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Zr450Cusg3Al70Ags 7 bulk metallic glasses (BMGs) were prepared using suction casting technique. Plastic
deformations were carried out by cold rolling and high-pressure torsion (HPT). The absolute contents
of free volume in the as-cast, preheated and deformed samples were determined by differential scan-
ning calorimetry (DSC) and dilatometry using the free volume model (FVM). The parameters required
in the FVM are experimentally determined to be b=0.107, 8=642.1kJ/mol, D"=10.3 and To=496.9K,
respectively. The equilibrium free volume determined by these parameters is in good agreement with
that calculated from previous enthalpy relaxation experiments, showing the reliability of the values of
the parameters. It is found that the content of free volume in the as-cast sample is 0.533% with respect to
the atomic volume of the BMG. The free volume in the HPT deformed sample is determined to be 0.672%,
which is the largest among all the samples. The excess free volume introduced by cold rolling is found to
increase with the deformation strain and show weak strain rate dependent behavior. Finally, attempts
are made to simulate the experimental DSC curve using a bimolecular kinetics in the flow defect model.
However, the result shows that the kinetics of free volume may be more complicated than as described
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1. Introduction

The research of free volume in metallic glasses (MGs) has drawn
considerable attentions since the free volume model (FVM) was
developed by Turnbull and Cohen [1-3]. The success of FVM in
explaining many properties of MGs such as the viscosity [4], dif-
fusivity [5], specific heat capacity [6] and plasticity [7] made this
model widely acceptable. Recent results of molecular dynamic sim-
ulations have shown that the free volume is closely related to the
structure of MGs [8-10]. Therefore, the quantification of free vol-
ume plays an important role on understanding the relationship
between the structures and properties of MGs. There have been
many approaches to quantify free volume in MGs experimentally
using X-ray diffraction (XRD) [11], density measurements [12-14],
positron annihilation spectroscopy (PAS) [15-17] or calorimet-
ric measurements [6,18,19]. However, most of the studies were
focused on the change in free volume during structural relaxation
or crystallization, quantification of the absolute content of free vol-
ume in MGs remains still challenging.
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Recently, a new family of Zr-based bulk metallic glasses (BMGs)
in the Zr-Cu-Al-Ag system with excellent glass forming ability
has been reported [20-23], which has promising applications in
biomedical aspects due to Ni-free. Especially, Zrss5 oCusg 3Al7 gAgs 7
was shown to have large plasticity among all the reported composi-
tions. Therefore, quantifying the content of free volume and study-
ing the evolution of free volume with temperature upon thermal
treatments are of significant benefit to achieve a better understand-
ing of this BMG from the aspects of both structure and properties.

In the present study, the absolute contents of free volume in the
as-cast, preheated and plastically deformed Zrys(Cusg3Al79Ags 7
BMG samples are quantified using calorimetric and dilatometric
measurements within the framework of the FVM. The parame-
ters in the FVM are determined experimentally by heating rate
dependent glass transition, thermal expansion and specific heat
capacity measurements, respectively. The evolution of the content
of free volume with temperature in differential scanning calorime-
try (DSC) scans is present.

2. Theoretical background
2.1. The evolution of free volume with temperature

It has been shown that the evolution of free volume with tem-
perature during preparation and subsequent heating in a DSC scan
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Fig. 1. A schematic drawing of the evolution of free volume with temperature.

can be described as follows (see Fig. 1) [6]: (1) the content of free
volume in the supercooled liquid deviates from the corresponding
equilibrium value (denoted by line AC) at the point A upon cooling,
so a certain amount of excess free volume vy is trapped in the glass
after preparation (curve AB); (2) upon heating the as-cast sample
in DSC, the content of free volume decreases along curve BC and
reaches an equilibrium value at temperature C; (3) from the point C
on, the content of free volume increases along the curve CDE. How-
ever, it is smaller than the equilibrium value at the corresponding
temperatures within the range of CE because of the sluggish mobil-
ity of atoms; (4) at the point E, the content of free volume reaches
the equilibrium value again and then increases along line EA as long
as the crystallization does not intervene.

2.2. The method of quantification of free volume

The quantification of free volume in the present study can be
described by the following two steps:

(1) The experimental DSC curve is integrated to obtain the change
in the enthalpy of the sample. By scaling the integrated curve
with a coefficient 8, the change in the content of free volume
can be derived. This step is based on a simple assumption that
the change in the enthalpy of the sample is proportional to the
change in the content of free volume:

AH =B Ay (1)

where g is a coefficient with a dimension of energy, AH and
Auvyare the changes in the enthalpy and the change in free vol-
ume during the calorimetric measurements, respectively. Eq.
(1) has been demonstrated via experiment by Slipenyuk and
Eckert [24] in a Zr55Cu3pAl;gNis BMG.

(2) The equilibrium values of free volume in the supercooled lig-
uid range are employed as references to shift the scaled curve
obtained in step (1), so that the absolute content of free volume
can be determined (Fig. 2).

2.3. The determination of the parameters

Two quantities have to be known in order to calculate the abso-
lute content of free volume, i.e. (1) the coefficient 8 in Eq. (1) to
convert the change in the enthalpy into the change in the free vol-
ume and (2) the equilibrium value of free volume of the supercooled
liquid to shift the curve of the change in free volume.

It has been shown that the equilibrium free volume can be for-
mulated as [25]:

Vg _ B(T —To)

vm ~ (DTo) 2)
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g free volume
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Fig. 2. A schematic drawing of the method used to calculate the absolute content
of free volume. (1) An experimental DSC curve is firstly integrated and scaled to get
the change in free volume; (2) the integrated curve is then shifted with reference of
the equilibrium value of free volume in the supercooled liquid temperature range
to get the absolute content of free volume.

where vy, is the atomic volume of the glass, b is a coefficient usu-
ally of the order of 0.1, Ty is the Vogel-Fulcher-Tammann (VFT)
temperature and D’ is the fragility parameter that depicts the devi-
ation of the system from the Arrhenius relationship (D" — o0). D
and Ty are usually determined by the viscosity measurements [26].
However, Busch et al. [27] suggested that the viscosity relaxation of
the supercooled liquid and the heating rate dependent glass tran-
sition occur on same time scales. In the present study, D" and Ty are
determined by the following relation:

DT
(Tg(P) = To)

where @ is heating rate used in the DSC scan, Tg(®) is the corre-
sponding glass transition temperature at @, A is a fitting constant.

The difference between the thermal expansion coefficients of
the supercooled liquid and the glass near the glass transition can
be attributed to the production of equilibrium free volume in the
glass transition range [6,25], which can be formulated as

dtpg/vm) b
dT - (D*Ty)

where «g and o are the linear thermal expansion coefficients of
the supercooled liquid and the glass, respectively. The value of b
can be determined by substituting the values of D" and Ty into Eq.
(4). Analogically, the difference between the specific heat capacities
between the supercooled liquid and the glass near glass transition
can be formulated as [6]:

dj_ A(Vfeq/Vm)
dr — dT

@ = A exp { (3)

(4)

3(ag —og) =

o
= 0T ()

Cp,sl —Gg=

where C, g and Cp¢ are the specific heat capacities of the super-
cooled liquid and the glass, respectively. The value of 8 can be
obtained by substituting the values of b, D" and Ty into Eq. (5).

3. Experimental

Zr450Cusg3Al70Ags 7 master alloys were prepared by arc melting of the compo-
nent elements with purities ranging from 99.9% to 99.999%. The master alloys were
remelted five times under high purity argon (99.9999%) in order to achieve chem-
ical homogeneity. Two kinds of BMG rods were prepared by suction the melt into
water-cooled copper moulds, one is 4mm in diameter (30 mm in length) and the
other is 8 mm in diameter (10 mm in length). The surfaces of the rods were care-
fully polished after preparation. The compositions of the samples were checked by
energy-dispersive X-ray spectroscopy (EDX, INCA) and only 0.3 at% deviation from
the nominal composition was found.
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Fig. 3. The surface morphology of the Zr4s oCusg3Al70Ags 7 sample deformed by cold
rolling with £=0.31 at a strain rate of 4.6 x 10-3s~! examined by SEM, the shear
bands can be clearly observed.

Disk shaped samples with a thickness of 0.86-0.9 mm were cut from the as-cast
4mm diameter rod for cold rolling. The cold rolling was carried out using a con-
ventional two roller mill (Biihler & Co) at ambient temperature. Repetitive rolling
was performed without any metal sheets covered on both surfaces of the samples
at different roller speeds of 1, 2 and 5 m/min, respectively. The corresponding strain
rates were estimated to be 2.3 x 103, 4.6 x 103 and 1.2 x 10~2s~1, respectively.
High pressure torsion (HPT) deformation was performed on a self-built apparatus,
where 0.4-0.5 mm thick disks cut from the as-cast 8 mm diameter rods were com-
pressed between two pieces of rotating anvils at a pressure of approx 5 GPa, the
total torsion angle (180°) was accomplished in two steps (90° x 2). The degree of
deformation is characterized by the normal strain ¢ formulated as

to—t
g=2

to (6)

where tp and t are the thicknesses of the sample before and after deformation,
respectively. The glassy nature of the as-cast and deformed samples was verified by
X-ray diffraction (XRD, Mo K, radiation, Panalytical X'pert) and transmission elec-
tron microscopy (TEM, Tecnai F20, 300 kV). Scanning electron microscopy (Leo1525
FEG SEM, 15 kV) was used to examine the surfaces of the deformed samples.

Calorimetric measurements were performed using a DSC (Perkin-Elmer, Pyris 1)
under a constant flow of high purity argon (99.9999%). The heating rate dependent
glass transition measurements were carried out using disks cut from the 4 mm diam-
eter as-cast with masses of approx 40 mg. A preheating treatment of all the samples
used in this measurement was performed, i.e. the samples were firstly heated to
723 Kat0.33 K/s and were cooled to room temperature at 1 K/s after holding at 723 K
for 60 s. All the samples can be thought to have the same content of free volume after
the preheating treatment. The specific heat capacities of the as-cast, pre-heated and
crystallized samples were determined by the ratio method described in Refs. [23,28]
at 0.033 K/s using a sapphire standard as reference.

The linear thermal expansion coefficients of the as-cast, preheated and crystal-
lized samples were measured by a dilatometer (Netzsch DIL402) from 328 to 700 K
at a heating rate of 0.033 K/s under high purity helium (99.9999%). 4 mm diameter
as-cast BMG rods with lengths of approx. 20 mm were used. The instrument was
calibrated with a quartz standard at the same heating rate before the measurement
was conducted. The preheating treatment was carried out using an infrared anneal-
ing furnace (Strohlein instruments, IRO5, temperature accuracy +5K) under high
purity argon with the same procedure used in the calorimetric measurements. Fully
crystallized sample was obtained by isothermal annealing of an as-cast rod at 873 K
for 3600 s. Surfaces of the samples were carefully polished after each heat treatment
to remove any possible oxidation.

4. Results and discussion

Fig. 3 shows a representative surface morphology of the
Zr45.0Cusg 3Al7 0Agg 7 sample deformed by cold rolling with £ =0.31
at a strain rate of 4.6 x 10~3 s~! examined by SEM. The shear bands
with an irregular pattern can be clearly observed, indicating the
inhomogeneous deformation of the sample.

In Fig. 4 the glass transitions temperatures T of the pre-heated
samples measured at various heating rates are present. In this
study, Ty is taken to be the intersection of the two tangents, which
is in coincidence with Ref. [27]. The thermal parameters includ-
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Fig. 4. The heating rate dependent glass transition of the preheated
Zry4s50Cusg3Al;90Ags7 samples measured at various heating rates. The glass
transition temperature is defined to be the intersection of the two tangents.

Table 1
The thermal parameters of the preheated Zrss0Cusg3Al790Ags7 samples measured
at various heating rates.

Heating rate (K/s) Tg (K) Ty (K) AHy (kJ/mol)
0.0167 674.1 727.5 3.58
0.1 689.3 7423 3.59
0.167 693.9 746.9 3.58
0.333 700.5 753.4 3.60
0.667 707.3 760.8 3.59
1 711.5 765.0 3.60
1.333 714.5 768.1 3.59

ing Ty, the crystallization temperature Ty and the crystallization
enthalpy AHy measured at these heating rates are listed in Table 1.
It can be clearly seen that T, shifts to higher temperatures as
the heating rate increases. The fitting of Tg as a function of heat-
ing rate using Eq. (3) yields A=6.8 x 109, D" =10.3 and Ty =496.9K
(see Fig. 5). In addition, the heating rate dependent glass transi-
tions in Z['46.0Cll39.3Al7.0Ag7.7 and ZI'GO.GCU]7.5Ni10.QA19.8F82.0 BMGs
were also measured in order to evaluate the values of A, D" and
To of ZI'45.0CU39.3A17.0Ag8.7 BMG. The results of ﬁtting are listed in
Table 2 together with some literature values. It can be seen that
all the values of D” and T, obtained in the Zr-based BMGs in the

720
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670 T - T " T i T N ¥
0.0 0.3 0.6 0.9 1.2 1.5
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Fig. 5. The fitting of the glass transition temperatures as a function of the heating
rates using Eq. (3).
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Table 2
The values of A, D" and T, obtained by fitting of the glass transition temperatures as
a function of the heating rates using Eq. (3) together with some literature values.

BMGs A D’ To (K) Ref.
Zrss0 CU39_3A17_0Ag3_7 6.8 x 10° 10.3 496.9 This work
Zr460Cusg3Al; 0Ag77 7.2 x10° 12.5 479.4 This work
Zr460Cus76Alg0Ags 4 2.8x10'° 4.8 578 [23]
Zl‘sgﬁCUnvgNi]o‘gAlg.s Fezo 4.9 x10° 14.6 472.8 This work
Zr412Tii38Cuy25NijoBesy s = 18.5 412.5 [27]
Zr4675Tig 25Cuy5NijgBeys s o 26.8 352 [25]

present study are comparable to those determined by viscosity
measurements reported in Refs. [25,27]. The discrepancy between
the values obtained in the present study and in Ref. [23] is probably
due to different definitions of T.

The linear thermal expansion coefficients (LTEC) of the as-cast,
pre-heated and crystallized Zr45 oCusg 3Al; gAgg7 samples between
325 and 690K are measured using dilatometry at a heating rate of
0.033 K/s (see Fig. 6). The LTEC of the crystallized sample is found to
be 1.18 x 10~> K~ throughout the investigated temperature range.
The LTEC of the as-cast sample within the temperature range from
325 to 425K 1.30 x 107> K-, which is slightly larger than that of
the preheated sample. The LTEC of the as-cast sample decreases in
the temperature range from 425 to 650K because of the structural
relaxation, which is due to the annihilation of excess free volume
in the sample according to the FVM. The LTEC of the pre-heated
sample is measured to be 1.25 x 10~> K-, which is almost con-
stant up to 600K. It can be seen that the LTEC suddenly increases
with 0.70 x 10-5 K1 near the glass transition, so the value of the
coefficient b is calculated to be 0.107 by substituting the values of
D" and Ty into Eq. (4).

The results of specific heat capacities (Cp) of the as-cast, pre-
heated and crystallized samples measured by DSC are shown in
Fig. 7.1t can be seen that the C, of the crystallized sample increases
slightly with temperature, whereas the C, of both the as-cast and
pre-heated samples exhibit an abrupt jump near the glass tran-
sition. The C, of the as-cast sample is lower than its crystalline
counterpart in the temperature range from 500 to 675K because
of the presence of structural relaxation. It can be determined that
the Cp jump near the glass transition is approx 13.5J/(mol K), cor-
responding to a B value of 642.1kJ/mol according to Eq. (5). The
physical meaning of 8 is analogous to the molar formation energy
of vacancy in metals, the 8 value of Zrys(Cusg3Al; 0Agg7 BMG is
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Fig. 6. The linear thermal expansion coefficients of the as-cast, pre-heated and crys-
tallized Zrys9Cuszg 3Al7 0Ags7 samples determined by dilatometric measurements at
a heating rate of 0.033 K/s.
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Fig. 7. The specific heat capacities of the as-cast, pre-heated and crystallized
Zr450Cusg3Al70Ags7 samples measured by DSC at a heating rate of 0.033 K/s.

Table 3

The values of b, 8, D" and Ty of Zr450Cus3g3Al7,0Ags 7 BMG determined in the present

study together with some literature values of different BMGs systems.

BMGs b B (kj/mol) D’ To (K) Reference
Zr450Cusg3Al70Ags7 0.107  642.1 10.3 496.9 This work
Zr412Ti;38Cui25NijgoBezs  0.105 e 73 672 [27]
Zr46.75Tig 25Cu75NijgBesy s - 674.2 26.8 352 [26]
Zr55CuspAlyoNis = 552 = - [24]
Pd775CusSii65 0.143 279.7 6.3 505 [6]
Pd4gCU30Ni]gng o o 20.6 307 [30]
Pd4oNisoPao = = 186 355  [19]
LasoAlpsNias - 386.6 7.1 342 [31]

around 2.8 times larger than the molar formation energy of vacancy
in Zr crystals (226 kJ/mol) [29]. However, it is rational since real
vacancies in metals usually have half of the atomic volume due
to the relaxation of the lattice around the vacancy. In fact, similar
ratios have been reported to be 2.5 and 2.1 in the Zr55Cu3zgAl;gNis
BMG [27] and Pd775CugSii65 MG [6], respectively. The values of b,
B,D" and Ty of Zr 45, oCuzg 3Aly g Agg 7 BMG are summarized in Table 3
together with some literature values of different BMG systems.
Fig. 8 shows a representative series of DSC traces of the as-
cast and the deformed samples (by cold rolling at a strain rate of
4.6 x 10-3s~1 and by HPT, respectively) measured at 0.33K/s. It

20
1 heating rate: 0.33K/s
0 /j
—~ 20
g' 1 6 as-cast
-8 -40 N —— 8.7% strain (CR)
5 1 S 4 19.3% strain(CR)
- B0 £ 27.5% strain(CR)
g 1 22 31.2% strain(CR)
s -80 1 % ——78.3% strain (HPT)
z 1004 3
2 1 2
*g -120 A . . . . ‘ : .
< 4404 350 400 450 500 550 600 650 700
1 temperature (K)
-160 T T T T T T
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temperature (K)

Fig. 8. The DSC traces of the as-cast sample, cold rolled samples at a strain rate of
4.6 x 1073 s7! and the HPT deformed sample measured at a heating rate of 0.33K/s,
the inset is the enlargement of the structural relaxation range.
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Fig. 9. The released enthalpies AHsg during structural relaxation as a function of
the deformation strain, the AHsg of the sample deformed by HPT falls in the course
of the extrapolation of those obtained in the samples deformed by cold rolling (see
inset).

can be seen that the amplitudes of the exothermic signals increase
with the deformation strains between 350 and 700 K. The released
enthalpy AHsg is calculated by integrating the area of the exother-
mic signal (see Fig. 9). It is found that AHgy is slightly larger in
the samples deformed at higher strain rates than at lower ones by
cold rolling. The critical strain & is defined as the maximum strain
at which the sample can sustain without fracture during defor-
mation. & is found to be dependent of strain rate in the samples
deformed by cold rolling, i.e. & decreases from 0.35 at the strain
rate of 2.3 x 107351 to 0.20 at the strain rate of 1.2 x 1072571,
The sample deformed by HPT has the largest AHgg of 1.44 kJ/mol
with ¢, =0.78 among all the deformed samples. It is also found that
the AHgg of the sample deformed by HPT falls in the course of the
extrapolation of those obtained in the samples deformed by cold
rolling.

The absolute contents of free volume are calculated are by the
method described Section 2.2 using the equilibrium values of free
volume in the temperature range from 740 to 750 K as references. A
representative figure of the evolution of free volume in the as-cast
and deformed samples with temperature is illustrated in Fig. 10.

0,8

—— equilibrium
free volume
—— as-cast 4mm
0,7 1 preheated
s —— CR2-009
— CR2-019
T —— CR2-026
CR2-031
— HPT-078
as-cast 8mm

free volume (v, /v_, %)

0,5
04 strain rate of CR: 4.6x107 s
' DSC heating rate: 0.33 K/s
0,3 e B e I B S S S e S S —

350 400 450 500 550 600 650 700 750
temperature (K)

Fig. 10. Evolution of the contents of free volume with temperature in the as-cast
and the samples deformed by cold rolling at a strain rate of 4.6 x 10-3s~! and by
HPT during DSC measurements at 0.33 K/s. (“CR” denotes cold rolling, “CR2-009"
denotes the sample deformed by cold rolling with a strain of 9%, the rest may be
deduced by analogy.).

Table 4
The absolute contents of free volume (vf/vy, ) of the samples deformed by cold rolling
at different strain rates and by HPT.

Deformation method Strain rate (s—!) Strain Vi[vm (%)
Cold rolling 23x1073 0.08 0.543
0.19 0.561
0.27 0.594
0.35 0.609
46x%x 1073 0.09 0.542
0.19 0.558
0.26 0.583
0.31 0.601
1.2 x102 0.06 0.534
0.13 0.553
0.18 0.561
0.20 0.568
HPT ~1.3x1073 0.78 0.672

The absolute content of free volume is given in the form of the ratio
of the free volume to the atomic volume of the BMG (vg/vp). All the
curves shown in Fig. 10 are obtained by averaging three indepen-
dent measurements, where a scattering of the data within +0.005%
was found. It can be seen that the reduction of free volume starts at
approx 500 Kin the as-cast sample and shifts to lower temperatures
with increasing deformation strain. It can be calculated that vg/vm
in the as-cast and pre-heated sample under room temperature are
0.533% and 0.476%, respectively. In the deformed samples, vf/vy
increases monotonously with the deformation strain, the maxi-
mum vffvp, is found in the samples deformed by HPT to be 0.672%,
which is around 1.3 times larger than the vf/vm in the as-cast sam-
ple. All the vy/vy, values of the samples deformed by cold rolling at
different strain rates are listed in Table 4.

Recently, it was proposed by Gleiter that a new kind of
MGs called metallic nanoglasses can be prepared by joining the
nanoscaled amorphous particles into bulk glasses [32-34]. The
larger amount of excess free volume in nanoglasses compared
to conventional MGs can fundamentally change properties of the
glass. In the present study, HPT is shown to be able to introduce
more excess free volume compared to cold rolling, indicating that
HPT may be an alternative approach to produce metallic nano-
glasses.

In order to prove the reliability of he values of b, 8, D" and T
obtained in the present study, the equilibrium values of free volume
between 648 and 684 K were calculated using previous enthalpy

0,6
equlibrium free volume
—— as-cast
—o— preheated
= o enthalpy relaxation
(=)
SE 0,51
A
. _—
E
=
g
$ 0,4
=
0)3 pd T T T L T pd T g T

350 400 450 500 550 600 650 700 750
temperature (K)

Fig. 11. The equilibrium values of free volume calculated by the parameters (b, 8,
D" and Ty) determined in the present study (solid black line) and by the previous
enthalpy relaxation measurements (open squares), the good agreement indicates
the reliability of the values of these parameters.
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Fig. 12. The experimental (black line) and simulated (red line) DSC curves of the
as-cast Zrgs0Cusg3Al;7 0Ags 7 sample at a heating rate of 0.33 K/s (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article).

relaxation data [35] and the result is shown in Fig. 11. It can be
seen that the calculated equilibrium values of free volume using
the relaxed enthalpies and the parameter § are in good agreement
with those obtained by Eq. (2) using the values of b, D" and Ty,
indicating that the parameters obtained in the present study are
reliable.

It has been previously demonstrated that the DSC traces of some
Pd- [6] and Zr-based [36] BMGs upon heating can be simulated
using the following flow defect model:

) (3)-cxn ] ()

. [exp (-%) —exp (—1:;;)} (7)

where w is a frequency factor, @ is the heating rate used in DSC, E
is an activation energy and vy, is the equilibrium free volume. The
best fitting of the experimental DSC data of Zrys50Cusg3Al79Agg 7
using Eq. (7) yields E=180k]J/mol and w =2.6 x 102° s~ (see Fig. 12.
However, it can be seen that the fitting quality is far from satis-
factory, e.g. the simulated curve shows a steep endothermic peak
around glass transition and a large divergence at the end of glass
transition. In our opinion, the discrepancy may be resulted from the
improperness of the model. In fact, Eq. (7) rises from an assump-
tion that claims the relaxation of flow defects in MGs to be a
bimolecular process [37-39]. However, recent enthalpy relaxation
experiments on some Pd- and Zr-based BMGs have shown that
the isothermal relaxation of BMGs follows the stretched expo-
nential relaxation functions rather than the bimolecular kinetics
[28,40].

Finally, it should be mentioned that the free volume quantified
in the present study is assumed to be homogenously distributed
throughout the investigated samples. Therefore, it is more proper
to take the calculated value of free volume as an average. However,
real free volume is not homogenously distributed in the samples,
especially in the deformed samples, where shear bands are present
and the introduced excess free volume is thought to be highly local-
ized in the shear bands. Therefore, the development of new model
to describe the structure more realistically is worthy of further
investigations.

5. Conclusions

In summary, the absolute contents of free volume in the as-
cast, preheated and plastically deformed Zr45 oCusg 3Al7 gAgg7 BMG
samples were quantified using calorimetric and dilatometric mea-
surements within the framework of the free volume model. The
required parameters are experimentally determined tobe b=0.107,
B=642.1Kk]/mol, D" =10.3 and Ty=496.9K, respectively. The good
agreement between the equilibrium free volume calculated from
previous enthalpy relaxation experiment and this work approved
the rationality of the values of these parameters. The content of
free volume in the as-cast sample is determined to be 0.533% with
respect to the atomic volume of the BMG. Plastic deformations
introduce excess free volume in the samples, the introduced excess
free volume is found to increase with the deformation strain. The
content of free volume in the sample deformed by HPT is quanti-
fied to be 0.672%, which is around 1.3 times larger than that of the
as-cast sample. The experimental DSC curve is simulated using the
flow defect model. Nevertheless, the result indicates that the kinet-
ics of free volume may be more complicated than as described by
a bimolecular process.
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