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Abstract: In contrast to pure metals and most non-glass forming alloys, metallic glass-formers
are moderately strong liquids in terms of fragility. The notion of fragility of an undercooling
liquid reflects the sensitivity of the viscosity of the liquid to temperature changes and describes
the degree of departure of the liquid kinetics from the Arrhenius equation. In general, the
fragility of metallic glass-formers increases with the complexity of the alloy with differences
between the alloy families, e.g., Pd-based alloys being more fragile than Zr-based alloys, which
are more fragile than Mg-based alloys. Here, experimental data are assessed for 15 bulk metallic
glasses-formers including the novel and technologically important systems based on Ni-Cr-Nb-P-B,
Fe-Mo-Ni-Cr-P-C-B, and Au-Ag-Pd-Cu-Si. The data for the equilibrium viscosity are analyzed
using the Vogel-Fulcher-Tammann (VFT) equation, the Mauro—Yue-Ellison-Gupta—-Allan (MYEGA)
equation, and the Adam-Gibbs approach based on specific heat capacity data. An overall larger
trend of the excess specific heat for the more fragile supercooled liquids is experimentally observed
than for the stronger liquids. Moreover, the stronger the glass, the higher the free enthalpy barrier to
cooperative rearrangements is, suggesting the same microscopic origin and rigorously connecting the
kinetic and thermodynamic aspects of fragility.

Keywords: bulk metallic glasses; fragility; specific heat capacity; viscosity; configurational entropy;
activation energy

1. Introduction

Starting from the early 1990s, several bulk metallic glass (BMG) compositions with critical casting
thickness greater than 1 mm and robust supercooled liquid against crystallization were discovered [1-7].
These BMG-formers are multicomponent alloys based on transition metals like Zr, Cu, Fe, Ni, Mg,
Pd, Pt, Au, and La and with a large size mismatch between the constituents. Among these, the
Zr-Ti-Cu-Ni-Be system was among the first commercial BMG alloy [8], followed soon after by many
beryllium-free composition in the Zr-M-Cu-Ni-Al alloy system, with M = Nb or Ti [3,9-11]. Recently,
the nickel system Ni-Cr-Nb-P-B [7], the steel system Fe-Mo-Ni-Cr-P-C-B [6], and the gold system
Au-Ag-Pd-Cu-Si [5,12] have captured the attention of researchers and manufacturers because they
are technologically very promising: the first two as structural materials due to the low cost of the
constituents and the latter as 18-karat premium-white gold jewelry alloy.

Many BMG compositions can be cast with a thickness up to 30 mm by conventional casting due
to their excellent glass forming ability (GFA). The GFA is defined as the facility of the melt to bypass
crystallization and to freeze into a glass. A common characteristic of high-GFA of BMGs is the location
at time greater than 100 s of the nose of the nucleation curve in the time temperature transformation
(TTT) diagram [13]. This ability results from the interplay between the thermodynamic and the kinetics
properties of the undercooled liquid. In fact, the shape of the nucleation curve in the TTT diagram for
BMGs is connected, on one side, to their low driving force for crystallization, represented by the Gibbs
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free energy difference between the undercooled melt and the crystal. This derives from relatively
small heat and entropy of fusion values, which are typical for BMG-formers and that are much
lower than that for conventional glass formers [14,15], indicating that BMG-forming compositions are
thermodynamically closer to the crystalline state [16]. On the other side, the low diffusivities of the
different metallic constituents result in high melt viscosity [15]. The effect of the sluggish kinetics in
BMG-forming melts frustrates the nucleation and growth of crystals, thereby retarding the formation of
the equilibrium crystalline state upon undercooling. The robustness of the deeply undercooled liquid
state of the BMG compositions with respect to crystallization has allowed for systematic studies of the
thermo-physical properties such as specific heat capacity and viscosity of these liquids in the ultra-high
viscous state in a broad time and temperature range before the onset of crystallization [17-23].

Among glass-forming liquids, the temperature dependence of viscosity can vary considerably.
While some liquids follow an Arrhenius law (e.g., SiO;), others, like the BMGs and polymeric systems,
display highly non-Arrhenius behavior. A quantitative description of the diversity of kinetic behavior
is the notion of fragility as proposed by Angell [24], which quantifies the temperature dependence of
viscosity, and can be described by the Vogel-Fulcher-Tammann (VFT) equation

n(T) = np exp[D*To/(T — To)], )

where 1 is the infinite-temperature limit of viscosity, calculated as g = (Naoh/V), Ny is Avogadro’s
constant, h is the Planck constant, and V is the molar volume. Ty is the temperature at which barriers
to viscous flow in the supercooled liquid would approach infinity. D* is the kinetic fragility parameter
and describes the deviation from the Arrhenius behavior. The smaller the D*, the more kinetically
fragile the liquid. Fragility can be alternatively represented by the steepness index m, defined as
the logarithmic slope of viscosity at the glass transition temperature, Tg: m = dlog(n(T))/d(Tg/T)
at T = Tg [24]. Smaller m values correspond to stronger behavior. The BMG-formers exhibit, in the
deeply undercooled state, intermediate kinetic fragilities between the strong network glass-former
SiO, (D* > 100) and the fragile glass-former o-therphenyl (D* = 2) with a D* parameter that ranges
between 10 and 26 [25] and a m value between 40 and 80. Important questions arise as to whether slow
kinetics is found in BMG formers in general and how it depends on, for example, the alloy composition,
the alloy complexity, and the group of alloys.

The viscosity increase with undercooling in BMG-forming liquids is a purely kinetic phenomenon,
which is considered to be connected to the underlying thermodynamics of the system. The idea to
connect the kinetic slowdown with the thermodynamics of a glass-forming system is not new, and
a considerable amount of research has been performed on this subject, starting from the early work
of Adam and Gibbs [26] and Goldstein [27] until recent literature on non-polymeric glass forming
liquids of Angell [28]. The relation predicted by Adam and Gibbs between the viscosity and the
configurational entropy of the liquid, Sc(T) [26], is

N(T) =ng exp[C/(TSc(T))]. )

Here, C is a constant that represents the free enthalpy barrier per particle to cooperative
rearrangements. Sc(T) is the configurational part of the entropy, which represents the number of
distinct packing states at a certain temperature.

Recently, an empirical model, the Mauro—Yue-Ellison-Gupta—-Allan (MYEGA) model [29],
has assumed the temperature dependence of the configurational entropy to be Sc(T) = 1/exp(H/T).
By inserting this relation in Equation (2), the MYEGA equation is derived as

n(T) =g 1016/ DexpE/ DI, ®
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where K and H are fitting parameters. K is an effective activation energy barrier per atom normalized
by the number of possible, distinguishable configurations [30-32]. H represents the energy difference
for each particle between two configurations normalized by the Boltzmann constant.

The present work attempts to assess the experimental thermodynamic and kinetic data of several
bulk metallic glass forming systems in terms of the aforementioned kinetic and thermodynamic
fragility concepts. The aim is to assess the low-temperature dynamic regime, i.e., in the vicinity of
the glass transition temperature. This is because the majority of metallic glass-forming liquids exhibit
identical fragile dynamic behaviours above the melting point with D* values of ~10, but a range of
stronger effective fragilities from D* value of 10 to 26 when measured in the ultra-viscous state, as a
result of an entropy-driven fragile-to-strong transition during undercooling [20,33-41]. Systematic and
consistent fitting procedures of the equilibrium viscosity data within this temperature regime are
performed using the VFT, MYEGA, and Adam-Gibbs equations. The results prove the existence of
a direct correlation between the activation energy for cooperative rearrangements in the ultra-high
viscous state and the kinetic fragility parameter.

2. Materials and Methods

The study is carried out on 15 BMG compositions with high or excellent GFA. The selected
compositions are listed in the Tables. For each composition, plates of dimensions 3 x 13 x 35 mm
were produced by casting the master alloys into a water-cooled Cu-mold using a tilt-casting apparatus
(MC15, Indutherm GmbH, Walzbachtal, Germany). The preparation of the master alloys required a
variety of processing methods that are described in [19,21,22,33,42-45]. The P-containing master alloys
were purified in a flux of B,Oj3 prior to casting. To prevent room temperature aging of the material, the
Au- and the Mg-based samples were stored in a freezer at roughly —18 °C, and the time spent out of
the freezer for machining or experiments was minimized. Prior to experiments all as-cast products
were shown to be X-ray amorphous and homogenous.

Differential scanning calorimetry was carried out under a constant argon flow in a power-heat
compensated DSC (Hyper DSC8500, PerkinElmer Inc., Waltham, MA, U.S.A.), equipped with an
intracooler and calibrated according to the melting transitions of n-decane (CioHj;), indium, tin,
and zinc, and to the thermal phase transformation of K;SO4. The absolute value of the specific heat
capacity was determined upon heating in reference to the specific heat capacity of a sapphire standard
using a step method described elsewhere [19]. Due to the maximum temperature limit of the DSC,
the specific heat capacity of the high-T; compositions was measured continuously in a differential
thermal analyzer (STA449 Jupiter, NETZSCH GmbH, Selb, Germany) [22,23].

The equilibrium viscosities in the vicinity of the glass transition were determined by isothermal
three-point beam bending (ITPBB) experiments using a thermomechanical analyzer (TMA402,
NETZSCH GmbH, Selb, Germany). Amorphous beams with rectangular cross-sectional areas of
0.3 to 1.1 mm? and a length of 13 mm were positioned on two sharp supporting edges with span of
1.196 x 1072 m. A load of 10 g was centrally applied by a silica probe with a wedge-shaped head, and
the samples were heated to the desired temperature with a constant rate of 0.333 K s~!. There they were
held isothermally at least until the end of the viscosity relaxation process while the beam deflection
during relaxation was measured. The resulting viscosity was calculated according to the methodology
described in References. [21,22].

3. Results and Discussion

3.1. Thermodynamic and Kinetic Experimental Data

The analyses of this work rely greatly on accurate measurements of specific heat capacity and
equilibrium viscosity, published elsewhere for each selected alloy composition. The corresponding
literature is given in the Tables. An example of such data are shown in the plots of Figures 1 and 2,
for cp(T) and n(t), respectively [23,42]. The experimental c,(T) data of Figure 1 were obtained using a
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standard discontinuous step-method with heating rate of 0.333 K s~! and isothermal holding time of
120 s [42]. The data for the liquid, /, the crystal, x, and the glass are fitted to the equations reported
below, respectively,

¢ (T) = 3R +aT + bT2; ¢p*(T) = 3R + cT+dT%; cp8%°(T) = BR/M) (1—exp(1.5(T/Tp)),  (4)

where R is the gas constant, Tp the Debye temperature, M a multiplier [46], and a—d are fitting constants
reported elsewhere [23]. In Figure 1, Ty;q is the liquidus temperature, Tg* and Tr,* are the temperature
values, for which the viscosity of the liquid is 102 Pa s and 1 Pa s, respectively [25].
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Figure 1. Specific heat capacity plot for the AusgCuye 9Sijs3Ags55Pdp 3 BMG composition. The symbols
are C,(T) data measured in isothermal steps for the glass, the crystalline solid, the supercooled liquid
and the stable liquid (melt). The error bar has the size of the symbols. The curves are the fits to
Equations (4). Tp marks the Debye temperature; Tiiq the calorimetric liquidus temperature; Tg* and
Tm* are the temperature values for which the viscosity of the liquid is 10'? Pa s and 1 Pa s, respectively.
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Figure 2. Experimentally determined isothermal viscosities (open circles) for the AuggCuyg 9Si163A855Pd2 3
BMG composition at annealing temperatures below Tg. The dashed lines are the KWW-fits to the data

(Equation (5)) from which the equilibrium viscosity values are obtained. The equilibrium viscosity Neq-
corresponds to the plateau value reached by the KWW fit for long times.
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In Figure 2 four representative datasets are shown from the standard ITPBB measurements
of viscosity [23,42]. As the samples begin to relax (age) below Tg, the measured viscosity rises
rapidly, eventually reaching a constant value at longer annealing times. This value corresponds to the
equilibrium viscosity of the deeply undercooled liquid, neq.. The experimental data are fitted with a
stretched exponential function of the Kohlrausch-Williams-Watts (KWW) type, as follows:

n(t) =na + An(l — exp[—(t/1)P]. (5)

The initial viscosity of the glassy state just before relaxation is 1., whereas An is the total viscosity
change after relaxation into the equilibrium liquid, T is a relaxation time, and f is the stretching
exponent. The values of neq = An — n, are plotted on a logarithmic scale against inverse temperature
in Figure 3 and are used for the determination of the fragility of the system in the ultra-viscous state.
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Figure 3. Isothermal equilibrium viscosities of the AuyoCuyg9Sijs3Ags55Pdy3 BMG measured by
isothermal three-point beam bending at temperatures below the glass transition (open circles) [23,42].
The lines are fits of the VFT, MYEGA, and Adam-Gibbs equation to the experimental data.

3.2. Fitting Procedures

Nonlinear fits using the VFT, the Adam-Gibbs, and the MYEGA equations (Equations 1-3) are
applied to the experimental equilibrium viscosity data, resulting in the determination of the C, D*, H,
and K parameters, respectively. The results of the fitting procedures are listed in the Tables 1-3.

Figure 3 shows, as an example, the equilibrium viscosity data for the Aug9Cuys9Sit63Ags55Pdo 3
BMG composition, after [23,42]. The VFT fit is shown as a black continuous curve and the
Adam-Gibbs-fit as a dotted blue curve. In both models, the viscosity of the deeply undercooled
liquid is predicted to diverge at a non-zero temperature. This temperature is denoted as Ty in the
VFET equation. For the Adam—Gibbs expression, we have defined this temperature as Typ*. At this
temperature, the configurational entropy of the deeply undercooled liquid would vanish. The value
of Ty obtained in this work agrees within 10 degrees with the value of Ty*, where Sc(T(*) = 0 which
suggested a link between the kinetics and thermodynamics of viscous flow (see also [25] and next
paragraph). The model of a divergence at finite temperatures has been recently questioned [47,48], and
the empirical MYEGA equation attempts to avoid the singularity at finite temperatures by assuming an
exponential decay of the configurational entropy to 0 K [29]. Although this difference is fundamental,
all three expressions fit the viscosity data around Tz equally well, as shown in Figure 3.
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Table 1. MYEGA fitting parameters used to model the equilibrium viscosity data taken from the
literature (listed in Table 2) to the Equation (3). T is the standard glass transition temperature in Kelvin
at which the undercooled liquid assumes a value of 1012 Pas, ie., Ty = Tg*. H and K are the MYEGA
temperature parameters in units of Kelvin. The m(MYEGA) is fragility parameter based on Equation (3)
and calculated as: (K/Tg)(1 + H/Tg)exp(H/Tg) [29,40].

Material (at%) Ty K H K/H m(MYEGA)
Mg59_5Cu22_9Ag6_6Gd11 396.2 1447 .4 598.7 2.42 41.6
MggsCuys Y1o 413.6 1513 617.0 245 40.5
ZI‘46.75Ti8'25CU7'5Ni10B827‘5 597 2276.8 865.4 2.63 39.8
ZI‘41,2Ti13'8CU12'5Ni10B822.5 613 1080.5 1367.9 0.79 53.1
Fe67MO6Ni3'5CI‘3.5P12C5_5BZ5 717 1741.3 1360.7 1.28 46.9
AU49CL126‘95i16_3Ag5_5Pd2_3 383.3 852.8 765.1 1.12 49.1
CuyyTiz4Zry1Nig 658 1825.7 1162.5 1.57 449
ZI‘58_5Cul5_6N112_8A110_3Nb2_8 666 1173.9 1486.1 0.79 53.0
Pd4oNisPao 559 1015.0 1231.1 0.82 52.6
Ptsr 5Cuy7Nig 5Pay 498.0 732.0 1202.0 0.61 56.1
NigoCrg sNb3P16.5B3 652.1 773.7 1705.5 0.45 58.6
Pd 49CuszoNijoPa 578 1020.2 1286.7 0.79 52.8
Ptsy 3Cu14 6Nis 3P g 479.1 436.1 1385.9 0.32 63.9
PtgopCuyCorP2o 487.0 268.0 1692.0 0.16 79.5
Pd43CuyyNijoPag 568 240.7 2072.9 0.12 75.8

Table 2. VFT fitting parameters used to model the equilibrium viscosity data taken from the indicated
literature to Equation (1). D* is the VFT fragility parameter; m is the fragility steepness index calculated
as (D*ToTg*)/(2.3(Tg* — To)?); Ty is the VFT temperature in Kelvin; Tg* is the standard glass transition
temperature in Kelvin at which the undercooled liquid assumes a value of 10'2 Pa s. mg is the
infinite-temperature limit of viscosity in Pa s.

Material (at%) Neq -Data D* m T Tg* Mg X 1073
Mgso.5Cun.9Ag66Gd1g [45] 26.0 40.7 235.3 396.2 3.1
MggsCurs Y [49] 221 445 261 413.6 4.0
Zr46.75Tig_25Cu7_5Ni10Be27_5 [50] 221 442 376 597 4.0
ZI‘41.2Til3_8CU12_5Ni10B622_5 [51] 22.0 444 387 613 4.0
F667M06Ni3_5CI‘3.5P12C5_5B2_5 [21] 21.3 447 456.5 717 5.8
AL‘l49CuZ6'95116'3Ag5_5Pd2'3 [23,42] 20.9 46.2 246.9 383.3 4.0
CuyyTizsZrq1 Nig [52] 20.4 46.7 427 658 4.0
ZI'58.5Cul5'6Ni12.8A110'3N-b2'8 [19] 19.7 47.5 437 666 4.0
Pd4NigPs0 [53] 15.4 55.8 396 559 40
Ptg5 5CuyyNig 5Py; [22] 15.3 56.9 354.4 498.0 4.0
NigoCrs 5NbsP14 5B3 [22] 14.9 57.1 466.3 652.1 5.9
Pd4CusoNijoPa [54] 14.5 59.5 418 578 4.0
Pts; 3Cuq46Nis 3P20 g [22] 13.6 62.40 352.6 479.1 3.8
PteoCui6CosPo0 [22] 11.8 69.2 371.4 487.0 3.8
Pd3Cuy7NijoPag [25] 10.3 76.2 446 568 4.0

Table 3. Adam-Gibbs fitting parameters used to model the equilibrium viscosity data taken from the
literature (listed in Table 2) to the Equation (2). The specific heat capacity data used for the description
of Equation (6) are taken from the indicated literature. Ty* is the temperature in Kelvin at which
the melt assumes a value of 1 Pas. S.(Tn*) and C are the Adam-Gibbs fitting parameters in units of
J/(g-atom K) and kJ/(g-atom), respectively.

Material (at%) cp-Data Tm* Sc(Tm™) C C/(Tg*Acp(Tg*)

Mg59,5Cu22,9Ag6,6Gd11 [45] 825 21.17 188.79 27.2
MggsCups Yo [49] 832 18.64 155.14 234
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Table 3. Cont.

Material (at%) cp-Data Tm* Sc(Tm™) C C/(Tg*Acp(Tg*)
ZI‘46.75Tig_25CU7_5NiloBez7i5 [50] 1198 16.46 222.68 20.5
Zr41.2T113_8Cu12_5Ni10Be22.5 [55] 1228 19.07 295.11 21.0

Fe67MO6Ni3_5CI‘3_5P12C5.532.5 [21] 1454 18.68 288.62 21.5
AU49C1126'95i16'3Ag5_5Pd2'3 [23,42] 755 17.56 149.71 22.5
CuyyTizsZr11 Nig [9] 1282 17.46 212.83 20.6
ZI‘58'5Cu15'6Nilz'8A110'3Nb2.8 [19] 1287 12.34 207.54 19.7
Pd4oNiggPao [53] 1000 16.93 166.77 15.4

Ptyp 5Cup7Nig 5Ppq [22] 890 19.84 197.2 15.2
NigoCrs 5NbsP14 5B3 [22] 1180 15.46 200.4 15.1
Pd4CusNijoPag [56] 1017 13.07 157.35 13.9
Pt573Cu146Nis 3P0 8 [22] 823 19.03 178.9 13.7
PteoCui6CosP00 [22] 801 17.64 160.9 11.8
Pd43Cuy7NijoPag [25] 900 11.26 114.87 99

3.3. Kinetic Fragility

Figure 4 is a plot that represents the kinetic fragility of the studied BMG-forming liquids in the
deep undercooled state, i.e., in the vicinity of the glass transition temperature, Tg*. The equilibrium
viscosity of the undercooled liquid is plotted against Tg*/T. The continuous lines are the fits of
equilibrium viscosity data to the VFT equation; however a similar fragility plot within the selected
range of temperatures can be obtained using the MYEGA equation. The VFT parameter D* reflects
the sensitivity of the viscosity to temperature changes, and higher values correspond to kinetically
stronger liquid behavior. In terms of the Adam-Gibbs theory and the MYEGA model a larger D* value
corresponds, as least within the same alloy system, to larger values of the free enthalpy barrier for
cooperative rearrangements, C and K, respectively. Due to the large difference in glass transition
temperature between the various alloy systems, a general trend of increasing K/H versus increasing
D* is observed; see also the values reported in the Tables.

1012

—_—
—--5i0,; D*>100

Mgsg 5cu22 QAQG SGd‘H; D*=26
—— Mg,,Cu,Y,;D*=22.1 ™ .7
——7r,Ti.Cu, .Ni_Be, ..D*=22.1 6\(0//

1011

4675 1825775 " 10 ~27.50
_zr.n2Ti13eCU125Ni1oBe225;D*:22'0 R
—Fes7MoeNi35Cr3SP‘QCMB“;D’=21A3/,/
AUAeAgsspdz3cu2598i1ss;D*=20"9/‘
Cu,,Ti, Zr, Ni;D*=20.4 R
—2Zr,, .Cu, Ni,, Al .Nb, :D*=19.7
——Pd,,Cu,P,;D*=15.4

—Ni,Cr, ,Nb,P, . .B,;D*=14.9

69 85 3 1653
——Pd,,Cu,Ni, P,;D*=14.5
——Pt,,,Cu,, Ni; P, ,D*=13.6
——Pt,,Cu,,Co,P,,;D*=11.8

—Pd,,Cu,,Ni, P, :D*=10.3
—+—o-terphenyl; D*=2

-

o
N
)

N
o
©

-
(@)
=l

N
©
PR RTTTT R TTTT B W TTTT B R TTTT B ST A TTTY SR

equilibrium viscosity,Pa s

D*; C; K; K/H

L e
TIT

N
o
>

08 10

Figure 4. Fragility plot of selected bulk metallic glass forming liquids in comparison to that for
SiO; and o-terphenyl. Tg* is the temperature at which the supercooled liquid assumes a viscosity
value of 10! Pa s. The continuous lines are the fits of equilibrium viscosity data to the VFT equation.
The fragility plots based on MYEGA fits and Adam-Gibbs fits give similar results. D*, C, K and H are
the VFT, Adam-Gibbs, and MYEGA parameters, respectively.
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The Pd-based, the Pt-based, and the NiggCrg sNb3P145B3 BMG compositions show a distinctively
more fragile behavior than the other BMGs in terms of kinetic fragility. As shown in Figure 4 and in
Tables 1 and 2, these liquids have fragility parameter D* values between 10 and 15, corresponding
to values of fragility index m and m(MYEGA) between 53 and 80. The Mg-based alloys show,
in contrast, a distinctively stronger fragility behavior with a high value of D* between 22 and 26
(m between 40 and 45). The Zr-based BMG alloys always show highly fragile liquid behaviors with
a D* value of approximately 10 when measured at high temperatures in the molten state [41,57].
During undercooling, the Zr-based glass formers undergo a fragile-to-strong transition and the
viscosity values measured in the ultra-viscous state in the vicinity of the glass transition are associated
with high D* values similar to those of the Mg-based BMGs [20,33-36]. A similar trend of a high-T
fragile liquid vs. a low-T stronger liquid was also observed with the Auy9Cuyg9Siis3Ags55Pds3
composition [23,37] and in several poor metallic glass formers [38-40,58-60].

3.4. Thermodynamic Fragility

The thermodynamic fragility of the selected BMGs was studied by means of the Adam—-Gibbs
relation. For the non-linear fitting procedure with Equation (2), the function used in this work to
describe the configurational entropy change, Sc(T), is the following:

*

Th
8c(T) = Se(Th) = [ " (Ac™(T)/T))dT, (6)

T
The Sc(T) of the liquid is assumed here to decrease from the fixed value Sc(Tm*) during
undercooling with the same rate as the entropy difference between the liquid and the crystal [25].
Figure 5 shows the rate of change with temperature of the specific heat capacity of the liquid vs. that of
a typical crystalline state for one selected BMG composition for each alloy system. With the Acpl’X(T)
rates the configurational entropy, Sc(T), of each glass former can be calculated with Equation (6), as
well as the temperature at which the configurational entropy of the liquid vanishes, i.e., To*. The kinetic
Tp and the thermodynamic Ty* are found always similar [25] and indicates that when the barrier with
respect to viscous flow would become infinitely large (at Ty), the liquid would act like a solid that has
assumed the ideal packing configuration.

supercooled liquid
Pt .Cu,Co,P,, p a
! Pt573cu146Ni53P225 ~J
c 50 - Ni,P,. .Cr, .Nb.B, \\
£ | ‘\
- FegMogNi, .Cr; ,P.,Cs B, \
(4]
6) 40 - Mge5cu25on o
N
~~
= D*
<
O 30 _
crystalline state
20 ——————— ————r—

08 09 10 11 12
T/Tg

Figure 5. Plot of specific heat capacity for selected BMG forming liquids, as calculated from Equation (4),
as a function T/Tg*. Tg* is the temperature at which the supercooled liquid assumes a viscosity value
of 102 Pass.
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According to Angell, liquids that have a structurally well-defined bonding scheme are restricted
in placing particles in space and result in a low density of potential energy minima in comparison to
liquids that lack such network bonding schemes [60]. According to the Adam—-Gibbs model, a low
density of potential minima would imply a more fragile behavior of the viscosity. The short and
medium range order found in Zr-based BMG forming liquids [15,16] restricts, from a kinetics point of
view, the redistribution of the component elements. Indeed, their high-viscosity values (low atomic
mobility) detected in the ultra-high viscous state place the Zr-based systems among the strongest
metallic glass-forming liquids.

3.5. Connection between the Kinetic and the Thermodynamic Fragility

Based on the notion that the kinetics of the liquid has to be connected to the amount of possible
configurations of the liquid, efforts are made to link the kinetics to the thermodynamics of the liquid
alloys. For example, Angell generated a fragility plot in which the excess entropy Acp!~*(T) scaled
with the value of the excess entropy at the standard glass transition temperature, Tg*, is plotted
against Tg*/T [28]. Rapid entropy changes are characteristic for fragile behavior. In the vicinity
of Tg, the Adam~Gibbs equation is able to describe fairly well the temperature dependence of the
viscosity (see Figure 3), and therefore for that temperature range, one could insert the Adam-Gibbs
expression (Equation (2)) into the VFT-equation (Equation (1)) and obtain an expression for the rate of
configurational entropy change as

Se/dT = Acy, *(T)/T = C/(T*T,D*). ?)

If Tg* is chosen as reference temperature, the D* parameter can be expressed as (see also [22])
— 1—
D* = C/(T; Ay *(T3)).- ®

In this picture, the fragility of the undercooled liquid should be reflected by the rate at which
Acpl’X(T) decreases and this was proved to be true in several other comprehensive works [22,28,61-63].
The slope of ¢p(T) of the liquid close to Ty is also found, experimentally, to be associated with the
fragility of a few glass-formers [62].

This work tests the connection between the thermodynamic and the kinetic fragility by considering
the Adam-Gibbs C-parameter and the VFT-fragility D*, which according to Equation (8) should be
linearly proportional to each other close to Tg. Figure 6 shows that, within the same class of based
material, the stronger the glass-forming liquid is, the larger the C, and the relation between D* and C is
monotonic with a slope of approximately 100 (] g-atom~!). Figure 7 shows that when the VFT-fragility
parameter D* is plotted against the C-parameter scaled by [Tg* Acpl’X(Tg*)], all of the data falls into a
master linear curve with approximately unitary slope (0.9) and proves the validity of Equation (8), and
thus the connection between the thermodynamic and the kinetic fragility for BMG forming systems.

In the VFT description, the parameter D* refers to the kinetic fragility of the material and reflects
the sensitivity of the viscosity to temperature changes: the most fragile glass-formers have a fragility
parameter D* of around 2, whereas the strongest are on the order of 100. When the fragility parameter
of BMG formers is plotted against the number of components in the alloy, as in Reference [64], the D*
increases also monotonically. Extrapolation of the trend down to a one-component system as well to
an infinitely small free enthalpy barrier to cooperative rearrangements (as in Figure 7) yields D* = 2,
which is in excellent agreement with the estimated fragility of pure metals using their melt viscosities
and apparent activation energies for flow [64,65]. The underlying reason for this behavior is most
likely that, with increasing number of differently sized atomic species or complexity of the system,
it becomes possible to produce higher and higher density liquids. This results in a lower enthalpic
and entropic state of the liquid and thus a relative thermodynamic stabilization with respect to the
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crystal [14-16]. It also makes the liquid more viscous or more “solid-like” and thus stronger in the
framework of the fragility concept.
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The red line is the linear fits to the data with slope value of approximately 0.9. The extrapolation of the
trend to C = 0 results in D* =



Entropy 2017, 19, 483 11 of 14

Moreover, in terms of the Adam—-Gibbs model, C is the free enthalpy barrier for cooperative
rearrangements and it is an important factor which is connected to the small displacement of atoms,
while the cooperative group remains the same or at least has the same dependence on temperature as
for structural relaxation [60]. C in this work increases from about 100 kJ /(g-atom K) (~1 eV) for the
most fragile liquids which are the Pd-based compositions to about 300 k] /(g-atom K) (~3 eV) for the
strongest Zr-based alloys. These values compare well to the activation energies for diffusion in metallic
glasses around the glass transition temperature of about 1 eV for small atoms and 3 eV for large
atoms [66]. If the fragile Pd-, Pt-, and Ni-based BMG forming liquids require a lower activation barrier,
the atomic flow or the relaxation event in these systems should be less localized and its characteristic
activation barrier more reflective of the involvement of the smaller atomic species [67-71]. In this sense,
they can be considered as more “liquid-like” than the Zr-based BMG forming liquids.

4. Conclusions

This work shows that we have clear experimental evidence that the kinetic fragility of ultra-viscous
deeply undercooled metallic liquids is directly connected to the temperature dependence of the
thermodynamic functions being satisfactory described be the Adam—Gibbs theory. The Pd-, Pt-, and
Ni-based BMG-formers behave kinetically more fragile than the Mg-based and the Zr- based BMG
alloys. An overall larger trend of the excess specific heat for the more fragile supercooled liquids is
experimentally observed than for the strong liquids. This is reflected by the temperature dependence
of the excess entropies, which decreases most rapidly for the fragile liquids and therefore leads to
a more non-Arrhenius-like behavior in the Adam-Gibbs equation. It can furthermore be noted that
cooperative arrangements of the atoms during flow is more difficult for stronger liquids than for fragile
liquids. As shown in Figures 6 and 7, the activation energy for cooperative rearrangements, C, in the
Adam-Gibbs equation rises with increasing fragility parameter.
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