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a b s t r a c t

The structural stability is an essential problem for engineering application of bulk metallic glasses (BMGs).
Constant-heating dilatometric measurements were conducted for 2 mm Zr63.78Cu14.72Ni10Al10Nb1.5 BMG
rods and two visible structural relaxation processes below Tg were found, which correspond to the obvious
annihilation of free volume (FV) and the continuous decrease in coefficient of linear thermal expansion
(˛). After annealing the BMGs near the temperature of the main structural relaxation processes and Tg for
3600 s, the BMG rods have much FV relaxed, but still remain the amorphous structure. The microhardness
eywords:
ulk metallic glass
lastic deformation
pparent activation volume
tructural relaxation

of the annealed samples increases with increasing the annealing temperature, but the plastic strains
remain unchanged considering the uncertainty of uniaxial compression after annealing the BMGs at
the temperature below Tg. The excellent plasticity of the BMGs experienced the structural relaxation is
absolutely different from those previous results of embrittlement after structural relaxation below Tg.
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The mechanisms of this u
below Tg is discussed in t

. Introduction

In the past three decades bulk metallic glasses (BMGs) have
ttracted considerable attention and wide investigation due to their
xcellent mechanical properties and potential engineering appli-
ations [1–4]. BMGs are in a metastable state and can transform
o the more stable crystalline counterparts at the conditions of
xternal applied energy, for example: isochronal or isothermal
nnealing [5]. The structural changes should result in the changes
n BMGs’ mechanical performance. For this reason it is necessary
o explore the structural stability and the mechanical performance
f BMGs after they suffer the processes of heating. Generally, the
lastic deformation in BMGs is highly localized into a few shear
ands at the ambient temperature, thus the main cracks occur.
his results in a limited plastic strain (less than 2%) and catas-
rophic failure [7,8]. Recently, some researchers have found that

he introduction of the interior or exterior heterogeneity into BMGs
an largely improve the plasticity of BMGs at the room temper-
ture. Sometimes, the heterogeneity, such as nano-crystalline or
ano-quasicrystalline, phase separation, deforming-induced crys-
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l plastic deformability for the BMGs experienced the structural relaxation
ht of apparent activation volume.
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tallization and micrometer-sized ductile phases, is adopted as
effective heterogeneous sources to improve the plasticity of BMGs
[9–19]. The large compression strain of BMGs is achieved, and
even the superplasiticity occurs at the condition of a particu-
lar nanometer-sized non-homogeneous structure [20]. However,
whether such heterogeneity can still exist or be effective after
such BMGs suffer the structural relaxation is in question. Compar-
ing with corresponding crystalline counterparts, the BMGs usually
contain a certain amount of excess FV during quenching. Previous
research findings show that FV in the glassy structure can act as
the beneficial sites to initiate and bifurcate the shear bands, thus
result in the good plasticity in BMGs [16,21,22]. On the other hand,
the excess FV is also in a metastable state and can be annihilated
at the elevated temperature, which is called structural relaxation
[23–26]. As reported by previous researchers, the plasticity of BMGs
always deteriorates along with the annihilation of FV upon anneal-
ing the BMGs below Tg [5,6,20]. However, the plasticity of BMGs
is enhanced when they sustain warm deformation at supercooled
liquid region (SLR) due to the creation of new FV upon deformation
[27]. The shear bands in the deformed BMGs are believed to occur
through atoms’ diffusion and migration that are favored by the easy

atomic mobility. Whether the amount of FV definitely influences
the atomic mobility and the number of shear bands, which reflects
the plasticity of BMGs, needs further exploration.

In this paper, Zr63.78Cu14.72Ni10Al10Nb1.5 alloys are selected
because they contain a large amount of FV and exhibit good plas-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zengxierong@163.com
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cating an abundant FV content in as-cast BMGs [28,29]. The ˛ curve
S.H. Xie et al. / Journal of Alloys a

icity at room temperature [28]. Constant-heating dilatometric
easurements were conducted for BMGs’ rods (2 mm in diameter

nd 25 mm in length) and two visible structural relaxation pro-
esses with the onset temperature of 466 K and 599 K were found,
hich correspond to the continuous decrease in the coefficient

f linear thermal expansion (˛) and the obvious annihilation of
V. Annealing the BMGs at the temperature before the two visi-
le structural relaxation processes or near Tg would result in the
ifferent FV annihilation. Studying the influence of the annealing
emperature and FV changes on the plastic deformation of BMGs
ill be helpful to confirm the structural stability of BMGs and to
nderstand the effectivity and mechanisms of FV in initiating the
hear bands.

. Experimental details

The Zr63.78Cu14.72Ni10Al10Nb1.5 master alloys were prepared by arc melting mix-
ures of the pure elements (>99.9%) with the appropriate portions of Zr, Cu, Ni, Al
nd the Zr–Nb intermediate alloy that was arc-melted in advance in the Ti-gettered
rgon atmosphere with 99.999% purity. The alloys were remelted four times to
nsure the compositional homogeneity. Finally, the cylindrical rods of 2 mm in diam-
ter were cast by injecting the alloy melt of 1233 K into a copper mold under the
rgon atmosphere with 99.999% purity. The phase structures were investigated by X-
ay diffraction (XRD) using a Bruker D8 Advance 18 kW X-ray diffractometer with Cu
� radiation (� = 0.154178 nm). The glass transition and the crystallization behav-

or were determined by the differential scanning calorimetry (DSC) using a TA Q200
nder a continuous argon flow at the heating rate of 0.33 K s−1. The dilatometric mea-
urements were conducted on a NETZSCH DIL 402C dilatometer with a resolution of
L = 1.25 nm at the heating rate of 0.083 K s−1 under a compressive load of 0.3 N. The

amples for dilatometric measurements are cylindrical rods with 2 mm in diameter
nd 25 mm in length. The microhardness measurements were performed using a
ickers hardness tester (HXD-1000TM/LCD) with 1.961 N loading and 10 s duration
n a polished surface. The quasi-static-compression tests were carried out on the
ylindrical rods (2 mm in diameter and 4 mm in length) sandwiched between two
ungsten carbide disks using a universal testing machine (Regr5500 Reger, China)
ith a initial strain rate of 5 × 10−5 s−1 at room temperature. Both microhardness

nd compression tests were repeated five times to ensure the result reliability. The
amples for the compression tests were cut from the long rods. The ends of the sam-
les were polished to make them parallel to each other and perpendicular to the
xis of the rod prior to compression tests using a carefully designed jig. The stress
nd the strain quantities presented here are the engineering stress and engineer-
ng strain data. The morphology of the fracture and side surfaces of the fractured
amples was observed by the scanning electron microscope (HITACHI S-4700).

. Results and discussion
Fig. 1 shows the XRD patterns of the samples as-cast and
nnealed for 3600 s at 473 K, 613 K, 638 K and 653 K, respectively.
he patterns for the annealed samples exhibit the same broad
aximum, characteristic of the glassy structure, as the one for

ig. 1. X-ray diffraction patterns of the Zr63.78Cu14.72Ni10Al10Nb1.5 alloys as-cast and
nnealed for 3600 s at 473 K, 613 K, 638 K and 653 K, respectively.
Fig. 2. DSC traces (heating rate of 0.333 K s−1) of the Zr63.78Cu14.72Ni10Al10Nb1.5

alloys as-cast and annealed for 3600 s at 473 K, 613 K, 638 K and 653 K, respectively.

the as-cast sample, showing no detectable crystallization in the
annealed samples. The DSC traces of the as-cast and annealed ZrCu-
NiAlNb alloy rods all exhibit an endothermic event, characteristic
of the glass transition and a supercooled liquid region, followed
by two exothermic events, characteristic of a sequence of crys-
tallization, as shown in Fig. 2. The XRD and DSC results show the
glassy nature of all the samples. The Tg increases with increasing
the isothermal annealing temperature and gains an increment of
13.3 K after the samples were annealed at 653 K.

Fig. 3 shows the linear thermal expansion and physical thermal
expansion coefficient (˛) dependence of temperature at a heating
rate of 0.0833 K s−1. The 1st heating cycle was up to 643 K, just
below the glass transition temperature, then holding for 3600 s in
order that the samples sustained the sufficient structural relax-
ation. The 2nd heating cycle was up to 873 K, higher than the
crystallization temperature. The results show that the rod attains
much relaxed excess free volume (REFV) up to 0.45% after annealing
just below Tg (as indicated by a double-head arrow in Fig. 3), indi-
of the 1st heating cycle is quite different from the one of the 2nd. At
the 1st heating cycle, the alloy rod contains abundant FV and expe-
riences the structural relaxation during heating, corresponding to
the shrinkage of volume and the decrease of ˛. It is found that the

Fig. 3. The linear thermal expansion and physical thermal expansion coefficient (˛)
dependence of temperature for the Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs at heating rate
of 0.0833 K s−1. The 1st heating cycle was up to 643 K, just below the glass transition
temperature, then holding for 3600 s. The 2nd heating cycle was up to 873 K, higher
than the crystallization temperature.
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ig. 4. The illustration of the heating cycle procedure for the loop thermal expansion
xperiment.

rCuNiAlNb BMGs go through two visible shrinkage processes at
he onset temperature of 466 K and 599 K, respectively, with ˛ value
ecreasing from 8.1 × 10−6 K−1 to −0.68 × 10−6 K−1, corresponding
o the main structural relaxation processes. However, the ˛ value
or the 2nd heating cycle below Tg remains constant due to the prior
ufficient structural relaxation (about 10.3 × 10−6 K−1). It should
e noted that the fluctuation of thermal expansion coefficient at
round 450 K in the 2nd heating circle is due to the non-linear rela-
ionship between the samples’ temperature and time at the initial
tage of heating caused the lag between the samples’ tempera-
ure and the furnace’ temperature by the non-contact temperature

easurement in thermal dilatometer. It is reasonable to conclude
hat the structural relaxation begins mainly at 466 K and 599 K.
o confirm this, a loop thermal expansion experiment (the details
re illustrated in Fig. 4) was conducted and the results are shown
n Fig. 5. In order to show the minute difference clearly, Fig. 5 is

oomed in just above the room temperature range (the inset shows
he whole loop thermal expansion curves). The experiment aims to
tudy the extent of FV annihilation by annealing the BMGs near the
emperature of the main structural relaxation processes and Tg, so

ig. 5. The enlarged loop thermal expansion curves of the Zr63.78Cu14.72Ni10Al10Nb1.5

MGs just above the room temperature range. For each cycle, the rod was heated up
o the fixed temperature (473 K, 613 K, 638 K and 653 K), and hold for 3600 s, then
t was cooled down (the holding zones are not visible here due to the temperature
eference axis). At last it was heated up to 923 K. The inset shows the whole loop
hermal expansion curves.
Fig. 6. The relationships of REFV and the microhardness with the annealing temper-
ature for the Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs. The as-cast samples can be deemed
as annealing at 300 K.

473 K, 613 K (just below the onset temperature of two main struc-
tural relaxation processes), 638 K and 653 K (around Tg) are selected
as the isothermal annealing temperature. For the convenience of
checking the REFV, the rod was cooled down to the ambient tem-
perature after each isothermal annealing. It is shown in Fig. 6 that
the excess FV is relaxed by 0.011%, 0.122% and 0.038% at the 473 K,
613 K and 638 K holding processes, respectively, indicating that
more than 70% of the REFV occurs at the 2nd main relaxation tem-
perature (599 K). It is worthy to note that the volume of the rod
increases by 0.101% after annealing it just above Tg (653 K), indi-
cating a dramatic expansion caused by the glass transition (see
Fig. 6), which prevails over the shrinkage upon the structural relax-
ation. Because the mechanisms of glass transition are still elusive,
it is difficult to essentially compare the difference between the vol-
ume changes caused by the structural relaxation and that caused
by the glass transition. Whether the opposite dimensional change
can cause the opposite mechanical impacts on BMGs will be dis-
cussed in the next section. The results of the microhardness testing
indicate an opposite dependence of REFV at the annealing temper-
ature below Tg (see Fig. 6). The sample annealed at 473 K exhibits
just the same hardness as the as-cast one; however, the samples
attain the increasing microhardness with increasing the annealing
temperature. The hardness variation with the annealing tempera-
ture can be explained as following: the annihilation of FV reduces
the atomic mobility and increases the whole flow stress, therefore,
results in a more difficult deformation and higher hardness value.
As to the sample annealed just above Tg, the microhardness still
increases in spite of the dilatation upon the glass transition, which
indicates there is the intrinsically difference between the dimen-
sional change caused by excess FV and that caused by the glass
transition.

In order to compare the difference in mechanical properties of
BMGs with different FV content, the rods for uniaxial compression
tests sustain the same annealing processes as those in dilatomet-
ric measurements. Fig. 7 shows the stress–strain curves of the
as-cast and annealed Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs rods. The
stress–strain curves shown in Fig. 7 represent the ones that exhibit
the largest plastic strains of all five ones. It is found that the frac-
ture strength of all the samples is between 1918 MPa and 1955 MPa,
showing no obvious variation dependence of the annealing states.

This indicates that the local atomic structure is not changed by the
annealing obviously, which is consistent with the results by XRD
and DSC. There rises a question: why the reduction in atomic mobil-
ity, corresponding to the increase in microhardness, does not have
much impact on the fracture strength?
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ig. 7. The room temperature compression stress–strain curves of the 2 mm
r63.78Cu14.72Ni10Al10Nb1.5 BMG rods at a initial strain rate of 5 × 10−5 s−1 at different
nnealing temperature.

The average plastic strains for the as-cast and annealed samples
elow Tg remains almost the same in spite of the dramatic variation

n FV content, and the average values are 10.4 ± 1.6%, 10.4 ± 2.5%,
0.2 ± 3.5% and 10.2 ± 5.8% for the as-cast samples and the samples
nnealed at 473 K, 613 K and 638 K, respectively. These results are
uite different from those previous results of embrittlement after
nnealing the BMGs below Tg due to the structural relaxation and
V annihilation. The morphology of the fracture and side surfaces of
he partial broken rods is shown in Fig. 8. The multiple shear bands
nd the severe intersection of shear bands exist on the side surfaces

f all the rods. The fracture morphology displays a great deal of
lastic characters, for example, deep vein patterns and deep ridges
ith short spacing of ∼8 �m. All these evidences indicate that the
MGs exhibit the good plasticity. Although their volume dilates
y 0.101%, the samples annealed just above Tg (653 K) exhibit a

ig. 8. The SEM micrographs of the fracture and side surfaces of the partial broken rods fo
).
mpounds 504S (2010) S86–S90 S89

relatively lower average plastic strain of 8.2 ± 0.4%. The results fur-
ther show that there is intrinsic difference between the expansion
caused by the glass transition and the relatively loose structure
introduced by the excess FV. The former does not favor the plastic
deformation, while the latter does.

What intrinsic features cause the unusual plastic deformabil-
ity in Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs in spite of the annealing
states and the FV content? In the intrinsic view, the deformation
in BMGs is related to a stress-driven structure disordering process
through the collective motion of several tens of atoms as proposed
in the framework of the shear transformation zone (STZ) theory,
accompanying the dilatation in volume and excess FV formation
[30–32]. The STZ operations cause the local evolution of structural
order and then cause the strain softening and shear localization
or shear band formation. Comparing with the crystalline counter-
parts, BMGs contain a certain amount of excess FV. The amount
and distribution of FV may have obvious impact in STZ operation
and shear bands initiation. More shear bands formation and the
interaction and impediment among these shear bands favor the
macro-plastic deformation in BMGs. Falk and Torre et al. find that
the apparent activation volume is a key parameter to operate a STZ
[33–35]. Torre and co-workers have experimentally measured the
apparent activation volume of a Zr-based BMG by conducting the
variable strain rate experiments at different temperature [33,34].
From their results, it is concluded that the apparent activation vol-
ume is above 3.6 nm3 at the intermediate temperature, however,
about 0.1–0.15 nm3 at the lower or higher temperature, which is
consistent with the results by other researchers [36]. Smaller appar-
ent activation volume facilitates an easier collective atoms motion
and STZ operation and then favors more shear bands initiation,

therefore, results in the larger plastic deformation. Also the results
explain that the poor plasticity at room temperature is due to the
large apparent activation volume and the difficulty in STZ oper-
ation and shear bands initiation. Then we examine the influence
of minor Nb addition on the structure changes of ZrCuNiAl BMGs.

r the Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs annealed at 473 K (a and c) and 613 K (b and
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he values of heat of mixing for Nb–Zr, Nb–Cu, Nb–Al and Nb–Ni
tom pairs are 4, 3, −18 and −32 kJ/mol, respectively, while that
or Zr–Cu, Zr–Al and Zr–Ni atom pairs are −23, −44and −51 kJ/mol,
espectively [37]. These indicate that Nb is more easily to bond with
u, Al, and Ni than Zr and tends to substitute Zr in the ZrCuNiAlNb
ystem. On the other hand, the atomic radius of Nb (0.143 nm) is
elatively smaller than that of Zr (0.162 nm) [38], so this substitute
f Zr with Nb results in more excess FV [28]. Then, it is reasonable to
peculate that the increased FV caused by the atomic size discrep-
ncy can be located in a small atomic cluster and do survive the
tructural relaxation induced by annealing, while the FV caused by
uenching can be depleted by the atomic diffusion at the external
eating. The relatively smaller clusters containing the additional
V may act as potential sites to operate STZ and then initiate shear
ands, indicating that the minor Nb addition can effectively reduce
he apparent activation volume and consequently favor the plastic
eformation.

We then examine the fracture strength again. The failure of
MGs is generally dominated by various parameters, for example,
he microstructure, the atomic binding energy, the elastic con-
tants, Tg, etc., along with the atomic mobility. Under the conditions
f these experiments, annealing only provokes the short-range
tomic diffusion and exerts no appreciable change in the structure
nd atomic bonding of the BMGs. The failure of BMGs essentially
nvolves the breakage of the small atomic clusters, which is not
hanged by the structural relaxation after annealing. So the ulti-
ate fracture strength does not change obviously in spite of the

elatively higher flow stress caused by the more difficult atomic
obility after experiencing an annealing history.

. Conclusions

In order to study the structural stability and the mechani-
al properties of BMGs experienced the structural relaxation, the
r63.78Cu14.72Ni10Al10Nb1.5 BMG rods were subjected to dilatomet-
ic measurements, microhardness tests and uniaxial compression.
ased on the experimental results and the detailed analysis, the

ollowing conclusions can be drawn:

1) The Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs sustain good structural
stability and unusual plastic deformability after isothermal
relaxation at 473 K, 613 K, 638 K and 653 K for 3600 s.

2) There are two visible structural relaxation processes at 466 K
and 599 K, respectively defined by the constant-heating dilato-
metric measurements. More than 70% of the REFV occurs at the
2nd main relaxation temperature (599 K).

3) The microhardness of the BMGs increases with increasing the

structural relaxation temperature and the depletion of FV of
BMGs, while the fracture strength does not change distinguish-
ingly.

4) Although there is the phenomenological similarity, there is
intrinsic difference between the expansion caused by the glass

[
[
[
[

mpounds 504S (2010) S86–S90

transition and the relatively loose structure introduced by the
excess FV. The former does not favor the plastic deformation in
BMGs, while the latter does.

(5) The Zr63.78Cu14.72Ni10Al10Nb1.5 BMGs annealed below Tg attain
the same plasticity just as the as-cast ones. This unusual plas-
tic deformability is ascribed to the reduction in the apparent
activation volume with the minor Nb addition.
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