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ABSTRACT

The investigations in this study focus on bulk metallic glass (BMG) alloy families based on noble metals
like Pt, which are more kinetically fragile than Zr-based BMG systems. Thermophysical properties have
been investigated by calorimetry and thermal mechanical analyses for the determination of the specific
heat capacity and viscosity, respectively. For the PtgCui6Co,P5,, and Pts;3CuiggNissPr s BMG
compositions consistent Vogel-Fulcher-Tammann (VFT) fits of the viscosity measurements are
established, and the temperature dependence of the configurational entropy is calculated from
thermodynamic data. Fits to the Adam-Gibbs equation are performed using this configurational entropy

change. Their fragile nature is compared to that of Zr-based alloys in terms of structural considerations.
A. metallic glasses

C. thermodynamic properties

C. kinetics

D. calorimetry

D. thermal mechanical analysis



1. INTRODUCTION

The slow kinetics in bulk metallic glass (BMG) forming liquids is the main contributing factor to their high
glass forming ability (GFA). Recent studies of the melt viscosity of multi-component, Zr-based BMG alloys
have produced a picture of a very viscous liquid, in which the sluggish kinetics impedes the nucleation
and growth of crystals [1-2]. The high viscosity originates from the large size mismatches of the liquid’s
many atomic species, leading to less free-volume available for viscous flow. In fact, it has been shown
that the GFA of Zr-based alloys increases with an increasing number of components [3]. The underlying
reason for this behavior is most likely that, with increasing number of differently sized atomic species, it
becomes possible to produce higher and higher density liquids. It also makes the liquid more viscous and

thus stronger in the framework of the fragility concept.

Important questions now 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 Mg-Cu-Y BMG alloy, for example, behaves stronger than the Zr- and Ti-based alloys, which
themselves behave stronger than the noble metal-based alloys [4-5]. The investigations in this study
focus on the BMG alloy family based on Pt, which are more kinetically fragile than Zr-based BMG
systems. Thermodynamically, once crystallized they have an entropy of fusion double that of the
corresponding Pd-based alloys. The purpose of this work is therefore to determine consistent
thermophysical properties related to the thermodynamics and kinetics for two different compositions,
PtsoCui6Co,Py; and Pts;3CuiagNissPys. Their kinetic fragilities and thermodynamic properties are

discussed in terms of structural considerations.

2. EXPERIMENTAL AND FITTING PROCEDURES

BMG specimens of 3 mm thickness were produced using an Indutherm MC14 tilt-casting device by
melting the master alloys in a boron nitride crucible, and cast in a water-cooled Cu-mold with plate
geometry (3 X 13 X 34 mm). The master alloys with composition Ptg,Cu;6C0o,P,, and Pts;3Cu146Nis5 3Pos s

were produced in an induction furnace by melting the raw elements (purity > 99.995%). The master



alloys were purified in the molten state under a flux of B,0; prior to casting. All samples were shown to
be fully homogenous and x-ray amorphous prior to all experiments. The absolute specific heat capacity,
C,, of PtgCuy6Co,Py, was determined in this work with a Perkin Elmer Diamond DSC on heating in
reference to the specific heat capacity of a standard sapphire using a step method described elsewhere

[5]. The C, data of the Pts; 3Cui46Nis 3P22 5 were published previously [6].

The determination of the equilibrium viscosity at temperatures close to the glass transition were carried
out on both alloy compositions using the three-point beam-bending method of Ref. [7] in the a NETZSCH
TMA 402 Thermo-Mechanical Analyzer as described in Ref. [8]. The fittings were performed with
OriginPro 9.0, using a non-linear fitting procedure that applies the standard Chi-squared minimization
test. For each viscosity dataset consistent VFT-fits and Adam-Gibbs fits are established by fitting to Egs.

(1) and (2), respectively, to the logarithmic values of viscosity plotted against inverse temperature.

The VFT-equation is:
nz%exp[moj, (1)

where the fitting parameters are the kinetic fragility parameter, D*, and the VFT-temperature, T,. The
Adam-Gibbs fits of the viscosity data were performed using Eq. (2), which is a relation between the

viscosity and the configurational entropy of liquid, S.(T), as

(2)

N C
n(=MD") =1, eXI{T s, (T)j

Here, D is the diffusivity, M is a multiplier that takes into account the Einstein relation between the
diffusivity and mobility, and C is a constant that represents the free enthalpy barrier per particle to
cooperative rearrangements. S.(T) is the configurational part of the entropy, and represents the number

of distinct packing states at a certain temperature. Through S, the fragility phenomenon is connected to



the topography of the potential energy surface. Since S(T) cannot be measured directly, in the present
work it is assumed that the configurational entropy of the liquid decreases from the fixed value Sc(Tm*)

during undercooling with the same rate as the entropy difference between the liquid and the crystal, as

S(T)y=8.(T,)- T'wdr

(3)
- T

This is an assumption that is more appropriate than the direct use of the excess entropy change of
the liquid to the crystal for expressing S.(T), and only Cand S.(T,,’) are left as fitting parameters in Eq.
(2). The value S.(T,,") is a property exclusive to the liquid phase, defined for a fixed viscosity value of 1
Pa s, as established in Ref. [5]. The value of Sc(Tm*) is independent of the entropy of the crystal state,
and it is different from the entropy of fusion AS""(Tf), which depends on the configurational entropy
of the crystalline phase. Indeed, when applied to BMG systems, the Adam-Gibbs equation utilizing
AS™(T)=S,(T) has been shown to be a poor approximation [9-11]. The approximation made in Eq. (3)
requires the assumption that the vibrational contribution to the total entropy of the supercooled
liquid changes with undercooling approximately with the same rate as the vibrational contribution of
the crystal’s entropy. This is an assumption that has been shown to be more appropriate than the

direct use of the excess entropy change of the liquid to the crystal for expressing S.(7) [5, 11-12].

The calculation of the integral term in Eq. (3) requires fitting calorimetric specific heat capacity data of

the liquid and of the crystal to the equations below:

C,(T)=3R+aT +bT;

C(T)=3R/M{l—exp[-1.5(T /T,)] } (5), after ref. [13];

C[f (T)=3R+cT+dT* (6), valid at temperatures far above the Debye temperature (TD);



CH(T) = 3R/M{1—exp[—1.5(T/TD)] } (7), valid at low temperatures [13];

AC(T)=C,(T)-C,(T). (8)

The constants a, b, ¢, and d are fitting constants, R is the universal gas constant, and T is the absolute
temperature. The low T}, of these alloys permit us to measure the absolute specific heat capacity of the
crystal and of the melt using solely DSC. By means of Eq. (3), the temperature at which the

configurational entropy vanishes, i.e. S.(T) = 0 was calculated and denoted hereafter as To*.

3. RESULTS AND DISCUSSION

The isothermal data of the specific heat capacity of amorphous, crystalline, and liquid PtsCusCo,P, are
shown in Fig. 1 as scatter symbols. The temperatures indicated in the plot are listed in Table la. Tg* marks
the glass transition temperature as calculated with Eq. (1) for a viscosity value of 10" Pa s. Tiig marks the
end temperature of the melting event (liquidus temperature) as detected in DSC (880 K). T, indicates the
temperature at which the configurational entropy of the liquid vanishes. This temperature is determined
by setting Eq. (3) equal to zero. For this alloy the heat of fusion, AH;, measured in DSC, is 10.7 kJ (g-
atom)™. With this value, the entropy of fusion is calculated as AS; =12.8 J(g-atom K)™, a higher value with
respect to those for the Zr-based BMG alloys of about 8.5 J(g-atom K)™ [9,11] and twice as high as those
of the Pd-Cu-Ni-P alloys [6]. The Kauzmann temperature is Tx= 412 K, which is the temperature at which

the total entropy of the supercooled liquid becomes equal to that of the crystalline mixture.

The fits of Eq. (4) to the experimental specific heat capacity data of the liquid and solid states for the
PtgoCu,6Co,P, are shown in Fig. 1 as the dashed and solid curves, respectively. The parameters a, b, c,
and d are 5.46846 x 1072 J/g-at-K* 6.2676 x 10°J-K /g-at, -1.2242 x 10 J/g-at-K?, and 7.7265 x 10° J/g-

at-K?, respectively. The multiplier M is 0.97 and 0.96 for the

crystal and the glass, respectively. For the Pts;3Cuy46NissP,s s, the a, b, ¢, d parameters were determined

in Ref. [5].



The value of ACp""(T), scaled by the C,(T) of the crystal for the studied BMG forming liquids are plotted in
Fig. 2 against the T, -scaled temperature in comparison to a stronger liquid of the Zr-Ti-Cu-Ni-Be system.
The scaling-parameter T, is the temperature for which the viscosity of the melt is fixed at 1 Pa s and its
values are listed in Table Ib. The example reported in Fig. 2 is for the stronger BMG former Vitreloy 1b,
taken from Ref. [11], where T,,,* value of 1319 K. The increase in C, at the glass transition (here indicated
as Tg*) is generally larger for the fragile liquids and smaller for strong liquids [14-15]. The two Pt-based
liquids studied here behave thermodynamically similar and in general much more fragile that the Zr-
based liquids. Since a higher C, indicates a faster change in enthalpy and entropy, it can be hypothesized
that the structural changes of the Pt-alloys are more drastic above the melting point in comparison to the

stronger Zr-based alloys.

Fig. 3 shows the equilibrium viscosity values (symbols) measured for the two studied Pt-based
compositions from isothermal three-point beam-bending experiments in the vicinity of the glass
transition. The values are plotted on a logarithmic scale against Tg*—scaled inverse temperature and are
determined at longer annealing times when the viscosity reaches a constant value after an initial
relaxation. The equilibrium viscosities were obtained by fitting the relaxation curves with the Kohlrausch—
Williams—Watts (KWW) stretched exponential function as described in Ref. [11]. The VFT-parameters, D’
and Ty, are listed in Table Ib. A VFT-fit of the relaxation times calculated from the DSC T -shift due to
different heating rates lead previously to an apparent stronger behavior for the Pts; 3Cu46Nis 3Py, (D* =
16 [5-6]). This apparent stronger behavior was proved recently [16] to reflect the cooling rate applied to
the samples prior the DSC scans. Thus, the relaxation times taken from scans where the cooling rate is
equal the heating rate would have been more appropriate in Ref. [5-6]. In this study, a fragility parameter
of D" = 11.8 for Pts;3Cuy46Nis3P2ys, Obtained by fitting the isothermal viscosity data is more

representative for this system.

In comparison to Zr-based BMGs, the two Pt-based compositions studied here show a distinctively more
fragile behavior. Fragility parameters with values as low as 12 have been measured in molten state by
Busch and co-workers by rotating concentric-cup rheometry for various BMG forming liquids. For

example, the Zr,,,Tii;35Cus;, 5NigBes, s behaves as a very fragile liquid at high temperatures (D*:12), then



undergoes a fragile-to-strong transition during undercooling. Its D’ parameter rises accordingly, to as

high as 26.4 [17].

Additionally, nonlinear fits of the Adam-Gibbs equation [Eq. (2)] by means of Eq. (3) were applied to the
experimental viscosity data. The Adam-Gibbs parameters are listed in Table Ib. The configurational
entropy, S.(T), of each glass former is plotted normalized by S/(T,, ) in Fig. 4 as a function of T,, -scaled
temperature. The apparent maximum for Vitreloy 1b is an artifact of the C, measurements, i.e.,,
extrapolation of the crystalline data to temperatures higher than the melting point leads to an apparent
crossing of the C,,'(T), and C,(T) curves. For better comparison the data corresponding the Vitreloy 4
((from Ref [5]) are added to the plot. For each glass former the temperature at which the configurational
entropy of the liquid vanishes, denoted as T, , is represented by the intercepts with the x-axis in Fig. 4.
The configurational entropy of the liquid vanishes at T, and is in the range of (0.30-0.33)T,, for the
stronger Zr-based BMG alloys, whereas for the more fragile systems based on Pt-P the S, vanishes at
higher temperatures, at To* =0.45-0.5 Tm*. The latter value is comparable to the value of To* found in Ref.
[5] for most of the Pd-(Cu)-Ni-P glass forming liquids. The value of T, obtained from the VFT fits matches
the temperature (T, ) where the configurational entropy vanishes in the Adam-Gibbs fits and suggests
the same microscopic origin for thermodynamic and kinetic fragility. When the configurational entropy of
the liquid vanishes only one distinct packing state is possible. This leads to the smallest possible potential
energy of the system. The fact that the kinetic T, and the thermodynamic T,  are similar indicates that
when the barrier with respect to viscous flow becomes infinitely large (at Ty), the liquid will act like a solid
that has assumed the ideal packing configuration. According to Angell [18], liquids that structurally have a
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. According to
the Adam-Gibbs theory, a low density of potential minima would imply a less Arrhenius behavior (non-
linear behavior) of the viscosity and therefore a VFT-type behavior typical of more fragile glasses. In BMG
forming liquid systems, the icosahedral clusters (or icosahedral short-range order) found in Zr-based
liquids restrict, from a kinetics point of view, the redistribution of the component elements across the
icosahedral liquid [19], and places them among the strongest metallic glasses. The highly dense,
randomly packed structure of these BMGs in their supercooled state results in extremely low atomic
mobility [4,20], and yields small entropy of fusion values, due of the large amount of order in the liquid,
with respect to liquids that would lack short-range order altogether. The present Pt-Cu-Ni-P and Pt-Cu-

Co-P BMG alloys have very low kinetic fragility values, and therefore, can be considered among the most



fragile BMG glasses. They also have larger entropy of fusion values than Zr- based alloys, which indicates
that their liquids have a limited amount of order (certainly less ordered than the icosahedral short-range
order). This could even be more pronounced in the case of crystalline phases are at a very low entropic
level, i.e. highly ordered. The Pt-based BMG forming liquids are expected to exhibit a strong bonding
nature between the metal-metalloid atomic pairs; nevertheless, this seems not to affect their apparently
fragile nature. In comparison, in the fragile Pd-based glass forming liquids, two large clustered units of a
trigonal prism caped with three half-octahedra for Pd—Ni—P and a tetragonal dodecahedron for the Pd—
Cu—P region were identified [21-22]. The coexistence of these two large different clustered units is
considered an important role in the stabilization of the supercooled liquid for the Pd-based alloys [19],
which is reflected in the low entropy of fusion values. In contrast to the Pd-based alloys, the Pt-based
BMGs studied here exhibit among the highest values of entropy of fusion measured for BMG systems,
and this could indicate that the microscopic origin of their fragile behavior follows a different scheme.
Pronounced medium range order might not exist in the melt or it may be established at lower T, lower
than Ty. It could also be possible that above the liquidus they exhibit even more fragile behavior (D* < 10).

This can be tested, for example, by rheology experiments in the high-temperature melt.

The Sc(Tm*) entropy parameter has high absolute values. This is observed in all multicomponent BMG

systems [5,11-12], and implies the existence of a considerable amount
of excess configurational entropy, present in the melt at Tm*, that in a multicomponent likely
results from the entropy of mixing

In terms of the Adam—Gibbs theory, the free enthalpy barrier for cooperative rearrangements, C, 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 [18].
The stronger the glass-forming liquid, the larger the C. In Ref. [5], C increases from about 150 kJ (g-atom)’
LK™ for the most fragile liquids (similarly to the studied Pt-based compositions) to about 300 kJ (g-atom)™
K™ for the strongest Zr-based alloys (for example Vitreloy 1). These values compare well to the activation
energies for diffusion in the glass around the glass transition temperature of about 1 eV for small atoms
and 3 eV for large atoms [22]. In the light of the discussion about cooperativity and correlation lengths, if
the present fragile Pt-based BMG forming liquids require a lower activation barrier, the atomic flow or
the relaxation event is less localized and involve small atoms and therefore is, in a sense, more liquid-like

than in the Zr-based liquids.



3. CONCLUSIONS

In summary, the isothermal viscosities of PtgCu;5C0,P5, and Pts;3Cuys¢Nis 3P2; s were determined during
annealing at temperatures around T, and the temperature dependence of the equilibrium viscosity was
found to be well described by both the VFT equation and Adam-Gibbs configurational entropy model.
The fragility parameter D" is determined to be 10.8 and 11.8, respectively, and the C-parameter from the
Adam-Gibbs equation was determined to be 146.75 and 158.56 kJ g-atom™, respectively, values that are
among the smallest determined for BMG forming liquids. In comparison with the Zr-based glasses, the Pt-
Cu-(Ni,Co)-P glasses have a distinctly larger increase in the specific heat capacity at the glass transition
and high entropy of fusion values, which is twice that of Pd-based alloys. These values reflect that the
microscopic origin of their fragile behavior of the Pt-based alloys follow a different scheme than that

identified for both the Zr- based alloys and the Pd-based alloys.
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TABLE CAPTION

Table I: Thermodynamic and kinetic parameters for the glass formers of this study in the same order as

they are obtained during the fitting procedures.

(a) T,and T, are the onsets of the glass transition and the crystallization measured in DSC at 0.33
K s T..is the eutectic temperature, T; is the peak temperature of fusion; T, is the liquidus
temperature; a, b, ¢, d the specific heat capacity parameters of Eqgs. (5); AHy is the enthalpy of fusion

measured in DSC; AS;is calculated as AH; /T; Ty is the calculated Kauzmann temperature.

(b) D" and T, are the VFT parameters of Eq. (1); Tg* and T,, are the temperatures at which the glass
former and the melt assume values of 10** Pa s and 1 Pa s, respectively. To is the temperature at
which the configurational entropy of the glass former is zero. Sc(Tm*) is the configurational entropy of

the liquid at T.; Cis the free enthalpy barrier per particle to cooperative rearrangements.

Table I.

(a) Thermodynamic parameters measured using DSC

Ty Ty Teww Tf Tiig AH, AHs ASy T

K K K K K ki/g-at kl/g-at J/g-at-K K
PteoCuy6CO,P2, 506 573 824 835 880 8.4 10.7 12.8 412
Pts;sCusagNissPos® 501 577 735 754 833 7.7 11.4 14.7 396
®from ref. [6]
(b) VFT and Adam-Gibbs parameters
Material D’ To To T S{Tw) C Ty

K K K J/g-at-K klJ/g-at K

PteoCU15C0,P5) 10.8 375 375 774  17.74 146.75 482
Pts; 3CU14 6Nis 3P22 11.8 362 375 784  18.20 158.57 475




FIGURE CAPTIONS
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Figure 1: Isothermal specific heat capacity data for PtsCu.6Co,P,, as a function of

temperature. The symbols are data for the glass (open square), the crystalline solid (closed
circles), the supercooled liquid (open hexagons), and the liquid state (open circles). The data were
measured in steps in reference to sapphire from 193 K. The error bar has the size of the symbols. The
curves represent the fits to Eqgs. (4-7). Tg*and T.. mark the glass transition temperature at which
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the crystal, as a function of temperature normalized by T,,’, the temperature at which the viscosity of the
liquid assumes a value of 1 Pa s. The curves are calculated from Egs. (4) using the parameters obtained
from this study for PtgCu.6Co,P,,, from Ref. [5] for the Pts;3Cuis6NissP2s, and from [11] for the
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PtgoCuq6Co,P;,crystalline state against absolute temperature.
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Figure 3: Equilibrium viscosity values (symbols) measured from isothermal three-point beam-bending
experiments in the vicinity of the glass transition for Ptg,Cu,Co,P5; and Pts;3Cuq4 ¢Nis 3Py, s as determined
in this study. The scaling temperature Tg* is the temperature at which the supercooled liquid assumes a
value of 10" Pa s. The continuous lines are the fits to the VFT- equation [Eq. (1)]. The VFT fit for
Zr44Ti11NiyoCuioBe,s made use of the parameters from Ref. [11].
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Figure 4: Normalized configurational entropy plot of the PtgCu;6Co,P5), Ptsz3CuisgNissPs and
Zr44Ti11NiyoCuygBe,s (Vitreloy 1b) and Zrae 75Tig 25NigCuy sBeyy 5 Vitreloy 4 (using parameters from Ref. [11]
and [5], respectively) BMG forming liquids as a function of temperature. The normalization is against the
configurational entropy of the liquid for a temperature, T,,, at which the viscosity is of 1 Pa s. The
temperature at which the configurational entropy of the liquid, S, vanishes is Ty*, which is about T,,,*/3
for Zr-based BMGs, and is about T,,,*/Z for the Pt-based BMGs.



