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a b s t r a c t

Stress overshoot related to the variation in free volume is an important phenomenon in cylinder compres-
sion tests of bulk metallic glasses (BMGs). A Maxwell-pulse constitutive model was proposed according
to the overshoot of Zr55Cu30Al10Ni5 BMG in the supercooled liquid region (SCLR). Compression experi-
ments and the constitutive model showed good agreement, especially with regard to the stress overshoot
vailable online 19 November 2010

eywords:
ulk metallic glass
odeling

tress overshoot

phenomenon. Furthermore, micro-backward extrusion experiments and numerical simulation were con-
ducted in SCLR. The results showed that the constitutive model describes the mechanical behavior of the
BMG well.

© 2010 Published by Elsevier B.V.
icro-backward extrusion
inite element analysis

. Introduction

The unique mechanical properties of bulk metallic glasses
BMGs) have attracted an increasing amount of attention. Although
MGs possess very low plasticity at room temperature, they show
ood deformation ability in a certain temperature range [1,2],
hat is, in the supercooled liquid region (SCLR). So thermoplas-
ic forming is an effective method for widening the applications
f BMGs into machinery, telecommunications, aerospace, automo-
ile, chemical, sports equipment and military fields [3–5].

Many papers have studied the effects of temperature and strain
ate on their flow behavior and deformation ability during ther-
oplastic forming, [6–10]. Recent research has found that friction

ondition, shape design and shock loading can also affect the plas-
ic deformation flow of BMGs [11–13]. A standard method has also
een proposed to describe the formability of different BMGs by
ssessing their maximum diameter in compression testing [14].
ecause of their unique formability in SCLR, BMGs have been widely
sed for experimental processing, including indentation or nanoin-
entation [15–20], joining [21], rolling [22], torsion [23], extrusion

24], bending [25], and microforming [26–30].

However, many recent experimental studies on thermoplastic
orming of BMGs have been conducted through trial and error. As
he thermoplastic forming process of BMGs in SCLR is sensitive

∗ Corresponding author. Tel.: +86 27 87543491; fax: +86 27 87543491.
E-mail address: bigaxun@263.net (X.-y. Wang).

925-8388/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.11.070
to the variation of processing parameters, a numerical calculation
method is needed to simulate and accurately predict the defor-
mation behavior of BMGs. Therefore, research into a constitutive
model which can be used to construct a finite element (FE) sim-
ulation model with regard to the thermoplastic forming of BMGs
has attracted growing attention [31,32]. Since Spaepen was first
to establish the free volume model of glassy materials which cor-
responds to the thermoplastic deformation mechanism on atomic
scale, many scholars have put forward their own constitutive mod-
els to forecast the plastic flow behavior of BMGs in SCLR. Kawamura
et al. presented a stretched exponential model according to the
Arrhenius relation, which can describe the steady-state flow stress
well, but cannot express the equilibrium viscosity over the entire
temperature range [33]. The model that Lu et al. presented can fit
the stress overshoot phenomenon only under a high strain rate [34].
Kim et al. used a fictive stress model to predict the peak stress and
steady state stress values and proposed a free volume based con-
stitutive model by a finite element method, which matched well
the experimental data for a Pd-based BMG [32,35]. Gun et al. used
the Zener–Hollomon parameter, Z, to determine the optimum con-
ditions for superplastic flow in the material [36]. In recent years,
Anand et al. put forward a Coulomb–Mohr type constitutive the-
ory, which can be used for the entire temperature range [37–40].

However, the model is often too complex to apply.

Until now, there has not been a very good constitutive model
to describe the steady flow and stress overshoot at the same
time. In this paper, a Maxwell-pulse constitutive model was put
forward, according to the thermoplastic deformation behavior of

dx.doi.org/10.1016/j.jallcom.2010.11.070
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. True stress–strain curves at a temperature of 694 K with different strain rates.

r55Cu30Al10Ni5 BMG in the supercooled liquid region, which com-
ined a visco-elastic Maxwell model and pulse functions. In this
odel, a fictive stress model was used to construct the relation-

hip between flow stress, strain rate and temperature. Thereafter,
he constitutive model was written into the FE software MSC/Marc
o predict the deformation force of a micro-backward extrusion
rocess. Subsequently, comparison experiments with the same
eformation parameters were conducted in SCLR.

. Experimental details

A copper casting mold was used to prepare Zr55Cu30Al10Ni5 BMG cylinders with
diameter of 3 mm. X-ray diffraction analysis (XRD, Philips, X’Pert Pro) and dif-

erential scanning calorimetry (DSC, Perkin Elmer DSC 7) at constant heating rate
f 20 K/min were used to conduct structural and thermal analyses. The obtained
lass transition temperature Tg, crystallization temperature Tx, and SCLR tempera-
ure range �Tx are 684, 770, and 86 K, respectively. The samples were machined to d
mm × 3 mm. The compression test device used was a Zwick/Roell Z200 universal

esting machine. In order to study the constitutive relation of BMG in the SCLR,
he following strain rates were selected: 2.5 × 10−4, 5 × 10−4, 1 × 10−3, 2 × 10−3,
× 10−3, 1 × 10−2, and 2 × 10−2 s−1.

The stress–strain curves of Zr55Cu30Al10Ni5 BMG in the SCLR are shown in Fig. 1.
t can be seen that there is a stress-overshoot phenomenon (overshoot) in its initial
tage of deformation at a temperature close to Tg. After the stress reached a peak,
t declined to a relatively stable plateau. At a certain temperature, both the stress
eak and the stable flow stress increased with increasing strain rate, and the differ-
nce between the peak stress and the stable stress also gradually increased as the
train rate increased. When the strain rate was lower than 1 × 10−3 s−1, there was no
vershoot phenomenon, and the BMG was in Newtonian viscous fluid deformation
tatus. However, the BMG was in a non-Newtonian viscous fluid state at a higher
train rate, and showed a non-linear deformation behavior.

. Results and discussion

.1. Variation of free volume

Free volume in a BMG can be termed excess volume compared
o an ideal disordered configuration of maximum density, and an
tom can move freely in its free volume without a change in its
nergy [41]. After an external stress has acted on a BMG in SCLR,
certain free volume can be created by squeezing an atom with
ard-sphere volume into a neighboring site with a smaller vol-
me. At the same time, a relaxation process along with structural
earrangement leads to an annihilation of free volume [42].

So, the change of the overshoot phenomenon at different strain

ates in Fig. 1 may be related to the variation of free volume in
he BMG. A hypothetical physical phenomenon is posited: before
nd after stress overshoot, the free volume value will change inside
he BMG material. Before the stress reaches its peak, the amount
f free volume generated is less than that of annihilation by dif-
Fig. 2. XRD patterns and DSC traces of deformed samples at strain rate of 0.01 s−1

and temperature 694 K.

fusion, which leads to an increase in stress. As the production of
free volume increases rapidly, the amount generated is greater than
that of annihilation, so the stress value begins to decrease. Finally,
when the amount of free volume generated equals the annihilation
amount, the stress value decreases to a steady-state flow stress.

Van den Beukel and Sietsma related the variation of free vol-
ume in BMG to the glass transition observed in a DSC measurement
[43]. The effect of thermoplastic forming parameters on deforma-
tion behavior of BMGs has been discussed based on free volume
theory [44,45]. The changes of enthalpy are proportional to the
variation of free volume per atom [46–50]. The enthalpy increases
with the increasing free volume. Based on the measured enthalpy
change of deformed BMG during a constant heating rate DSC test,
the variation of free volume can be determined.

Fig. 2 shows the XRD patterns and DSC traces of the samples with
selected pre-strains of 8%, 15%, 21% and 30%, which are around the
overshoot strain. The pre-stain was conducted by compression at
a temperature of 694 K and a strain rate of 1 × 10−4 s−1. From the
XRD insert in Fig. 2, it can be seen that all pre-strained samples
are in a single amorphous phase state, because no peak corre-
sponding to a crystalline phase can be observed. The lower inset
in Fig. 2 shows that enthalpy change increases with the increase
in pre-strain value, and reaches the maximum value of 45.576 J/g
at a pre-strain of 21%. Thereafter, the enthalpy change decreases to
43.933 J/g at a pre-strain of 30%. This pattern of change for enthalpy,
which shows an increase at first and then a decrease, is similar to
that of stress in Fig. 2. According to the relation between enthalpy
change and free volume variation mentioned above, this pattern
indicates that free volume may be subject to a similar variation rule.
In other words, the variation of free volume is affected by strain, and
the hypothetical physical phenomenon mentioned before is proper.
It implies that an equation can be constructed to interrelate free
volume and strain. This will be discussed in the next section.

3.2. Constitutive equation

According to the relation between reduced free volume and
temperature in equilibrium [43], xeq = f (T), the equilibrium vis-
cosity and flow defect concentration of BMG can be obtained
as �eq = �0 exp(f −1(T)) and cf = exp(−f −1(T)), respectively. These
three equations can also be interpreted as the relation between flow
stress and temperature, because, as is well known, the viscosity of

BMG in SCLR is proportional to stress at a particular instant. On
the other hand, the strain resulting from an external force affects
the variation of free volume [51,52]. Consequently, an equation can
be constructed to describe the free volume and strain, x = f (ε), by
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eferring to the above three equations. Thereby, a strain related
unction, x = (1 − exp(−(ε − ε0)/t1))P exp(− − (ε − ε0)/t2)), can be
sed to predict the variation of free volume, where ε0 is the initial
train, t1 and t2 are constants related to the strain rate, and P is the
ttenuation energy used to describe energy dissipation. Then, the
tress overshoot phenomenon can be described as a pulse function
see Eq. (1)), which exactly matches the variation of the stress peak.

= y0 + A
(

1 − exp
(
− ε−ε0

t1

))P
exp

(
− ε−ε0

t2

)
(1)

here, y0 is initial stress, A is stress peak amplitude. Because both
he height and the width of the stress overshoot peak relate to
emperature and strain rate, the characterization of amplitude A
onsists of strain rate and temperature, which is consistent with
he Arrhenius relationship. The abscissa of the peak points can be
alculated as,

= ε0 + t1 × (ln(P × t2 + t1) − ln(t1)) (2)

Initial strain ε0 and stress y0 can be set as zero. The abscissa of
he stress overshoot peak is related to the temperature and strain
ate. However, the abscissa values of each stress overshoot peak
ary little for different temperatures. So, during the fitting process
f the parameters, the abscissa values of the stress overshoot peak
ere set to a constant value of 0.15, according to the condition of

train rate 0.005 s−1 and temperature 684 K. So, a pulse function
escribing the overshoot phenomenon is given as,

overshoot = Kε̇ exp
H′

RT

[
1 − exp

(−ε

t1

)]P

exp
(−ε

t2

)
(3)

here K is a structural constant, H′ an activation energy.
The Maxwell model is a classic linear visco-elastic constitutive

odel which consists of a Hooke spring and a Newtonian dashpot.
he Hooke spring characterizes the strain εE produced by elas-
ic deformation, while the Newtonian dashpot characterizes the
train εV produced by plastic deformation. The Maxwell model
an describe simple steady-state flow behavior. However, the non-
ewtonian flow of BMG in the SCLR is non-linear visco-elastic
eformation, and it cannot be expressed exactly by the Maxwell
odel only. In constructing a constitutive model, the authors used

he Maxwell model to characterize the steady-state deformation
rocess:

˙ = Eε̇ − �

�f
(4)

here �̇ is stress rate, ε̇ strain rate, E module, and �f stress relax-
tion time. By integrating the Eq. (4), a creep stress equation can be
btained:

creep = E�f ε̇

[
1 − exp

(
−t

�f

)]
= �f

[
1 − exp

(
−t

�f

)]
(5)

here �f is steady-state flow stress.

f = 3ε̇B exp
(

H

RT

)[
1 − exp

( −1
tA exp(H ∗ /RT)ε̇

)]
(6)

here B is a constant. Based on the flow behavior of the BMG in the
CLR, a Maxwell-pulse constitutive model is proposed by combin-
ng the visco-elastic Maxwell function mentioned above and the
ulse function (Eqs. (3) and (5)), as shown in Eq. (7).

(t) = �creep + �overshoot (7)

Or[ ( )] ′ [ ( )]P ( )

= �f 1 − exp

−ε

�f ε̇
+ Kε̇ exp

H

RT
1 − exp

−ε

t1
exp

−ε

t2
(8)

here

f = �f

3Eε̇
(9)
Fig. 3. Processing of parameters fitting: (a) normalization of viscosity and (b) shift
factor of fictive stress model.

In this constitutive model, the steady-state flow behavior of the
BMG in the SCLR can be fitted very well based on the visco-elastic
Maxwell model when considering the effect of stress relaxation
during deformation. The strain related pulse function model can
characterize the Newtonian viscous fluid deformation state, and
the stress overshoot peak in non-Newtonian viscous fluid defor-
mation. So, the Maxwell-pulse model can describe intuitively the
flow behavior of the BMG in the SCLR at different temperatures. This
model can also be conveniently input into finite element software
to analyze the plastic deformation process of the BMG.

3.3. Fitting of parameters

There are several methods for solving steady-state flow stress,
for example, the free volume model, the stretched exponential
function, and the fictive stress model. Because the flow stress calcu-
lated from the fictive stress model is closer to experimental values,
the parameters of the flow stress equation can be obtained by fitting
the fictive stress model. The construction of the fictive stress model
is based on stress relaxation, which can fit Newtonian fluid and
non-Newtonian fluid behavior. Kato et al. [53] used a finite element
method to validate the applicability of the fictive stress model; the
fitting values agreed with experimental results very well.
The fictive stress model normalizes steady-state viscosity �f at
different temperatures by equilibrium viscosity �N, then a shift fac-
tor ˛T is used to normalize the curves of different strain ratio ε̇ to
the master one (see Fig. 3).
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ig. 4. Comparison of predicted results and experimental data at different strain
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The fitting parameters of the fictive stress model are
= 6.03 × 10−19, H = 388 kJ/mol, A = 1.58 × 10−25, H* = 337 kJ/mol
nd t = 180 s, respectively. Other parameters are fitted to be
= 7.4 × 10−18, t1 = 5.1, t2 = 0.03, P = 4.1 and H′ = 394 kJ/mol, respec-

ively, according to the high temperature compression test data.

.4. Validation with simple cylinder compression test

Based on the proposed Maxwell-pulse constitutive model, the
uthors fitted the true stress–strain curve of different strain rates
f the BMG in the SCLR. The stress–strain curves at different strain
ates are shown in Fig. 4. Dashed lines show those calculated from
he constitutive model, while solid lines show curves obtained from
he compression experiment. From Fig. 4, it can be seen that the
urves of the proposed Maxwell-pulse constitutive model show a
ery good agreement with that of the experiment of the BMG in
he SCLR, including the Newtonian flow behavior and the transi-
ion from non-Newtonian to Newtonian flow, which plays a key
ole in the application of Zr55Cu30Al10Ni5 BMG in high temperature
orming.
The finite element simulation software MSC/Marc was selected
o simulate the compression tests of Zr55Cu30Al10Ni5 BMG in the
CLR, the proposed Maxwell-pulse constitutive model can be input
irectly into the FE software. The applicability of the constitutive

Fig. 5. Comparison of simulated results and experimental data.
Fig. 6. Experimental and simulated load–displacement curves of micro-backward
extrusion cup.

model was verified by comparing the experimental data and the FE-
calculated results. Because of the symmetry of the compression test
specimen, only 1/4 of the solid model was used in the simulation.
The three-dimensional solid was meshed with a tetrahedral mesh.
Simulation parameters were set according to the compression test
conditions in Fig. 1, and the friction coefficient was set to be 0.5.

Fig. 5 shows a comparison of the simulation curves and the
true stress–strain curves under the conditions of the strain rate
of 0.001 s−1 and 0.01 s−1 at a temperature of 694 K. Contrasting the
Marc numerical simulation results and the experimental values, it
can also be seen that Maxwell-pulse constitutive model provides
a good fit for the Newtonian and non-Newtonian flow behavior of
the BMG in the SCLR.

3.5. Validation with micro-backward extrusion test

Through the above research and analysis, it was shown that
the proposed Maxwell-pulse constitutive model can be used to
describe the simple cylinder compression forming of the BMG in the
SCLR. This section will introduce a more complex deformation pro-
cess of a backward extruded cup with a very thin wall to evaluate
the proposed model by experiment and FE simulation.

Samples were machined to a diameter of 2.18 mm and a height
of 1.2 mm. Then a backward extrusion experiment was conducted
to make a micro-size cup on the Zwick/Roell mechanical testing
machine.

Fig. 6 shows the load–displacement curves of the micro-
backward extrusion test and FE simulation at a temperature of
694 K and an extrusion rate of 2 �m s−1. The insert is a scanning
electron micrograph of an extruded cup with an outside diameter
of 2.2 mm and a wall thickness of 50 �m. It can be seen that the
extruded sample has a uniform wall thickness and a high surface
finish after forming. The load data simulated with the proposed
constitutive model agree well with the experimental results. So,
the Maxwell-pulse constitutive model constructed in the paper is
accurate, and can be used for the study of the Zr55Cu30Al10Ni5 BMG
material in plastic deformation.

4. Conclusions
The flow behavior of Zr55Cu30Al10Ni5 BMG in the SCLR can be
divided into Newtonian flow and non-Newtonian flow. Under a cer-
tain deformation condition, the stress overshoot phenomenon will
appear during deformation in the SCLR.
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1) A Maxwell-pulse constitutive model for Zr55Cu30Al10Ni5 BMG
in the SCLR was proposed and the parameters in constitutive
model were obtained using a fitting method.

2) The proposed model fitted the deformation behavior not only in
the Newtonian flow region but also in the process of changing
from Newtonian flow to non-Newtonian flow.

3) Numerical simulation and the micro-backward extrusion cup
experiment proved that the Maxwell-pulse constitutive model
proposed in this paper can describe the thermoplastic defor-
mation behavior of the Zr55Cu30Al10Ni5 BMG in the SCLR.
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