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a b s t r a c t

The microstructure evolution of Zr60Al15Ni25 bulk metallic glass during rolling at room temperature has
been investigated by differential scanning calorimetry (DSC) and high-resolution transmission electron
microscopy (HRTEM). The released heat due to the structural relaxation before glass transition in the
DSC curves indicates a two-state characteristic of atomic movement during rolling of the metallic glass,
vailable online 15 May 2010
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as modeled in the free volume model and shear-transformation-zone theory. The HRTEM images show
that nanocrystallization preferentially occurs in the transition regions between the shear bands and the
undeformed amorphous matrix. The gradient content distribution of excess free volume along the width
of a shear band is conceived, based on which the variation of viscosity within a shear band is analyzed.
Then the mechanism of deformation-induced crystallization is discussed within the frame of viscous
rystallization
ree volume

flow.

. Introduction

Bulk metallic glasses (BMGs) possess higher strength, hardness,
lastic deformation limit and low elastic module compared to
raditional metals, which promise potential application in engi-
eering [1]. At low temperatures and high strain rates, plastic
eformation in BMGs behaves in an inhomogeneous mode, namely,
he deformation is highly localized in the shear bands, leading to a
atastrophic failure [2]. As a result, much attention has been paid
n the plastic deformation and fracture mechanism of metallic
lasses. Previous works show that partial crystallization or phase
eparation occurs in deformed metallic glasses [3–6]. Based on the
elting droplets and vein patterns on fracture surfaces, it is spec-

lated that the material near the fracture would be adiabatically
eated above the melting point when cracks rapidly propagate,
nd such considerable temperature rise results in crystallization
6–9]. However, it is estimated that the temperature rise within the
hear bands before facture is much lower, and even is lower than
he glass transition temperature (Tg) [10]. In fact, crystallization
nd phase separation occur during rolling of Cu60Zr20Ti20 BMG

t the temperature of 150 K [5,6], under which the considerable
emperature rise is excluded.

Using the NTP (i.e., the number of atoms, temperature and
ressure are constant) ensemble molecular dynamics simulation,
arumi et al. have studied the structure changes during shear defor-
ation in a Ni amorphous metal and found that the precipitated

∗ Corresponding author.
E-mail address: yanzhijie74@sohu.com (Z.J. Yan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.130
© 2010 Elsevier B.V. All rights reserved.

crystalline phase has an orientation relationship, namely, the shear
direction and a (1 1 1) plane are parallel [11], which is consistent
with the experimental studies on a Ni–P amorphous alloy [12,13].
As we know, a crystal induced by thermal diffusion should have a
random orientation relationship. In this sense, the driving origin
of deformation-induced crystallization in a metallic glass is not as
simple as adiabatic heating.

The microstructure of a metallic glass during inhomogeneous
plastic deformation varies within the shear bands, with the amor-
phous matrix being elastic deformation [3–7]. In the previous
works, we have reported the two-state characteristic of atomic
movement during rolling of the Zr60Al15Ni25 metallic glass at room
temperature based on the results of XRD and DSC [14]. Within
a shear band, the excess free volume induced by shear stress
distributes heterogeneously, which considerably influences the
microstructure of a metallic glass [5–9]. In the present work, we
further investigate the microstructure evolution based on the vari-
ation of free volume and the crystallization behaviors in the shear
band zones to approach the understanding of the mechanism of
deformation-induced crystallization.

2. Experimental procedure

An alloy ingot with nominal composition of Zr60Al15Ni25 (atomic percent) was
prepared by arc melting the mixture of pure metals Zr (99.9 wt%), Al (99.99 wt%)

and Ni (99.95 wt%) in a water-cooled copper crucible under titanium-gettered argon
atmosphere. The ingot was remelted four times to ensure its compositional homo-
geneity. Specimens with a cross-section of 1 mm × 10 mm and length about 50 mm
were produced from the ingot by suction casting in a copper mold. Amorphous
nature of the as-cast specimens was identified by X-ray diffraction (XRD) using
Cu-K� radiation.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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dx.doi.org/10.1016/j.jallcom.2010.04.130
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The as-cast specimens were cut into small bars with a cross-section of
mm × 2 mm and length of 10 mm for subsequent rolling. Both the opposite wider

urfaces of bar samples were mechanically polished to make them parallel to each
ther prior to rolling experiments. These bars, covered by two steel foils, were rolled
t room temperature to the desired thickness in a twin-roller apparatus with a
oller diameter of 120 mm. The reduction of space between the rollers per pass
s no more than 1 �m. Under this status, the strain rates are controlled to be about
0−4–10−3 s−1. The deformation degree was evaluated by the reduction in thick-
ess, i.e., ε = (h0 − h)/h0, where h0 and h stood for the specimen thickness of as-cast
nd as-rolled specimens, respectively. The maximum ε of 95% was obtained in the
resent work.

Thermal analyses were performed in a Perkin–Elmer Pyris Diamond differential
canning calorimeter (DSC) at a scanning rate of 20 K/min under flow of high purity
rgon. The microstructures of the rolled samples were investigated by XRD and high-
esolution transmission electron microscopy (HRTEM) under an accelerating voltage
f 200 kV (JEOL JEM-2100 F). The TEM foils with a diameter of 3 mm were prepared
sing a twin-jet thinning electropolisher in a solution of 5% (vol.%) perchloric acid
nd 95% ethanol at 243 K. The TEM specimens were observed immediately after the
reparation since they readily oxidized upon exposure to air atmosphere.

. Results

The as-cast Zr60Al15Ni25 specimens have been verified to be
ully amorphous by XRD and HRTEM. The XRD patterns of as-cast
nd rolled specimens have been shown in our previous work [14].
esides the broad diffraction peaks, no obvious signals for crys-
alline phases were detected in the XRD patterns. By fitting the
road diffraction peaks located at 2� ≈ 37◦ in the XRD patterns
sing Lorentz line profiles, the variation of values of full width at
he half maximum (FWHM) with ε is not monotonic, indicating the
wo-state characteristic of deformation [14].

Free volume is a critical factor in evaluation of the microstruc-
ure of a metallic glass. But, it is difficult to measure the absolute
ontent of free volume in a BMG quantitatively. Van den Buekel
nd co-workers have found that the released heat (Er) due to struc-
ure relaxation before glass transition in a DSC curve at a constant
canning rate is proportional to the change of free volume (�Vf)
15,16]. Based on this, we can characterize the relative comparison
f free volume accumulated in a metallic glass. Fig. 1(a) shows the
SC curves of the as-cast and some rolled specimens recorded at

he scanning rate of 20 K/min. All the DSC traces show an endother-
ic event, which is the characteristic of glass transition, followed

y a single exothermic event corresponding to the crystallization
rocess. These DSC curves are expressed in the relative change of
he apparent specific heat �Cp = CP(T) − CP (323 K) (Fig. 1(b) and
c)), where CP (323 K) and CP(T) are the apparent specific heat at
he temperatures 323 K and T, respectively.

Fig. 2(a) shows the variation of onset temperature (Tr) of struc-
ure relaxation with ε. Tr dramatically decreases from 465.3 K to
10.1 K as ε increases from 0% (as-cast) to 10%, and increases to
20.3 K at ε = 20%. Then, it fluctuates near 400.0 K as ε = 30–95%. The
esults show that the structure relaxation is considerably facilitated
ue to rolling, which is consistent with the previous work [17]. This

s possibly attributed to the increase in free volume, which provides
larger driving force for relaxation. The values of Er are calculated

rom the curves in Fig. 1(b) and (c) and shown in Fig. 2(b). The val-
es of Er of rolled specimens considerably fluctuate, with largest
alue of 34.9 J/g at ε = 70% and smallest value of 11.2 J/g at ε = 50%.
he value of Er of as-cast metallic glass is 7.5 J/g. A higher value
f Er indicates more abundant free volume and a more disordered
tomic configuration. It is obvious that the free volume substan-
ially increases due to rolling, which is in good agreement with
revious works [18–20].

The HRTEM image of specimen with ε of 20% is shown in

ig. 3(a). The deformation of Zr60Al15Ni25 metallic glass subjected
o rolling under the present conditions behaves as an inhomoge-
eous mode, which is verified by the formation of localized shear
ands (Fig. 3(a)). Shear bands appear bright, as they are thinner than
he undeformed matrix due to less resistance to chemical attack
Fig. 1. DSC curves of the as-cast and some rolled Zr60Al15Ni25 specimens with dif-
ferent ε at the heating rate of 20 K/min (a) and the corresponding relatively specific
heat �Cp curves before glass transition ((b) and (c)).

during electrolytic thinning [18]. Between the bright center region
of shear band (marked B) and the amorphous matrix, there is a mod-
erate contrast field (i.e., transition regions marked A) in the HRTEM
image. Fig. 3(b) and (c) shows the SAED patterns of shear bands
and matrix in the specimens with ε of 20%, respectively. Fig. 3(d)
shows the SAED pattern of shear band at ε of 40%. All the patterns
exhibit diffusion halos without diffraction spots, showing amor-

phous nature. However, there exist differences among the three
SAED halos, indicating the structure changes of the shear bands
with increasing of deformation degree.

Many nanocrystals with size of about 5–10 nm are found in the
transition than center regions of shear bands in the rolled spec-
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ig. 2. Onset temperatures Tr of structure relaxation (a) and the corresponding
eleased heat Er of the as-cast and some rolled specimens (b).

mens with ε of 80%, marked with the ellipses in Fig. 4(a). The
orresponding SAED pattern of the marked regions is shown in
ig. 4(b), showing obvious diffraction characteristic of polycrystals.
he d-spacing evaluated from the observed ring pattern is about
.19 nm. However, the diffusion halo of undeformed matrix (the

nsert of Fig. 4(a)) indicates its amorphous nature.

. Discussion

At temperatures far below the temperature Tg, as the mechan-
cal force loaded on a metallic glass exceeds the yield strength,
ome atoms are first driven by the shear stress to jump. As a result,
dditional volume defects (e.g., free volume, nano-voids) are intro-
uced, and the local regions with higher energy appear. Extension
f these regions along the maximum shear stress direction leads
o the so-called shear bands. The strain in the shear bands is very
igh, while that in the amorphous matrix is about zero [2,3]. It is
he propagation of shear bands, excess free volume, nano-voids and
hort-range orders that result in the complication of microstructure
volution during plastic deformation.

The non-monotonic variation of the values of Er with ε further
ndicates a two-state characteristic of atomic movement subjected
o rolling, namely, the competition between “forward” jumps or
TZ operations with “backward” ones [4,21–23]. These behaviors
ave implications for the rheology of flowing glass, as well as
yclic deformation. This can be explained within the frames of free

olume model (FVM) and shear-transformation-zone (STZ) the-
ry. The viscosity in the shear bands substantially decreases due
o the increase in excess free volume, and the atomic diffusion
nhances. Diffusion controlled reordering leads to annihilation of
ree volume and the shear-induced disordering produces more free
Fig. 3. HRTEM image of the shear band in Zr60Al15Ni25 specimens with ε of 20% (a),
and the SAED patterns of shear band with ε of 20% (b), the amorphous matrix (c),
and the shear band in specimens with ε of 40% (d).

volume [4,24,25]. When the free volume exceeds the critical value,
three dimensional nano-voids form as a result of coalescence of the
excess free volume [26]. Based on the STZ theory, flow dilatation
and flow contraction result in the ordering and disordering, respec-
tively [4,21–25]. Shear bands were compressed by the amorphous
matrix due to the substantial accumulation of excess free volume
during shear transformation flow. Contraction and orderly arraying
occur in shear transformation zone due to the compression effect,
which has been certificated by molecular dynamics simulations
[27]. Stress concentration occurs at the sites of flow defects dur-
ing shear transformation. Therefore, nano-voids (with size about
3–6 atoms) may be “cut” into several smaller volume defects when
STZ units operate through the defects. The repeated “cutting” effect
results in the degradation of nano-voids into dispersed free volume,
and therefore, disordering. The final microstructures of shear bands
are the net result of two competing processes, viz., disordering and
reordering.
Free-volume models for the kinetics of plastic flow in metallic
glasses have predicted the creation of excess free volume in shear
bands during plastic deformation. Previous works have indicated
that much additional excess free volume accumulates in the shear
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ig. 4. HRTEM image near one shear band in the specimens with ε = 80% (a), and
he corresponding SAED pattern of the ellipse region (b), showing polycrystalline
haracteristic. The insert in the HRTEM image (a) are the SAED pattern of matrix and
local magnified crystallized area.

ands [18–20]. The DSC data in the present work further verify
he considerable increase in free volume due to rolling. The HRTEM
mages show that the content of excess free volume accommodated
n one shear band shows a gradient distribution along its width
rientation. The number of electrons that penetrate the objective
ens and arrive at the image plane can be expressed as [28]:

= n0 exp(−N�x) (1)

here N = N0/A, A is the average atoms weight, and N0 the Avogadro
onstant, and � a constant related to atomic number; x = �t, � and
are the density and thickness of samples, respectively. Accord-

ngly, the HRTEM image contrast is controlled by the density and
hickness of samples. The density of one shear band is influenced by
ts excess free volume. Furthermore, the regions with higher con-
ent of free volume are easier to be electrochemically polished [18].
ased on the discussion above, the image contrast reflects the rel-

tive variation of the content of free volume, namely, the brighter
ontrast corresponds to the higher content of free volume. Fig. 5(a)
nd (b) is the schematic illustration of the distribution of excess
ree volume and viscosity along the width orientation of one shear
and, respectively.
Fig. 5. Schematic illustration of the free volume (a) and viscosity (b) in one shear
band.

Considering the lower viscosity, we take the deformation in
shear bands as homogeneous plastic flow and the compression
components to shear bands during rolling can be hold as hydro-
static pressure. Ye and co-workers have investigated the influence
of hydrostatic pressure on the deformation-induced crystallization
behaviors in metallic glasses [29–33]. For the homogeneous nucle-
ation of a spherical crystallite with a radius (r) in an amorphous
matrix, the relationship describing the change in the energy bar-
rier for nucleation (�G*) needed to form a critical sized nucleus
associated with the hydrostatic pressure (P) can be expressed as
[29,30]:(

∂�G∗

∂P

)
T

= −64
3

�	3 
Vm

(�Gm + Ee + P�Vm)3
Vc2

m (2)

where 	 is the interfacial free energy between the crystalline and
the amorphous phases, �Gm is the molar free energy change for
an amorphous-to-crystalline phase transformation. Ee is the elastic
energy induced by a volume change during the phase transforma-
tion in the solid state, Vc

m is the molar volume of the crystalline
phase, and �Vm is the molar volume change associated with the
formation of a crystalline nucleus.

In the case of the amorphous-to-crystalline transformation, the
values for �Gm and �Vm are both negative, and as a result, Ee in
this phase transformation is rather low [29,33]. Therefore, the value
of (∂(�G∗)/∂P)T is also negative, indicating that �G* decreases

with the increasing of hydrostatic pressure, suggesting that the
application of hydrostatic pressure enhances the precipitation of
nanocrystallites in the amorphous matrix. The transition regions
of shear bands are compressed due to viscous dilation of the shear
band and the restriction of matrix, leading to the decline of energy
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arrier for nucleation (�G*). As a result, nucleation prefers to
ccur in these transition regions. As the HRTEM images (Fig. 4(a))
how, nanocrystals highly localize in the transition regions. The
rystalline/amorphous grain boundaries may drain out excess free
olume during the crystal nucleation and growth, during which
hese free volume coalescence into nano-voids. In fact, Falk et al.
ave found that short-range orders accompany the nano-voids
y molecular dynamics simulations [25]. Jiang and Atzom have
lso detected more nano-voids in the transition regions than the
enter of shear bands in nanocrystalline/amorphous Al90Fe5Gd5
omposites produced by rolling [34]. All these results suggest that
ucleation during deformation-induced crystallization occurs in
he transition regions of shear bands, which is consistent with our
ndings.

With higher excess free volume, the center regions of shear band
ave lower viscosity and larger shear strain than the transition
egions, resulting in more severe viscous flow, indicating a more
isordering effect. Furthermore, the energy barrier for nucleation

ncreases due to its flow dilation. Therefore, the nucleation in the
enter regions of shear bands is considerably suppressed. This is
lso consistent with the previous report that nanocrystals prefer-
ntially precipitate in the compressive regions during the bending
f Al90Fe5Gd5 amorphous alloy [35].

. Conclusions

The microstructure evolution of Zr60Al15Ni25 bulk metallic glass
uring rolling at room temperature is investigated. The values of
r non-monotonically vary with deformation degree, indicating
hat the atomic movement exhibits a two-state characteristic dur-
ng plastic deformation. The final microstructure is the net result
f two competing processes, viz., disordering and ordering. The
RTEM images show that the deformation-induced nanocrystal-

ization preferentially occurs in the transition regions between the
enter of shear bands and the undeformed amorphous matrix,
hich is attributed to the compression effect duet to viscous
ilation of the shear bands and the restriction of undeformed
atrix. Based on the HRTEM images, a gradient content distri-
ution of excess free volume along the width of a shear band is
onceived, with the highest content of free volume in the center
f the shear band. The present work is helpful to understand the
echanism of deformation-induced crystallization of amorphous

lloys.
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