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Link between volume, thermal expansion, and bulk metallic glass formability
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The specific volumes and thermal expansion coefficients of 41 transition-metal based alloy liquids, which
include both bulk and marginal glass-formers, are presented. Those parameters are compared with their values
either in the corresponding crystal phases or in their constituent elemental liquids. The volume differences in both
cases at the liquidus temperature, 7;, correlate well with the critical thicknesses, d.; of the corresponding glass,
taken either from literature or from estimates. The estimates are based on a recent study [Dai et al., J. Non-Cryst.
Solids 525, 119673 (2019)], which requires knowledge of the liquid expansion coefficient and viscosity. The
volume differences between the better glass-forming liquids and the crystal phases are smaller; they are larger
when compared with the elemental liquids. The thermal expansion coefficients of the liquids correlate well with
the cohesive energies and fragilities. Their differences with the crystal phases and estimates from elemental
liquids correlate well with d.;. The differences are smaller for the former and larger for the latter for alloy
liquids having larger values of d.;. This parameter then appears to be a prime indicator of glass formability.
The results are explained in terms of changes in the anharmonicity and structural contributions to the expansion

coefficients on alloying.
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I. INTRODUCTION

Since the first discovery of a metallic glass (MG) [1],
the dense random-packing (DRP) model [2] has been one
of the most used structural models. It has found support in
more recent studies on the bulk metallic glasses (BMG, with
critical thickness more than 1 mm) from computer simulations
[3,4] and phenomenological models [5]. According to these
studies, the basic structural motifs of solute-centered clusters
pack efficiently to form the BMGs. It is then expected that
the packing densities of the better glass-forming liquids and
glasses should be higher compared to those for the poorer
glass formers. The glass-formability parameter, GFA, is usu-
ally measured in terms of the critical casting thickness, di, or
the critical cooling rate that is necessary to form a glass from
the corresponding liquid. Larger densities for the better glass
formers were reported in a series of Cu-Zr glasses [6]. How-
ever, when such measurements were extended to the liquids of
the same alloys, no such correlation was observed [7]. Similar
conflicting results emerged when the densities/volumes of the
liquids/glasses were compared with the values in the corre-
sponding crystal phases. The density difference between the
crystal and glass near the crystallization temperature, 7,, was
found to be larger in Cu-Zr glasses with a larger d.; (better
GFA) [6]. In contrast, near the melting temperature, 7;, the
difference was smaller for larger d.;; in other BMGs [8]. This
naturally raises a question of why the two results are oppo-
site to each other at two different characteristic temperatures.
After all, the glass is also a liquid, although a metastable and
frozen one.
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Another important unexplained issue is the correlation
between the liquid thermal expansion coefficient, o, and
GFA. A larger ajiq was observed for the better glass form-
ers in the Cu-Zr glasses [7], whereas an opposite correlation
became apparent when many different types of metallic liq-
uids were considered [9]. This is a motivation to undertake
a more comprehensive analysis of the densities/volumes and
thermal expansion coefficients of the liquids and their corre-
sponding crystals. Since the differences in those properties are
usually small, measurements by the same group of investiga-
tors using the same experimental technique is desirable, so
that the systematic errors in the measurements remain similar
for all alloys.

This study is focused on testing some of the expectations
from the DRP model and resolving the discrepancies in the
published results. The thermodynamic properties under con-
sideration, the volumes and thermal expansion coefficients of
41 alloy liquids measured over several years by our group, are
presented and analyzed. The liquids include good, marginal,
and poor glass formers. The absolute values of the thermo-
dynamic properties are unimportant when comparing alloys
containing different elements. Instead, a meaningful com-
parison of the difference with some baseline is required.
The liquid properties may be compared with those of the
corresponding glass or crystal phase. They may also be com-
pared with the estimated values from the properties of the
elemental liquids that constitute the alloy. The differences
from the baseline values may then be correlated with d.
The differences in both the volume and thermal expansion
coefficients with those baselines have been found to correlate
well with the GFA and the trend is reflected more prominently
in the thermal expansion coefficient than in the specific vol-
ume/density.
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II. EXPERIMENTAL PROCEDURES

A noncontact electrostatic levitation technique was used to
levitate, melt, and crystallize small spherical (~2.5-mm diam-
eter) samples under high vacuum (~10~7 Torr), as described
elsewhere [10,11]. Briefly, such samples were made from a
master ingot (~1 g) by arc melting high-purity (greater than
3 N) elements in a high-purity (5 N) TisoZrso-gettered ar-
gon atmosphere. The density/specific volumes of the levitated
samples were obtained from the analysis of two-dimensional
video images [12,13]. The levitated liquid samples were ap-
proximately spherical due to surface tension, with very little
distortion because of their small masses; some shape distor-
tion occurred, however, after crystallization. Data from many
cooling cycles were averaged to improve the statistics. The
precision in the absolute value of density/volume is estimated
to be about 1%, which is determined by the Tungsten Carbide
(WC) standard used for calibration. The precision in the ther-
mal expansion coefficient is about 3%. However, the relative
changes can be measured with a much better precision by
data averaging, better than 0.05% for the liquids and about
0.3% for the solids. The shear viscosity, which is necessary to
estimate the critical thickness [14] and fragility [15], was ob-
tained from the decay times of free oscillations induced in the
droplets [16]. The Tgs of the glasses were measured by the dif-
ferential calorimetry technique during heating at 20 °C/min.

III. RESULTS

A. Specific volumes

Tables I and II summarize all experimentally measured
and estimated parameters used in the analyses. This includes
measured specific volumes and thermal expansion coefficients
of the liquids and corresponding crystal phases at 7; and the
corresponding estimated values. Table II provides the experi-
mental and estimated 7Tgs, along with the literature data and
estimated values for d.. For a broader comparison, many
marginal glass formers are included. However, since many
of them do not show a clear signature for 7,, it was nec-
essary to use estimated values. It has been recently shown
that the T, for the transition-metal based glasses [17] and
some of the elemental liquids [18], may be estimated from
the high-temperature thermodynamic and dynamic properties
of the equilibrium liquids above or near 7;. The necessary
parameters are the thermal expansion coefficient of the lig-
uid, g, the dynamic crossover temperature, Ty, and another
temperature, 7, at which the viscosities of all liquids are the
same. Accordingly, the T, of the transition-metal based glasses
are given by the empirical relation [17]

1920a;q + 0.297
8= 1 0307 - M
T+ T

Here, T* represents the temperature at which the viscosity
for all the liquids is 60 mPa s. This choice has no physical
significance but is a matter of convenience since experimental
data for all the liquids studied are available at this particular
value. If a different value of the viscosity were chosen, the
numerical parameters in Eq. (1) will change accordingly. As
shown in Table II, the estimated values of 7, obtained from the

liquids using Eq. (1) agree with the measured 7, in the glass
to within 1-3%.

The T4 has been recently recognized as an important tem-
perature for glass formation [19-23]. Although it is well
known that the viscosity changes from a high-temperature Ar-
rhenius form [ = n,exp(E /kgT ), where kg is the Boltzmann
constant and E a characteristic activation energy for flow], to
a non-Arrhenius form (where E becomes temperature depen-
dent), the physical significance of this crossover temperature
has been understood only recently. Both from measurements
and molecular-dynamic simulations, it is identified as the tem-
perature below which local structural rearrangements become
cooperative. It has another practical importance, however. Ex-
perimentally, the fragility is usually determined from viscosity
measurements made near Ty[m = d logn/d(T,/T) at T,] [15].
However, for the marginal glass formers rapid crystallization
upon approaching 7, makes such measurements extremely
difficult. Alternatively, fragility can be determined from the
ratio Ty /T, [22] and T* /T, [9,23], which are much more con-
venient to measure for the marginal glasses. Stronger liquids
show larger values of T, /T, [22] and T* /T, [9,23].

The critical casting thickness, d.;¢, for the glasses can be
often improved by using special processing techniques, such
as fluxing [24]. However, since very few BMGs have been
produced by this method, to make the comparisons meaning-
ful, data obtained only from normal processing methods, such
as casting in silica tubes or Cu molds, are included for the
analysis. For many alloys in the present study, no experimental
data exist for d . Johnson et al. [25] established an empirical
relationship between d.j, the reduced glass transition temper-
ature, T, = T,/T;, and fragility. However, to estimate dc; by
this method, the fragility must be measured, which is a very
difficult proposition for the marginal and poor glass formers,
as discussed earlier. Recently, our group modified Johnson’s
method to use parameters obtained from the high-temperature
liquid [14]. The empirical relationship used to determine d.;
is

26168q + 4.048

T,/T* — 0.307T;/ T,
43960051iq + 6.8

C1-0.307T*/T,

log[dZ; (mm)] = 7.232 +

cril

(©))

According to Eq. (2), it is not necessary to first make the glass
and then measure its value of 7, to make this estimate. Table II
includes the viscosity parameters and estimated values of d;,
along with the literature data when available.

Figure 1 shows the changes in volume for 15 alloys upon
melting (differences between the specific volumes of the liq-
uid and crystal at 7;) as a function of d.j values from the
literature. The corresponding measured data are listed in Ta-
ble I. Significant scatter in the data is visible, mostly because
of imprecise measurements of the crystal volumes due to
distortions of the levitated liquid drops on crystallization.
Since the typical changes in volume on melting are small,
high-precision data are required. In spite of the scatter, Fig. 1
shows that the volume changes are smaller for the better glass
formers (larger dj;). The two outliers are alloy numbers 37
(Vit106) and 38 (Vitl06a). It is possible that because these
are multicomponent alloys (five elements), the correlation
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TABLE II. Dynamical properties of the liquids used in the analysis are listed below. They include the temperature, 7* at which the
viscosity is 0.06 Pa s, the crossover temperature, T;, measured and estimated glass transition temperature, T, literature data, and estimated

critical thickness, d ;.

Alloy T* (K) N Measured Estimated derie (mm) drie (mm)
number Composition n=6mPas (K) T, (K) T,(K) Literature Estimated
1 C050Pd50

2 C070Pd30

3 COgoszo

4 CngZI'72

5 CuyeZrsy 1080 1128 646 638 2 [56] 3
6 CusgZrs 1109 1196 677 660 2 [57] 3
7 CuseZryy 1115 1118 701 707 11[6] 2.4
8 CugyZr3 1126 1249 739 699 2 [58,59] 3
9 CusgZry 5Tiq s 1067 1181 669 645 5[60] 3.2
10 CuggZr3oTiyg 700 [64] 4 161]

11 CugoZryoTipo 1099 1219 679 692 4[61] 3.9
12 CusgZrysAls 1128 1241 695 680 3[62] 4
13 Cuy7Zry7Alg 1143 1222 695 689 6 [63] 4.7
14 CuyrZrysAlg 1170 1335 677 684 9
15 CU46ZT42Y7A15 670 [67] 10 [64]

16 Pdg;,Si;g 1042 1287 634 589 3 [65] 7
17 Ti5ozr50

18 Tiz9.5Zr39 5Nig

19 TizyZry;Cuy;Nig (Vit101) 1111 1190 675 695 4 [66] 3.5
20 Ti45ZI'45Ni10

21 Ti4()ZT10CU36Pd14 1085 1239 642 648 6 [67] 3.2
22 Ti4ozr10Cll30Pd20 1119 1235 670 684 3 [67] 3.5
23 Ye59C031.1 1007 560

24 Zrs57Nig 1200 1361 654 3.1
25 Zre4Nizg 1150 1265 623 5.8
26 Zr76Niy, 1085 1170 585 4.7
27 Zr56Coy5Al6 1315 1402 738 737 18 [68] 17.7
28 ZrgoNipysAlys 1250 1355 688 681 15 [69] 12.5
29 ZresNipsAly 1223 1290 669 681 12 [69] 11.7
30 Zr70Pds 1195 1285 646 4.9
31 Zr755Pdoy 5 1175 1260 641 5.4
32 Zr74Rhyg 1264 1345 677 5.6
33 Zrgo Pty 1418 1660 732 14
34 Zrgylrg 1337 1610 682 7.1
35 Zr5;Cusz6AlgNiy (LM601) 1168 1320 694 671 9.8
36 Zrsp 5Cuy79Nig6Al o Tis (Vit105) 1199 1305 672 677 18 [25] 23.5
37 Zrs7Cuys4Nip6Al1oNbs (Vit106) 1220 1349 671 670 20 [25] 25
38 ZrsgsCuys¢Nijp gAljg3Nby g (Vit106a) 1195 1310 668 658 32 [25] 20
39 Zr59CuyyAlyoNigTis 1162 1282 653 632 13 [70] 14
40 Zrg;CuyyAljoNig 1180 1314 655 651 14 [70] 15
41 ZrgsCuy;5Al;7 5Nijo 1169 1230 635 648 16 [71] 11

fails when several crystal phases form. Strictly speaking, the
correlation should hold when the crystal and glass have the
same chemical composition (polymorphic transformation). A
straight-line fit without those two data are shown in Fig. 1 with
an R? = 0.76. The correlation with d.; for the 15 BMGs is in
agreement with the earlier report on four BMGs [8] and meets
the expectation from the DRP model. Because of the better
packing of atoms in the better glass formers, their volumes are
closer to those of the corresponding crystals. However, they
contradict the findings reported in Ref. [6], where the volume
changes during crystallization were found to be larger for the
better glass formers. This point could not be clarified since
the volume changes during glass crystallization are smaller

(typically, less than 1%), than the precision of the present
measurements.

To gain additional insight from the volumetric data, the
specific volume of the liquids at 7;, estimated from a sim-
ple rule of mixing of the elemental liquids, was chosen as
another baseline. Accordingly, the expected specific volume
is Zi ¢;v;, where ¢; and v; are the molar concentrations and
the specific volumes of the ith elemental liquid, respectively.
They were estimated from the literature data for the elemental
liquids, as listed in Table 1. Because of the large differences
in 7; between the alloys and their constituent elements, it is
proper that they should be estimated at the alloy 7;. However,
for completeness, estimates at both alloy and elemental 7; are

095602-5
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Vol. Change Fit =2.18 - 0.069*d

crit.

g
<
T

19/

38m

Volume Change on Melting ( % )
o .
=) n

5 10 15 20 25 30 35
Critical Thickness ( d,;, (mm))

S
n

=]

FIG. 1. The volume changes on melting of the crystals of some
BMGs are compared with the literature values for critical thickness
(dcrit)- The alloy numbers are the same as in Tables I and II. A linear
fit excluding the alloy numbers 36 and 37 are also shown.

included in Table I. To include as many data points as possible,
the differences between the measured and estimated specific
volumes were then compared with the estimated values for
deir from Eq. (2) for those alloys for which the viscosity
was measured and reliable 7* and T, parameters could be
determined from the experimental data. The alloy numbers
1-4, 10, 15-18, 20, and 23 are excluded for those reasons.

The estimated values for d.; are provided in Table II,
which agree with the literature data within 10-20% in most
cases; some larger disagreements are also observed. For ex-
ample, the binary Zr-Ni (24,25), Zr-Pd (30,31), Zr-Rh (32),
and Zr-Pt (33), Zr-Ir (34) alloys are marginal glass formers,
which can be produced only in thin ribbon forms by rapidly
quenching the liquids. In contrast our empirical expression
identifies them as BMGs. One possible explanation is that the
thermodynamic data for the liquids/glasses are not sufficient
to predict di; for these alloys, as discussed in Ref. [14]. It
was pointed out that missing information on the liquid and
crystal structures may be needed. It was suggested a while ago
[26] that when the local structures of the liquid and underlying
crystal phase are similar, structural order in the liquid may act
as a template that expedites nucleation. More recent data sup-
port this view [14]. It is not clear, however, how such structural
information could be included to make a better model for the
prediction of d;.

Figure 2 shows the differences between the measured and
estimated volumes from the elemental liquids at the alloy
T; as a function of estimated critical thicknesses. The dif-
ferences are negative (smaller alloy volumes) for most of
the alloys; they become larger with increasing critical thick-
nesses. Following Inoue’s suggestion [27], many of the BMGs
were discovered in alloys with large negative heats of mixing
(attractive chemical interactions) [28]. Therefore, the experi-
mental specific volumes are expected to be smaller than the
estimates from the rule of mixing for the glass-forming liq-
uids, as observed. A polynomial fit to the data is given by the

75.8 _2.5 =  Experimental Data
S ofe, ?,9 26 Fit |
=
>
=
St
=
%]
:
= -10}
>
2
= -15F 4
27=
0 5 10 15 20 25

Estimated Critical Thickness (d_,; (mm))

FIG. 2. The measured volume of the liquid at 7; in excess of the
estimated volume from the elemental liquids at the 7; of the alloys.
The alloy numbers are the same as listed in Tables I and II. The error
bars include measured differences from multiple samples of the same
composition as well as different thermal cycles. No error bars are
shown for the data from a single sample since they are negligible in
such measurements.

relation, volume difference(%)= 4.01 — 1.77d. + 0.048513rit
(derit is in mm), with an R? = 0.67. Although not a perfect fit,
these data show a semiquantitative correlation with the correct
trend that the better glass formers have lesser volumes (more
compact) than the estimates from their constituent elements. It
is likely that the minimum in the polynomial fit is not real, but
an artifact of the fitting procedure that arises from the scatter

in the data.

B. Liquid thermal expansion coefficients

A correlation between thermal expansion coefficient of the
transition-metal based liquids and their cohesive energies was
established quite early on [29]. Later, a connection between
the expansion coefficient and liquid fragility was reported
[9]. Since then, measurements on more alloy liquids have
been performed. To place the earlier observations on a firmer
footing, the expansion coefficients of 41 alloy liquids and their
cohesive energies and fragilities are shown in Figs. 3(a) and
3(b), respectively; the corresponding data are listed in Tables I
and II. The cohesive energies were estimated from those of
the elements [30] and their heats of mixing [28]. Although
such estimates correspond to values at absolute zero K, con-
sidering that the average specific heat of liquids to be about
30-40 J/mol [31]), the typical enthalpy difference between 7;
and 0 K is expected to be 5-10% smaller than that at 0 K.
Within this uncertainty, the data clearly demonstrate a strong
correlation between the thermal expansion coefficient and the
cohesive energy and liquid fragility, confirming earlier obser-
vations [9,29]. It should be noted that we have also compared
the expansion coefficient with the bond energy estimated from
the cohesive energy and coordination number calculated from

095602-6
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9
o
S 8}t
b=
g
o 7t
=
S
=
g 6r
]
=
o]
E
—
4

Cohesive Energy ( kJ/mol )
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FIG. 3. The liquid expansion coefficient as a function of cohesive energy (a) and fragility (b). The alloy numbers are the same as in Tables I

and II. The fit parameters are provided in the text.

the pair-correlation function, g(r). The essential result re-
mains unchanged since the coordination number varies little
(12-14) across the whole alloy series [32]. A theoretical basis
for the correlation between thermal expansion coefficient and
fragility will be discussed later.

The data show that stronger liquids (larger 7*/T) have
stronger atomic bonds and smaller thermal expansion coef-
ficients. A polynomial fit to the data in Fig. 3(a) is given
by ajiq(107°) = 31.5 — 0.078E + 5.5 x 107°E?, where E is
the cohesive energy (kJ/mol). A linear fit to the fragility
parameter, T*/T,, in Fig. 3(b) is given by aliq(IO’S) =24.1—
10.4T*/T; R? =0.90 in both cases. Although ojiq is one
parameter in Eq. (2), a direct connection between this and
glass formability is neither expected nor observed. As will
be shown below, it is the difference of aj;q with some base
parameter that is important for GFA.

There are two outliers in Fig. 3(a), alloy number 16
(Pdg,Sig) and 23 (Yeg.9Co031.1). One of them contains Si and
the other a rare-earth element. It is not clear whether this is
indicative of a different type of correlation for the rare-earth
and tetrahedrally bonded liquids. In Fig. 3(b), however, alloy
number 16 falls in line with the rest of the liquids; alloy
number 23 also comes closer to the rest of the liquids.

To probe a connection between the thermal expansion
coefficient and GFA, the differences between ogiq and oreryst
are compared with d.; for the BMGs for which ayg has
been measured. When making such comparisons, a few points
should be considered. Unlike crystals, where the thermal
expansivity is determined by the anharmonicity, the corre-
sponding quantities in the liquids depend not only on the
anharmonic contributions but also on the structural changes
with temperature. Since most of the BMGs crystallize into
a mixture of phases, the anharmonic contributions to the
expansion coefficients for the crystal and liquid phases are
not expected to be identical. Neglecting such differences,
the excess expansivity of the liquid compared to the crys-
tal should then reflect mostly the structural/configurational

changes on melting. Figure 4 shows that this metric decreases
linearly with increasing d. following the relation (ajq —
Ueryst)/Ceryst (%) = 9.7-0.59 derie (mm) with an R? = 0.74.
Therefore, the configurational changes with temperature for
the better glass formers are smaller. This is consistent with
the observation [9,33] that the structural changes with tem-
perature are smaller for the stronger liquids. The correlation
between thermal expansion differences and d.;; appears to be
better than for volume changes on melting (Fig. 1), perhaps,
because the difference, ajiq — eyt 1S @ much larger quantity
than the difference in their respective volumes and, therefore,
can be measured with a higher precision.

As in the case of the volume, the estimated otiq estm from
the expansion coefficients of the elemental liquids using the
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FIG. 4. The difference in the thermal expansion coefficients of
the liquids and crystals as a function of critical thickness for 15
BMGs. The linear fit parameters are provided in the text.

095602-7



GANGOPADHYAY, PUEBLO, AND KELTON

PHYSICAL REVIEW MATERIALS 4, 095602 (2020)

OF gi8
769%?112 34 iss

13,31
qof zé
5,19 30 E 14

af Ty | 83

<
e
3 20F 248 [26 4
=
£ Em 29 w40 368
sﬁr 30} 258 41 f3s  B37
|
. 39
e 284 ' |
N’
_50 1 1 1 i27 1 1
0 5 10 15 20 25

Estimated Critical Thickness ( d,,;, (mm) )

FIG. 5. Difference between the experimentally measured (oiq)
and estimated (iq esim) liquid thermal expansion coefficients from
the elemental liquids, as a function of estimated critical thicknesses.
The parameters and alloy numbers are listed in Tables I and II.

mixing rule was used as another baseline. Since the expan-
sion coefficient of a liquid is nearly temperature independent,
unlike for volume, temperature does not come into play in
such estimates. To include as many data points as possible,
this difference was then compared with the estimated d
by using Eq. (2). This was possible for 31 of the 41 liquids
studied (Table II). Figure 5 shows this comparison. Due to
a large scatter in the data, no fit was attempted. In spite of
this, the general trend is that the difference in expansivity of
the liquid and its constituting elements is larger for larger d.i;
and smaller for smaller d . Due to a large negative heat of
mixing for most of the alloys, the alloy expansion coefficient
is smaller than those of the elemental liquids (the difference
is negative in sign). There is one important difference while
considering ajiq — Oeryst and ajiq — Qig estm- In the former case,
the difference is primarily due to structural/configurational
contribution, while in the latter case both anharmonicity and
structural changes contribute. A much larger scatter of the
data in Fig. 5 is indicative of the complicated ways the two
factors contribute to this difference. Clearly, o1iq — @iig estm
does not follow a universal behavior, other than showing a
trend. Finally, comparing Fig. 2 for volume and Fig. 5 for
thermal expansivity, it is clear that the change in the thermal
expansivities on alloying is much larger than in the corre-
sponding volumes.

IV. DISCUSSION

Since this study focuses on establishing a connection be-
tween volume, thermal expansion, and GFA, the discussion
should start with some clear understanding of how GFA is
connected with those properties. As mentioned in the Intro-
duction, instead of their magnitudes, only relative changes are
important. The magnitude of the thermal expansion coefficient
is connected with another property, the liquid fragility, as has

been demonstrated in Figs. 3(a) and 3(b). It has been argued
[34] that the fragility is determined by both a rise in the
high-frequency shear modulus due to anharmonicity [35] and
a growing length scale for the cooperative dynamics [36] with
decreasing temperature. The thermal expansion coefficient is
also determined by both anharmonicity and the changes in
liquid structure/configurations (i.e., change in cooperativity)
with temperature. Therefore, a strong correlation between the
thermal expansion coefficient and fragility is expected. The
data also demonstrate that the fragility, to a large extent, is
determined by the strength of the atomic bonds (cohesive
energy). Such a connection between atomic bonds, fragility,
and thermal expansion coefficient is not widely recognized.

Since efficient packing of atoms is a key ingredient in many
theories of metallic glass formation, a connection between
volume and GFA is expected. Moreover, the GFA is deter-
mined by both the fragility and 7, [25]. Our recent work
showed that instead of 7., ajiq may be used [14,17]. The two
formalisms are essentially similar since 7, determines the
temperature window over which cooperative rearrangements
may grow before glass transition, whereas aj;q determines the
effective changes in volume over the same temperature inter-
val. Therefore, a natural connection between ojiq and GFA is
expected.

Our data show that the differences in volume between the
liquid and the corresponding crystal are smaller for the better
glass formers (Fig. 1). This difference measures the change
in atomic configuration on melting, which is smaller for the
better glass formers. It demonstrates that the atomic packings
in these liquids are closer to those of the crystals, which is con-
sistent with the DRP models [2-5] and experimental data for a
few alloys [8], but in conflict with the results of Ref. [6]. The
differences in the specific volumes between the alloy liquids
and the constituent elements also show some correlation with
the GFA (d.i;) (Fig. 2). However, since this quantity measures
both the changes in anharmonicity and structural contributions
compared to those for the elemental liquids, its interpretation
is a little more difficult. Negative values for this difference for
most of the alloys reflect the effect of strong negative heats
of mixing [28]. This appears to be larger for the better glass
formers. This is not surprising since most of the good metallic
glasses were discovered following the principles suggested by
Inoue [27]. However, this quantity does not correlate with the
fragility (not shown) since it reflects only the relative changes
in the anharmonicity and cooperativity with the correspond-
ing elemental liquids, not their total contributions to the
liquid.

The thermal expansion is due to an increase in the anhar-
monicity with increasing temperature. In liquids, an additional
contribution comes from the changes in the liquid struc-
ture/configuration with temperature. It has been reported that
the differences in vibrational contributions to the entropies in
crystals and two metallic glasses, CusyZrsy and CuyeZrssAlg,
are less than 5% [37]. Therefore, when the difference in the
expansion coefficients of the liquid and the crystal is con-
sidered, it is indicative of the changes in the configurational
contributions to the expansivity, especially when the transfor-
mation is polymorphic. The data in Fig. 4 demonstrate that
the configurational changes are smaller for the better glass
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formers. A similar conclusion was drawn from the change
in volume on melting. This is consistent with the structural
studies, where smaller structural changes with temperature
were observed for the stronger liquids [9,33]. All these results
give a consistent picture that the GFA is determined by the
configurational changes in the liquid.

The differences in thermal expansion coefficients between
the alloys and elemental liquids also correlate well with the
GFA, but in a nonuniversal manner (likely different for alloys
with different base elements). The anharmonic contribution
to the thermal expansion coefficient in alloys cannot be con-
sidered the same as in the elemental liquids. As mentioned
earlier, all liquids in the present study are made from al-
loys with fairly large negative heats of mixing. Therefore,
the attractive part of the interatomic potential is stronger in
the alloys. This increases the depth of the interatomic po-
tential and strengthen the atomic bonds. However, how that
changes the anharmonicity is a debatable point [36,38—40].
Some studies indicate that a stiffer potential (faster rise in
the repulsive part) decreases anharmonicity and the thermal
expansion coefficient [38,39]. Others claim that a softer poten-
tial (slower rise in the repulsive part) decreases anharmonicity
and the thermal expansion coefficient [36,40]. The present
data (Fig. 5) indicate that the anharmonicity is reduced by
a stronger chemical attraction in the alloy liquids. Most of
the Cu-based alloys with smaller negative heat of mixing [28]
show smaller decreases, while most of the Zr-based liquids
with larger heats of mixing show larger decreases in the ex-
pansion coefficients compared to the elemental liquids. This
is likely due to the combined effects of anharmonicity and the
structural contribution to the expansion coefficient, compared
with the elemental liquids. Structural data for the alloys [9]
show smaller rates of change of the liquid structures with
temperature compared with the elemental liquids [18].

Finally, we emphasize that the data used in this study
are confined mostly to early- and late transition-metal based
alloys, which are only a small fraction of the large number of
metallic glasses discovered thus far. This is clearly a limitation
due to the lack of reliable experimental data. Considering the
small changes of many of the properties discussed above, it
is not a very productive exercise to use data for different
properties from different groups; very few studies report data
on all of the necessary properties from the same laboratory.
Contradictory data for d. in the literature are one such exam-
ple [24,25]. This is why we restricted ourselves to estimated
values of the critical thicknesses. Although not precise, our
estimated values provide some consistency. Measurements
of high-temperature liquid properties are not easy, especially
the thermal expansion coefficient and viscosity of high va-
por pressure liquids, such as those containing rare-earth and
alkaline-earth metals. Surface contamination even under high
vacuum makes it impossible to perform such measurements in
many cases, especially for the viscosity.

V. CONCLUSION

A number of conclusions may be derived from the results
of this study. First, it is clear that the absolute values of den-
sity/volume and thermal expansion coefficients are not true
metrics for assessing the GFA; relative changes with some
baseline are the more relevant parameters. Although several
models have been developed to understand liquid dynamics
and glass formation based on free volumes [41,42], from a
practical viewpoint, it is probably a difficult metric to get valu-
able insights. It is well recognized that even for the elemental
liquids, the volume/density change on melting is small, only
a few percent [43]. As demonstrated here, whether they are
good or poor glass formers, the volume change on melting is
smaller than 2%. Therefore, any observable effect of volume
on GFA will require very high-precision measurements. This
appears to be impractical for the BMGs, especially because
of their high melting temperatures. Instead, the thermal ex-
pansion coefficient is a better metric, when compared with a
proper baseline, for GFA (d.). This property can be mea-
sured with a much higher precision using the containerless
processing techniques. Therefore, it is emphasized that the
changes in the expansion coefficient with alloying, instead of
volume, are much better indicators of glass formability. The
results are consistent with efficient packing of atoms in good
glass-forming alloys.

It is our hope that more studies on a more diverse
class of BMGs will be made to verify these conclusions.
Given the experimental difficulties, computer simulation
studies, such as molecular dynamics, may also be useful.
Since the equilibrium/near-equilibrium properties of the high-
temperature liquids are used in this exercise, such studies
will be reliable. Unlike its inherent limitations for the stud-
ies of metastable liquids, equilibrium liquids do not require
prohibitive computational costs and the relaxation rates in
the simulations and the real liquids are of the same order.
However, developing reliable interatomic potential for each
alloy is an enormous exercise, especially when it is known that
small changes in composition or small additions often change
the properties of the BMGs significantly. Although significant
amounts of simulation studies exist in the literature, to the best
of our knowledge, no concerted effort has been made to test
correlations for a large number of metallic liquids, as has been
undertaken in this experimental study.
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