes of the displacement of
he pop-ins and the critical rate with the defect concentration are
lluminated in Fig. 3. It can be seen that the serrated flow feature
trongly depends on the defect concentration, i.e., the free vol-
me. With the decrease of the free volume, the critical rate for
he appearance of the serrated flow and the displacement of the
op-ins decrease.
It has been well documented that each serration corresponds
o the activation of individual shear banding [8,10,14]. Embrittle-
ess of a metallic glass is related to the excessive propagation of

ndividual shear bands which may reflect in an enlarged serrations
uring nanoindentation. According to Schuh’s microscopic plastic
st sample (a) and the sample annealed at 573 K for 12 h (b). The load is 98 N for both

flow equation of metallic glasses [1,14], the shear strain rate can be
expressed as

�̇ = �̇

�
+ 2f exp

(
−˛�∗

�f

)
sinh

(
�˝

2kBT

)
exp

(
−�Gm

kBT

)
(2)

where �̇ is the strain rate and �̇ is the rate of change of the applied
stress; �Gm is the activation energy for an atomic jump; f is the
jump frequency; T is the temperature; ˛ is a geometrical factor on
the order of 1 and ˝ is the atomic volume. If the applied shear stress
is sufficiently large, the free volume created by the applied shear
stress is greater than the annihilation due to diffusion, and thus,
the net rate of change of the free volume �f, is governed by

�̇f = �∗f exp
(

−�Gm

kBT

)
exp

(
−˛�∗

�f

)

×
{

˛

�f

2kBT

S

[
sinh

(
�˝

2kBT
− 1

)
− 1

nD

]}
(3)

where �* is the critical free volume required for an atomic jump
(≈8 �); S is a material constant given by (2/3)�(1 + �/1 − �), � is
Poisson’s ratio and � is the shear modulus; nD is the number
of atomic jumps required to annihilate the free volume �*. The
structural relaxation process is associated with redistribution and
reduction of defect concentration. As a result, the nucleation and
propagation of shear band become difficult, which is reflected by
the increased �Gm. According to Eqs. (2) and (3), the values of �̇ and
�f decrease with the annealing temperature, and, thus, gives rise to
the low the critical strain rate for the shear bands nucleation. This
increased critical strain rate is also responsible for the increased

time interval between the operations of consequent shear bands
in the relaxed samples, which is reflected by less number of serra-
tion during nanoindentation (as seen in Figs. 1 and 2). Furthermore,
for the relaxed samples with relatively low c0

D, much more free
volume is needed to initiate a shear band. Consequently, a larger
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[
[
[15] H.W. Zhang, X.N. Jing, G. Subhash, L.J. Kecskes, R.J. Dowding, Acta Mater. 53
G.S. Yu et al. / Journal of Alloys a

olume of the surrounding materials in the relaxed samples should
e involved for the aggregation of the free volume compared to the
s-cast alloy.

To further understand the relationship between the serrated
ow and shear band deformation, the shear band morphologies

n the deformation region around the indents of the annealed
amples were observed, which are shown in Fig. 4. A number of
ncomplete circular patterns of shear bands were observed in the
ile up area around the indents for the as-cast and the isother-
al annealed samples. For the as-cast sample, the density of shear

ands was higher than with that in the annealed sample, and some
econdary shear band branches were observed as well. By con-
rast, only primary shear bands were found in the annealed sample.
o clearly show the change of the deformation mechanism in the
MGs with the annealing temperature, the underneath deforma-
ion morphologies of the typical samples were investigated through
ickers indenter using bonded interface technique (see Fig. 5).
any semi-circular and radial shear bands are observed in the

lastic deformation region of the as-cast and annealed samples.
t is interesting to find that the as-cast sample shows the fine and
ense shear band upset, while the annealed sample (573 K) exhibits
he largest shear band upset. This suggests that the nucleation and
ropagation of shear band is much more difficult in the annealed
amples than that in the as-cast sample, which is consistent with
he result of nanoindentation test.

. Conclusions
The effect of the anneal treatment on the serrated flow and shear
and features of a Zr-based BMG has been investigated. The critical
train rate for the appearance of the serration, the number of ser-
ations and the displacement of the pop-ins depended strongly on

[
[
[
[

mpounds 489 (2010) 558–561 561

the annealing temperature. The nucleation and propagation of the
shear band in the annealed samples became more difficult than that
in the as-cast sample. Such experimental results can be attributed
to the reduction of free volume in the annealed samples.
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