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The free volume change AV{(T) of bulk metallic glasses (BMGs) relative to a hypothesized
amorphous reference state was measured using the thermal dilatation method. The characteristic
free volume change, i.e., the free volume released in structural relaxation AVyg, was identified
quantitatively from the AV¢(T) curve. For a Fe-based BMG, it was found that AVy, increases with
decreases in the sample diameter and heating rate. AV}, measured under the same sample diameter
and heating rate conditions allowed the convenient comparison of different BMGs. The comparison
revealed that the glass-forming ability (GFA) enhancement of each of two Pd-, Mg-, Cu-, Zr-, Ti-,
and Fe-based BMGs can be sensitively reflected in the decrease in AVi and the narrowing of
the difference between the peak temperature of the thermal expansion coefficient and the end
temperature of the glass transition process. In addition, for these twelve typical BMGs, there is a
good linear relationship between AVyg, and Long or LogD., where D, is the critical diameter.
AV is thus sensitive to and has a close correlation with GFA. Furthermore, the AV
measurement results are in good agreement with the free volume change measured with the
specific heat capacity, room temperature density, and positron annihilation lifetime methods. In
the study of the relationship between the structure and properties of BMGs, AV, thus plays an
important role given its comparability and convenience. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4704688]

. INTRODUCTION

Free volume is a widely used concept related to the
structure and properties of bulk metallic glasses (BMGs)
such as glass-forming ability (GFA),"* mechanical proper-
ties,3 inelastic deformation,4 and the Invar effect.’ The abso-
lute value of the free volume V;(T) contained in BMGs at a
given temperature is, however, difficult to measure because
it is impossible to obtain a reference amorphous state without
any free volume in an experiment.’® Therefore, rather than
the absolute free volume value Vi(T), the free volume
change AV(T) relative to the crystalline or relaxed amor-
phous state is usually measured on the basis of the variation
in some other physical parameters with a change in tempera-
ture. However, a number of difficulties remain in the mea-
surement of AV¢(T). For example, Beukel e al.”™'" showed
that the specific heat capacity AC}, is proportional to the tem-
perature derivative of free volume, although AC, by itself
cannot be employed to compare the AV(T) of different com-
positions for the undetermined composition-dependent pro-
portional coefficient. A similar restriction is imposed on the
positron lifetime 7, which is sensitive to differences in elec-
tron density and is prolonged in vacancies.'>'> Room tem-
perature density p (Refs. 8, 15-17) is a convenient, but not
real-time, parameter. It can be employed to determine AV}
after heating but not during the heating process, particularly
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in the glass transition process. The change in the maximum
wave-vector [(Omax (T™))/Omax (T)]’, which is measured
by real-time high-energy synchrotron radiation x-ray
diffraction (XRD), is equal to the volume change
[(V(T))/V(T™™)]. The AV¢(T) between the as-cast and
relaxed states of BMGs can be quantified in situ as the
[(Omax (T™™)) /Omax (T)]? difference between the heating
and reheating processes at glass transition temperature 7T,
according to the work carried out by Yavari er al."® ' How-
ever, this method does not clearly articulate how the free
volume changes in the glass transition process because both
the as-cast and reference relaxed amorphous states undergo
glass transition. The development of a AV;(T) measurement
that is real-time and allows convenient comparisons among
different compositions thus remains a challenge.

Regardless of the complexity of the original definition
of free volume, as elaborated upon by Cohen and
Turnbull,”>~° the free volume of BMGs is actually a part of
their volume and changes with temperature. The volume
change of isotropic BMGs during the heating process is three
times their dimension change.”!"'??%% [t is thus possible
to measure the free volume change using the thermal dilata-
tion (DIL) test, and a DIL test-based method for measuring
AV;(T) was recently developed.' The characteristic free vol-
ume change, i.e., the free volume released in structural relax-
ation AViyg, is identified quantitatively from the AV¢(T)
curve. For a series of Fe-(Er)-Cr-Mo-C-B BMGs, AVi, is
sensitive to and closely correlated with GFA."? This paper

© 2012 American Institute of Physics
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presents a more detailed description of this measurement
method. The sample diameter and heating rate effects on the
AV of Fe-based BMGs are investigated and analyzed. A
systematic investigation of the correlation between the AVy_;
and GFA of 12 typical BMGs with 6 base metals, and that
between the peak temperature of thermal expansion coeffi-
cient T,., and the ending temperature of the glass transition
process Tgend, is also conducted. Finally, the validity of
AV, for measurement purposes is confirmed via compari-
son between AVig and the free volume change measured
with the specific heat capacity, room temperature density,
and positron annihilation lifetime methods.

Il. EXPERIMENT

Fe41Co7CrisMo4Ci5BsY, (Ref. 36) BMG rods with
diameters (D) of 1.0, 2.0, 3.0, and 5.0 mm and Pd- (Refs. 29
and 30), Mg- (Refs. 31 and 32), Cu- (Ref. 33), Zr- (Ref. 34),
Ti- (Ref. 35), and Fe- (Ref. 37) based BMGs rods with a D
of 2.0 mm were prepared using copper-mold casting (RAPID
QUENCH MACHINE SYSTEM VF-RQT50, MAKABE).
The original length of the as-cast rods was 50 mm. The
amorphous states of the as-cast samples were confirmed by
XRD (D8 ADVANCE, BRUKER) and differential scanning
calorimetry (DSC; SETSYS Evolution 1750, SETARAM).
Rod samples with a length Ly of 25.0=0.1 mm were cut
from the middle of the as-cast rods, with their two ends care-
fully polished to ensure parallelity. DIL tests were performed
in a thermal dilatometer (DIL 402 C, NETZSCH) with a re-
solution of 1.25nm. The equipment was calibrated with an
alumina standard sample at heating rates of 2.5, 5, 10, and
20K/min, and flushed with a high-purity argon flow at
100 ml/min for 10 min before the test and at 50 ml/min dur-
ing it. The applied load was 0.3 N. Accuracy was ensured
during the measurement process by the very low-thermal
expansion of the Invar measurement system at a constant
temperature (20.0 = 0.1 °C) maintained by the circulating
coolant liquid.*® Data on linear thermal expansion AL(T) /Lo
and the linear thermal expansion coefficient oy (T) (o (T)
= 1/L(T) x dL(T)/dT) were recorded in the tests.

lll. RESULTS AND DISCUSSION
A. Definitions of AV;s and AVig;

Figure 1(a) is a sketch of the typical absolute free vol-
ume Vi(T) and the equilibrium free volume line, which is
valid only in a narrow region around T, (Ref. 7). The initial
free volume Vy does not change until the onset temperature
of structural relaxation Ty, is reached. At Ty.on, the free
volume begins to be released due to atomic mobility.*
Above Ty.on, V¢(T) decreases continuously until it intersects
the equilibrium line at the point of (Tsrends Vire): Tsrend 18
both the ending temperature of structural relaxation and the
onset temperature of the glass transition. Vi is the residual
free volume contained in the amorphous solid after structural
relaxation and before glass transition. To return to the equi-
librium state, V¢(T) must increase above Ty.end, finally coin-
ciding with the equilibrium line at the point of (T'gend, Vi-scl)-
Ty.eng is both the ending temperature of the glass transition
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FIG. 1. Sketch of (a) equilibrium free volume line and absolute free volume
Vi(T) relative to the reference state V;(7) = 0 and (b) free volume change
AV (T) relative to the reference state Vi(T) = Vio.

and the onset temperature of the super-cooled liquid region.
At Tgeng, the glassy solid is completely transformed into a
super-cooled liquid with a free volume of Vi . The glass
transition from point (Trend, Vire) t0 point (Tg-end, Vi-scl) is a
free volume generation process, which occurs only with con-
tinuous heating.39 As shown in Fig. 1, AV and AVyg are
defined as quantifying the characteristic free volume changes
in the structural relaxation and glass transition processes,
respectively. The temperature intervals of these two proc-
esses are AT, and ATy,. They are formulated as follows:

AVf-sr = Vi — Vf—rea
AVf—gt = Vel = Vere,

ATsr = Lgrend — Tsr-om (1)
ATgt = Tg-end — Tsrend- (2)

The reference state of Fig. 1(a) is the amorphous state
with absolute zero free volume at any temperature, i.e.,
V¢(T) = 0. However, it is impossible to obtain an amorphous
state without any free volume in the temperature region
around T, even after a very long period of annealing below
T, (Refs. 6 and 40). Hence, in practice, the alternative crys-
talline state is adopted in both the specific heat capacity and
positron lifetime methods,”®'* although the packing density
of this state differs from that of the amorphous state. In addi-
tion, the alternative relaxed amorphous state is employed in
the room temperature density and maximum wave-vector
methods.®'>~?! The free volume generated in the glass tran-
sition process of the relaxed amorphous state, however, is
greater than that of the as-cast amorphous state.

The other alternative reference state is the amorphous state
with a constant free volume Vi at any temperature, i.e., the
straight dashed line V¢(T) = Vy shown in Fig. 1(a). The free
volume change with temperature relative to this reference state
is AVi(T) = V¢(T) — Vi, as shown in Fig. 1(b). Although the
absolute values of Vi, Vie, and Vi remain unknown, AV,
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AVig, AV, and ATy can be determined from the AVy(T)
curve in Fig. 1(b). The key point to measuring the two charac-
teristic free volume changes is thus to find a reference amor-
phous state with a constant AV, at any temperature. Certainly,
this kind of reference amorphous state cannot be obtained by
experimentation, but Sec. III B articulates a way to hypothe-
size 1t.

B. Quantification of A Vi, from the AV4(T) curve
measured using the DIL method

It can be seen from Fig. 2(a) that it is difficult to observe
the free volume change from the experimental DIL trace
directly because it is concealed by the comparatively larger
linear thermal expansion.'!!82126-2841 Rio 2(b) shows the
similarity of the DSC traces and the thermal expansion coef-
ficient oy (T) trace above the onset crystallization tempera-
ture Ty.on. In the crystallization process, the atomic
rearrangement from disorder to order results in the simulta-
neous energy release shown in the DSC trace and the volume
shrinkage shown in the oy (T) trace. Fig. 2(c) shows a peak
in the oy (T) trace around the glass transition point. On the
one hand, oy (T) obviously increases due to the free volume
generation in the glass transition process. On the other hand,
the amorphous solid is gradually transformed into the super-
cooled liquid in this process. The increase in liquid content
results in a decrease in viscosity. Under the compressive
load of 0.3N exerted by the DIL instrument, oy (T) drops
dramatically, and the softening begins at the peak tempera-
ture of T,.,,. T,., depends on how fast the viscosity decreases
with temperature in the glass transition process and how
great the compressive stress is. In other words, T, is deter-
mined by the composition and diameter of the sample. For
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FIG. 2. (a) Experimental and hypothesized DIL traces. DSC and oy (T)
traces with (b) large- and (c) small-scale vertical coordinates. (d) The corre-
sponding AV (T) curve.
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the Fe41Co7CrisMo14C5B¢Y> BMG rod with a diameter of
3.0mm, T, (867.4+1.6 K) is slightly lower than Ty.cnq
(868.1£2.3 K) in the DSC trace, as shown in Fig. 2(c). The
difference between T, and Ty.eng Will be discussed in Secs.
IMMC3andIIID 1.

In addition, with the free volume release shown in Fig.
2(c), or(T) decreases steadily above Tg.on. The small free
volume change in the low-temperature region below Ty oy
that is due to the variation in the chemical short range
order’° is not considered in this research. This research
focuses only on the obvious free volume change in the high-
temperature region above Ty .,, Which is related primarily to
the variation in the topological short range order.’ Tgr-on thus
corresponds to the onset temperature of the main structural
relaxation. At T o, the free volume contained in the sample
is assumed to be the initial free volume V. Above Ty.on, if
the free volume does not change with temperature, then Vi,
remains the same, oy (7) has a constant value ooy, as shown
in the hypothesized oy (T) trace in Fig. 2(c), and the sample
expands linearly at constant slope og.,, as shown in the
hypothesized DIL trace in Fig. 2(a). The hypothesized DIL
trace is thus the thermal expansion of the reference amor-
phous state with a constant Vi, which is exactly the refer-
ence amorphous state depicted in Fig. 1. Consequently, the
free volume change AVy relative to this hypothesized refer-
ence amorphous state as a function of temperature, i.e., from
Ty-on to T,p, can be calculated by integrating the difference
between the experimental oy (7) trace and hypothesized
oy (T) trace or, more simply, by subtracting the hypothesized
DIL trace AL'(T)/Ly from the experimental trace AL(T) /Ly,
as follows:

T
AV{(T) = 3 x J (41 (T) — tgron)dT
TSF'OH
=3x (AL(T) - ALI(T)> (Tx-p > T > Tsr-on)y (3)
Ly Ly

where the hypothesized DIL trace AL (T) /Ly is

AL'(T)  AL(Ts.on)
= : ST-0n T —Tson
Lo Lo + Ogr-on X ( )
(T > Tyon)- “)

The premise of Eq. (3) is AV(T)/Vo = [oy(T)dT
=3 X [ (T)dT = 3 x AL(T)/Lo, where the volume thermal
expansion coefficient oy (T) is ay (T) = 1/V(T) x dV(T)/dT.
This linear relation premise, however, is invalid above T,
because the sample begins to soften at T%_p.28 Therefore, the
free volume generation above T, could not be observed in
the DIL test. Although the AV¢(T) measured with the DIL
method describes only the free volume change from T,y to
T..p, the change trend in Fig. 2(d) is in good agreement with
that of the sketch in Fig. 1(b). As shown in Fig. 2(d), the lowest
temperature T..ng, Which is also the intersection temperature
between the experimental oy (T) and hypothesized oy (T)
traces, corresponds to the ending temperature of structural
relaxation and the beginning temperature of the glass transi-
tion. Both the temperature interval of the structural relaxation
process AT and the first characteristic free volume change
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AVi can be quantified as in Fig. 2(d). The quantification of
AViy and ATy in Fig. 2(d) is the same as that in Fig. 1(b).
The second characteristic free volume change AV, in con-
trast, cannot be accurately quantified by the AV{(T) curve in
Fig. 2(d), and its investigation is thus omitted from this
research. The detailed reasons for this omission are provided
inSecs. IIC3and III D 1.

The composition-dependent proportional coefficient is
required to measure the free volume change using the spe-
cific heat capacity method,® although no additional parame-
ters are needed to determine the AVy(T) with the DIL
method, as previously noted. AV¢(T) is thus convenient for
comparing the measurement results of different BMGs. To
render this comparison more accurate, it is necessary to
investigate how factors other than BMG composition affect
AV(T). The most important experimental parameters in the
DIL test are the sample diameter D and heating rate Rj.
Their effects are discussed in Sec. III C.

C. Sample diameter and heating rate effects on AV(T)

Figure 3, Table I, and Fig. 4 present the measurement
results for different D and Ry. In each group of tests, one
parameter was changed and the other kept the same. As shown
in Table I, 0., undergoes a slight increase and T, changes
little with a change in D and Ry. For the Fey
Co7Cr15sMo14Ci5sBsY, BMG, the hypothesized DIL trace,
which is determined by og.on and Tg.on based on Eq. (4) and
deemed to be the thermal expansion of the hypothesized refer-
ence amorphous state, shows little variation across tests. Hence,
the AV¢(T) in different conditions is dependent primarily on
the experimental thermal expansion above Tg.o,. Five tests
were carried out for the ® 3.0 mm sample measured at 5 K/min
and two tests for the other conditions. The repeatability errors
of AVi.g were 0.03-0.04 x 1073 for most of the tests, but were
0.05-0.06 x 10~3 for the test on (® 5.0mm, 5K/min) and
0.08-0.1 x 103 for that on (® 3.0mm, 20 K/min). Different
from the 20 ~ 30 mg sample used in the DSC test, the mass of
the Fe-based BMG rod samples used in the DIL tests ranged
from 0.2 ~ 3.6 g, depending on the D. Furthermore, different
from the non-contact dilatometer developed by Ye et al., which
is able to support a high R, of 80K/min,'* the thermo-
mechanical dilatometer used in the current study (DIL 402 C,
Netzsch) becomes unstable at any R}, larger than 30 K/min. A
large sample mass and higher heating rate would affect the uni-
formity of the sample temperature and cause a large degree of
error. However, when considering the 0.5 x 10~ order of the
characteristic free volume changes, the error is acceptable.

1. Sample diameter effect

Figure 3(al) shows the divergence between the experi-
mental and hypothesized DIL traces to increase with a
decrease in D. It can be seen from Fig. 3(a3) that the smaller
samples have a smaller oy (T) value above Ty.on. The struc-
tural difference between the samples with a different D lies
primarily in their different initial V. The initial Vi contained
in the amorphous solid is closely related to the cooling process
of liquid metal. A faster cooling rate allows a greater free
volume of liquid to be frozen into the amorphous solid.***?

J. Appl. Phys. 111, 083523 (2012)
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FIG. 3. (al, bl) Experimental and hypothesized DIL traces, (a2, b2) DSC
traces, (a3, b3) o (T) traces, and (a4, b4) AV¢(T) curves of Fes;Co;Crys
Moy4Ci5B6 Y, BMGs with different sample diameters and heating rates. The
hypothesized oy (T) traces are not plotted for a clearer display.

According to the approximate inverse square relation between
the cooling rate and sample dimensions proposed by Johnson
et al.,*® the cooling rate employed in fabricating the samples
with a D of 1.0, 2.0, 3.0, and 5.0mm is estimated to be
4.0 x 10°> K/s, 1.0 x 10* K/s, 4.4 x 10*> K/s, and 1.6 x 107
K/s, respectively. The absolute value of Vi, cannot be deter-
mined on the basis of the AV¢(T) curves, despite the smaller
samples prepared with a faster cooling rate having a larger

TABLE 1. Tg-on and og-on 0f Feq;Co7CrisMo14Ci5B¢Y> BMG rods under
different conditions of sample diameter (D) and heating rate (R},).

D (mm) Rh (K/mm) Xsr-on (10-6/K) Tsr-on (K)
1.0 13.35 = 0.11 5864 = 1.1
2.0 50 13.49 = 0.06 5899 = 1.4
3.0 ’ 13.50 = 0.04 5872+ 0.9
5.0 13.69 = 0.06 588.8 = 2.1
25 13.28 = 0.07 5889 = 1.1
30 5.0 13.50 = 0.04 5872 =09
’ 10.0 13.53 = 0.10 587.8 = 1.7
20.0 13.66 = 0.16 586.7 = 2.6
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FIG. 4. The effects of sample diameter and heating rate on (al, bl) T-cnd,
(a2, b2) AT, and Atg;, (a3, b3) AVi-, and (a4, b4) T',-, and Tg-cnq-

initial Vi (Ref. 42). In addition, the absolute value of the re-
sidual Vi, remains unknown, although Fig. 4(al) shows the
smaller diameter sample to have a higher Ty.c,q and thus a
larger residual V... Furthermore, Fig. 4(a3) shows the smaller
sample also to have a larger AVy_. After structural relaxation,
a part of the initial Vi is released as AVyg, and the residual
component is Vi,.. Based on Eq. (1), the foregoing process
can be further quantified as

AVf_sr = Vf() X A (5)
Vige = Vio — AVig = Vio x (1 — 2). (6)

If the ratios A of the four samples differ greatly, then it
is impossible for Vg, AV, and Vi to all increase at the
same time with a decrease in D, which means either that Vi,
and AV;, increase while V.. decreases or that Viy and Vi
increase while AV; decreases. Hence, it is reasonable to
deduce that the four samples with different D have similar /.
Only under this condition can Vyy, AV, and Vi increase at
the same time with a decrease in D. This ratio A represents
the degree of structural relaxation, which is dependent pri-
marily on how long such relaxation is sustained. As shown
in Fig. 4(a2), the time interval of structural relaxation At
changes little with D, which confirms the similarity of /4 in
the different samples tested with the same Rj. In addition,
with the same Ry, the smaller sample with a larger Vi
requires a wider temperature interval ATy, to release a larger
AV, as shown in Fig. 4(a2).

2. Heating rate effect

Figure 3(b1) shows the experimental DIL traces meas-
ured with a faster R}, to be closer to the hypothesized DIL
traces. It can be seen from Fig. 3(b2) that oy (T) decreases

J. Appl. Phys. 111, 083523 (2012)

less during structural relaxation and increases more during
the glass transition in the test with a faster Ry. The samples
with the same D had the same initial Vi and compressive
stress applied to them. In the test with a faster Ry, Tgrend
shifted to a higher temperature, as shown in Fig. 4(b1l), and
the residual Vi, consequently grew larger. The ratio 4 in Eq.
(5) thus decreases with a faster Ry,. The temperature interval
ATy, increases slightly, whereas the time interval At under-
goes an obvious decrease with a faster Ry, as shown in Fig.
4(b2), which also indicates a less insufficient degree of struc-
tural relaxation and a smaller ratio A with a faster R}.
Whether based on Eq. (1) or (5), a smaller AV will be
obtained in a test with a faster Ry, as shown in Fig. 4(b3).

3. Difference between T, , and Ty enqg

Figures 4(a4) and 4(b4) show the T,., determined by the
DIL tests and T.eng determined by the DSC tests under dif-
ferent conditions of D and Ry,. The increase in Ty.eng With a
faster R, shown in Fig. 4(b4) is a natural characteristic of
glass.***® Among the samples with a D of 3 mm tested with
different Ry, T,., has good agreement with Tg.cp¢ With an ac-
ceptable degree of experimental error. Fig. 4(a4) shows that
the smaller sample prepared at a faster cooling rate has a
slightly higher Tg.enq. This weak positive dependence of
Ty.eng on the fabrication cooling rate is another natural char-
acteristic of glass.** The T,., of the samples with a D of 1.0
and 2.0 mm, however, is obviously lower than the Ty.¢nq. The
compressive stress (0.3/(n(D/2)?)) applied to the samples
with a D of 1.0, 2.0, 3.0, and 5.0 mm was 382, 95, 42, and 15
KPa, respectively. Compared to the strength of the
Fe41Co7CrisMo14Ci5B¢ Y, BMG with 3500 MPa,36 the com-
pressive stress exerted by the instrument was too small to
affect the thermal expansion of the solid sample. Therefore,
the measurement results for AV¢(T) below Tyeng and AV
are reliable. Above T end, @ glassy solid is gradually trans-
formed into a super-cooled liquid via the glass transition pro-
cess. In this transition process, the sample structure consisted
of a glassy solid and a super-cooled liquid, a type of structure
that is a non-Newtonian fluid whose viscosity depends on the
compressive stress.”® Before the glass transition had finished,
i.e., when some of the solids had not yet been transformed
into liquids, the viscosities of the samples with diameters of
1.0 and 2.0 mm to which a relatively large compressive stress
had been applied were sufficiently low to facilitate the soft-
ening occurring at T,.,. For the small samples, the T,., was
thus obviously lower than the Tg..nq, Which constitutes the
major difference between the observed glass transition
behavior in the DIL and DSC tests. Furthermore, in addition
to D, BMG composition also affects the T,.,, which will be
discussed in Sec. III D 1. Hence, it does not make sense to
use the DIL method to measure incomplete free volume
generation.

In general, both D and Ry, were found to have clear
effects on AV¢(T). The DIL method is unable to measure the
entire free volume generation in the glass transition process
accurately because of the sample softening effect. AVyg;, in
contrast, describes the free volume change in an amorphous
solid, and is thus independent of compressive stress. For the
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same D and Ry, AV, as measured using the DIL method, used in the DIL tests. An R}, of 5 K/min was adopted to save

can be reliably employed to make comparisons among dif- time. The tests were performed two to three times, and
ferent BMGs. Such comparison allows the correlation the results are shown in Fig. 5 and Table II. The AV, errors
between the structure and properties of different BMGs, are 0.03-0.06 x 1073 for most compositions, except for
including GFA, to be investigated quantitatively. 0.10-0.11 x 1073 for the two Mg-based BMGs. It is difficult

to control the volatilization amount of Mg when preparing
D. Study of GFA by (T,p-Tg-ena) and A Vg, Mg-based BMGs using the injection method. Hence the large

errors for these BMGs may have been caused by the unsatis-

GFA is one of the most important issues in BMG e .
factory repeatability in sample preparation.

research. A number of physical parameters have been found
to be correlated with GFA, such as the fragility of liquid
metal,*’~* the viscosity at the melting point,”® the volumet-
ric change from glass transition to melting,51 and the density The DSC and o (T) traces of the Cu-, Zr-, Ti-, and Fe-
change upon crystallization.? The free volume concept is of- based BMGs shown in Figs. 5(el)-5(11) display a similar
ten involved in these findings. To date, however, there has shape in the crystallization region because of the simultane-
been no systematic investigation of the correlation between ous energy release and volume shrinkage caused by the
free volume and GFA, due to the lack of a free volume mea- atomic rearrangement from disorder to order during crystalli-
surement method that provides comparable results for differ- zation. For the Pd- and Mg-based BMGs shown in Figs.
ent compositions. Although the DIL method is unable to 5(al)-5(d1l), the sample length shrinkage exceeds the DIL
determine the absolute value of the initial free volume Vi instrument measurement range of 250 um because of their
contained in as-cast samples, a comparison of AV¢, which low degree of strength in the large super-cooled liquid
reflects the amorphous solid structural features of different region.! The complete crystallization process cannot be
BMGs, is useful for investigating GFA. As studied in Sec.  observed in the oy (T) traces, and the DSC and oy (T) traces
III C, the AV¢. of the sample with a smaller D measured at a in Figs. 5(al)-5(d1) thus do not look consistent. Figs. 5(a2)-
slower Ry, had a larger value, which allows more effective 5(i2) show that every composition has a peak in the o (7T)
comparisons among different BMGs. The smallest critical traces, which is the interaction between the free volume gen-
diameter (D.) among the 12 typical Pd-, Mg-, Cu-, Zr-, Ti-, eration during the glass transition process and sample soften-
and Fe-BMGs was 2.5 mm for the Tiy 571, sHf 5Cuys sNiy 5 ing above T, under compressive stress. The relationship
BMG (Ref. 35). Therefore, samples with a D of 2.0 mm were between T, and Tg.cna for each of the 12 BMGs is plotted

1. Correlation between (Ty.cna— T,.p) and GFA
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FIG. 5. [(al)-(11)] DSC and the oy (T) traces of 12 Pd-, Mg-, Cu-, Zr-, Ti-, and Fe-based BMGs; [(a2)-(12)] enlarged regions around the glass transition loca-
tion, with the arrows indicating the T,-p; [(a3b3)-(k313)] DIL and o (T) traces, with the arrows indicating the Tq-on (the hypothesized oy (T) traces and
hypothesized DIL traces are not plotted for a clearer display; [(a4b4)-(k414)] Corresponding AV¢(T) curves. The sample diameters and heating rates of DSC
and DIL were 2.0 mm and 5 K/min, respectively.
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TABLE II. Summary of the thermal analyses by DSC (T,y = T, /T;, v =Ty /(Tg + 1)), ¥ = 2T — Ty)/T1, 3. = (3T — 2T,)/T)), AVt and D, of the 12
BMGs. The diameter of the samples was 2 mm. The heating rates in the DSC and DIL tests were 20 K/min and 5 K/min, respectively. The relative change is
calculated as (XpargerGFA — XsmallerGFA ) /X smatierGFa, Where X denotes Ty, 7, Vi, Ve, and AV

Relative change (%) of
Alloys Composition T, (k) Ty (k) T; (k) Ty Y - J¢  AVig x107° D, (mm) Ref. T, 7 7, 7. AVig
:Pd-1 P isoP 1 1 0. 424 0. .841 .23 2 2

a: Pd d4oNigg 2 576 67 991 0595 0O 0.759 0.8 0.237 5 9 160 94 159 158 —37.1
b: Pd-2  Pd4CuszoNijoPy 577 656 836 0.690 0.464 0.879 0.974 0.150 72 30

c: Mg-1 MggsCupsGdyg 408 478 755 0.540 0411 0.726 0.819 1.300 8 31 52 17 25 16 235
d: Mg-2 Mgsg sCusoDyy, 5 433 500 762 0.568 0.418 0.744 0.832  0.994 2 3 U7 R >
e: Cu-1 CuyeZryrAly 705 781 1163 0.606 0.418 0.737 0.802 1.628 3 33 04 34 63 89 —29.1
f: Cu-2  CuyeZrspAl;Ys 672 772 1113 0.604 0.432 0.783 0.873 1.154 10 33 ’ ' ' ' '
g:Zr-1  ZrsgNb3CujeNij3Al; 667 759 1160 0.575 0.415 0.734 0.813 1.365 7 34 14 0 03 02 —434
h:Zr-2  (Zr — 1)gg5Y 15 661 757 1165 0.567 0.415 0.732 0.815 0.773 14 34 ' ' ’ '
i: Ti-1  Tiaps5Zry sHf5Cusy 5Niy 5 677 726 1203 0.563 0.386 0.644 0.685 1.545 2 35 08 06 10 11 —19.7
j: Ti-2  Tis5Zry sHf5Cu4, 5Niz sSi; - 680 730 1199 0.567 0.389 0.651 0.692 1.240 5 35 ’ ' ' ' '
k:Fe-1 Fes3Er,CrioMo;9C5B¢ 840 895 1557 0.540 0.373 0.610 0.645 1.355 4 37 31 17 24 22 —d36
l: Fe-2  Fe4sEr,CrisMo4Ci5Bg 843 895 1515 0.556 0.380 0.625 0.659 0.765 12 37 ’ ’ ’ ’ ’

separately in Fig. 6. It is clear that T, is lower than Ty eng
for the 2.0 mm-diameter samples. Hence, the DIL method is
unable to determine the entire free volume generation in the
glass transition process. One interesting finding is that the
(Tg-end — Tp) of the composition with a larger GFA (D, is
given in Table II) is smaller than that with the same base
metal but a smaller GFA. The implication is that, for BMGs
of the same base metal, the viscosity of composition with a
larger GFA decreases more slowly in the glass transition pro-
cess, and T, is thus closer to Tg.cpg under the same compres-
S1ve stress.

2. Sensitive correlation between AV;.s, and GFA

As shown in Figs. 5(a3b3)-5(k313), all of the samples
have a clear T.,, above which the oy (T) decreases continu-
ously. AV¢(T) curves obtained using Eq. (3) are shown in
Figs. 5(a4b4)-5(k414). It is clear that the compositions with a
larger GFA display a smaller free volume release during
structural relaxation than those with the same base metal but
a smaller GFA. Table II lists several of the parameters
related to GFA: the reduced glass transition temperature T,
which Turnbull® proposed as the first quantitative criterion

20
E ®2mm |
< 5 K/mi
915_* 3 min |
#10p o {‘ N
~ = o 3 qu
IE S5t * : Ew § 4 §E .
9 “ 3 >
e ; ¢
1) N S S .
-5

FIG. 6. Correlation between T,-, and Ty-cng of the 12 BMGs.

for glass formation, a series of GFA indicators, y, 7,,, and y.,
developed from T}, as proposed by Liu et al.,>*° and the
AVi quantified from the AV¢(T) curves in Figs. 5(a4b4)-
5(k414). To allow quantitative comparison of the sensitivity
of these parameters in terms of their ability to reflect a varia-
tion in GFA, their relative changes in each pair of BMGs
with the same base metal are also listed. Table II shows that
AV is much more sensitive than the other criteria. The
addition of a large amount of Cu to Pd-(Cu)-Ni-P (Ref. 30)
leads to a remarkable decrease in 7j, and consequently
increases Ty, 7, 7y, and 7. by about 10%, although AVy
changes even more dramatically, by about —40%. In addi-
tion, in the cases of a minor addition of Y to Cu—Zr—Al—(Y),33
a similar composition but different rare earth elements for
Mg-Cu-(Gd, Dy)*'*? and a small variation in Cr and Mo for
Fe-Er-(Cr, Mo)—C—B,3 7 there is a significant increase in GFA,
but the increase in T}, and its derivatives is not very signifi-
cant. However, there is still a quite obvious decrease in
AVf_sr. Furthermore, for (erng3Cu16Ni13Al10)9845Y1_5 (Ref
34) and Ti42,5Zr2.5Hf5Cu42,5Ni7‘5 (Ref 35), which has the
greatest GFA among the Ti-based BMGs without the addi-
tion of toxic beryllium and precious palladium, the addition
of minor amounts of Y and Si changes T, Ty, and T; only
slightly. Ty, and its derivatives thus undergo a subtle change.
GFA enhancement in these two compositions is deemed by
their developers to be attributable to the change in their local
atomic structure,”*>> which is well supported by the obvious
decreases in AVy;.

As discussed in Sec. III C, under the same sample diam-
eter and heating rate, the AVy released during structural
relaxation is determined primarily by the initial Vi, that is
frozen from the free volume contained in the liquid metal.
How much of the initial Vi is contained in the amorphous
solid depends on the amount of free volume in the liquid
metal and how fast that free volume is annihilated with a
change in temperature in the fast cooling process. These two
factors are related to the viscosity®® and fragility™® of glass-
forming liquid, respectively. Glass-forming liquid with a
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higher viscosity and less fragility is more stable. In fast cool-
ing, the lower atomic mobility of this kind of liquid results in
greater difficulty in crystallization and therefore the enhance-
ment of glass formation.>**3%7¢ For this kind of liquid, the
smaller initial Vi is frozen into the amorphous solid after
fast cooling. During the constant heating in the DIL test, a
smaller AV is thus released in the structural relaxation pro-
cess. From the perspective of glass formation, AVy, reflects
the BMG structural feature inherited from the liquid metal,
and Ty, and its derivatives are related primarily to the ther-
modynamic features. Compared to thermodynamic features,
structural feature are more sensitive to the enhancement of
GFA in BMGs with the same base metal.”!

3. Close correlation between AV;.s, and GFA

To investigate the effect of AV on GFA for the BMGs
with different base metals, the correlation between AVi.,
and D? was also investigated. As shown in Fig. 7, there is a
good linear relationship between AVy, and Log D?. In addi-
tion, AV¢ and Log D, also have a linear relationship with
the same accuracy (R = 0.936). AV, thus exhibits a close
correlation with the GFA of these 12 BMGs. Furthermore,
the regularity in Fig. 7 is similar to that of our previous
results, and can be compared with the regularity obtained by
Park et al.,>! as discussed in our previous work.!

E. Comparison with other methods

Although our definition of AVy, differs from that of the
free volume change in other rese:arch,L“’B’m’17 the results
of this research are still comparable to the free volume
changes measured with the DSC, room temperature density,
and positron annihilation lifetime methods. According to
free volume theory,7 the reduced free volume x can be
expressed as x = vp/yv*, where vy is the free volume per
atom volume and yv* is a constant of order 0.1. The definite
value of yv* for most BMGs is lacking in the available litera-
ture. Hence, for convenience of discussion, yv* is assumed to
be 0.1 in the following comparison.

Based on the specific heat capacity data, Beukel and
Sietsma’ reported the Ax released in structural relaxation for
as-quenched PdyoNigPy to be 0.96 x 1072 (see Fig. 3 in
Ref. 7), corresponding to a AV; of 0.96 x 1073, which is

10*
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-~ 10° .
~N_ o
Q
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101_ R=0-936 ) - o
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AV, (x107%)
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FIG. 7. Correlation between the GFA (DE) and AVi- of the twelve BMGs.
The 95% confidence bands are also shown.

J. Appl. Phys. 111, 083523 (2012)

obviously larger than our result of 0.237 x 1073 This incon-
sistency can be attributed to the ribbon sample used in
Ref. 7. Using room temperature density data, Haruyama
et al.'®"" reported that the Ap /po decreases in the isothermal
annealing of Pd4oNigPy0 BMG at 573K for 2-12min and
Pd4; sCuszgNi;sP,g BMG at 549K for 1-10min are
0.10-0.53 x 1073 (see Fig. 5 in Ref. 16) and 0.06-0.5 x 1073
(see Fig. 4 in Ref. 16 and Fig. 4 in Ref. 17), respectively. In
a study employing positron annihilation lifetime data, Wang
et al."? reported the Ax released in the isothermal annealing
of Pd4oCuzoNijgP,9 BMG at 523K for 2-16h to be
0.3-0.5 x 1072 (see Fig. 4 in Ref. 13), which corresponds
to a AVy of 0.3—0.5 x 1073. Our results show that after
5 K/min of constant heating, the AV¢. of PdyNigP9 BMG
released from T, (503.1K) to Tgreng (569.7 K) for 13 min
is 0.237 x 1073, as shown in Fig. 5(a4b4). Also, the AV, of
Pd4oCuszgNijgP,y BMG released from Ty, (510.4K) to
Terena (564.0K) for 11 min is 0.150 x 103, as shown in Fig.
5(a4b4) and Fig. 2 of Ref. 1. Most of the values of these Pd-
based BMGs with a very large GFA are less than 0.5 x 1073
and comparable, in spite of the different sample fabrication
conditions and heating processes used during measurement.
In addition, for ZryyTi;NijgoCuygBeys (Vitreloy 1b) BMG,
which also has a very large GFA, in a study using enthalpy
data, Busch et al>'° reported the AV; between the as-cast
and equilibrium liquid to be only 0.3—0.5 x 1073 (see
Fig. 13 in Ref. 9 and Fig. 4 in Ref. 10). These small values
are comparable to the Pd-based BMGs. Furthermore, on the
basis of DSC data, Zhang and Hahn!' reported that the AVy
of Zrys0Cuzg3Al; 0Agg ; BMG released in structural relaxa-
tion was 0.8 x 1073 (see Figs. 10 and 11 in Ref. 11). Finally,
using room temperature density and enthalpy data, Slipenyuk
and Eckert® reported the AV of ZrssCuszgAljgNis BMG to be
0.86-0.95 x 1073 after heating from room temperature to
675K (Tg.on =695K) at 20K/min and then subsequently
cooling to room temperature at 100 K/min (see Figs. 5 and 6
in Ref. 8). As shown in Figs. 5(g2h2)-5(g4h4), for the
ZI‘58Nb3CU16N113A110 and (ZI‘Sng3CU16Ni13A110)98‘5Y1'5
BMGs, Ty.eng Was 15-25K below Ty, and the AVy was
1.365 x 1073 and 0.773x 1073, respectively. The data of
these four Zr-based BMGs, which have a smaller GFA than
the Pd-based BMG and Vitreloy 1b, are close to or larger
than 0.8 x 1073 and can be compared with each other, in
spite of their different compositions, sample fabrication con-
ditions and measurement heating processes.

No comparisons of the Mg-, Cu-, Ti- and Fe-based
BMGs were conducted because there are few available
reports on the free volume measurements of these BMGs,
although the aforementioned comparisons of the Pd- and Zr-
based BMGs demonstrate the validity of the first characteris-
tic free volume change AVi. Unfortunately, this research
was unable to measure the free volume generation during the
entire glass transition process, i.e., the second characteristic
free volume change AV presented in Fig. 1(b), because of
sample softening above T, in the DIL test. The thermal
expansion in the glass transition process and subsequent
super-cooled liquid region could be measured without the
sample softening effect using the synchrotron radiation XRD
method'®' or a non-contact DIL instrument.*! The clear
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Tsr-on below and above which there is an obvious linear and
deviating thermal expansion, respectively, can be found for
various compositions.'®*2!*! Hence, if the hypothesized ther-
mal expansion rather than the relaxed sample thermal expan-
sion is taken as the reference, then it is hoped that AV}, and
the subsequent free volume generation with a constant rate in
the super-cooled liquid region shown in Fig. 1(b) can be
quantified accurately using a non-contact DIL instrument.

IV. CONCLUSIONS

The free volume change AVy(T) relative to a hypothe-
sized amorphous reference state was measured using the DIL
method. A characteristic free volume change, i.e., the free vol-
ume released in structural relaxation AV;, was obtained on
the basis of the AV¢(T) curve. The sample diameter and heat-
ing rate were found to have clear effects on AVyg. For the
Fe41Co7CrisMo4Ci5sBgY>2 BMG, AVi, increased with
decreases in the sample diameter and heating rate. AV
measured by the DIL method under the same sample diameter
and heating rate conditions allows convenient comparison
among different BMGs. The comparison showed the GFA
enhancement for Pd-, Mg-, Cu-, Zr-, Ti-, Fe-based BMGs to
be sensitive to decreases in AV and (Tg-end — T-p). In addi-
tion, a good linear relationship between the AV, and Log D?
or Log D, of the 12 BMGs was found. It can therefore be con-
cluded that AV, is sensitive to and closely correlated with
GFA. Furthermore, the AV}, measurement results for the Pd-
and Zr-based BMGs are in good agreement with the free
volume change measured with the DSC, room temperature
density and positron annihilation lifetime methods. Finally,
another characteristic free volume change, i.e., the free volume
generated in the glass transition process AVy.g, could not be
quantified accurately in this research because of the sample
softening effect. However, the AVt_g shows promise for meas-
urements with other non-contact DIL instruments using the
hypothesized amorphous reference state proposed herein.

It is very difficult to measure the absolute free volume
of BMGs. Hence, it is feasible to adopt the characteristic free
volume change to explore the relationship between the struc-
ture and properties of BMGs. In this exploration, AV,
which is measured using the DIL method and reflects the
structural features of amorphous solids, can play an impor-
tant role given its comparability and convenience.
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