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A B S T R A C T

Equiatomic metallic glasses are expected to show different properties compared to one principal element-based 
metallic glasses due to different con0gurational entropy and atomic-level order. Here, we compare the rheo
logical and transport properties of the supercooled liquid states of compositionally related equiatomic 
Pd20Pt20Cu20Ni20P20 and Pt-rich Pt57.3Cu14.6Ni5.3P22.8 metallic glasses. The temperature dependent viscosity 
values were calculated from thermoplastic molding experiments. The kinetic fragility and isothermal crystalli
zation times were compared to evaluate the correlation between the viscous ;ow and the diffusivity. The 
equiatomic metallic glass exhibits stronger liquid behavior, but faster crystallization kinetics than Pt-based 
metallic glass. The thermoplastic formability of two metallic glasses at different length scales was evaluated 
using molding and drawing experiments.

1. Introduction

High-entropy alloys (HEAs) and metallic glasses (MGs) are distinct 
alloy systems with unique structure and properties. HEAs are solid so
lutions of 0ve or more elements with nearly equiatomic composition 
[1–3]. Solid solutions stabilized through high con0gurational entropy or 
lower enthalpy can enhance the strength of HEAs without reducing the 
ductility [4–6]. Signi0cant research efforts have been focused on un
derstanding the structure-property correlation in HEAs and on devel
oping new alloys with functional properties [7–9]. In contrast, MGs are 
typically based on one principal element, and their composition is 
tailored to increase the glass forming ability by suppressing the 
competing crystalline phases [10–12].

Conventional MGs become extremely brittle upon crystallization due 
to the formation of complex intermetallic compounds [13–16]. Recent 
studies inspired by HEAs have investigated glass formation in equia
tomic compositions to potentially bene0t from a ductile solid solution 
phase in the event of crystallization [17–21]. The glass formation, 
crystallization, and properties of MGs are susceptible to their composi
tion due to atomic-level changes in short-range and medium-range or
ders [22–24]. Therefore, equiatomic metallic glasses (EA-MGs) are 
expected to show different properties than single element-based MGs 
[25]. Zhang et al. reported strain hardening and tensile ductility in 
Ti25Zr25Hf25Co25 MG induced by structural ordering whereas typical 

Zr-based and Ti-based MGs undergo strain softening resulting in cata
strophic failure [26].

Several nearly equiatomic glass forming compositions have also been 
developed to optimize the glass forming ability while retaining the high- 
entropy characteristics [17,19,20]. Luan et al. reviewed the glass for
mation, the thermal stability, and the mechanical properties of EA-MGs 
[27]. The glass forming ability of an alloy is inherently linked to the 
diffusion and viscosity of the supercooled liquid state [11,28,29]. En
tropy can affect the diffusion and rheological properties of MGs, but 
signi0cant con0gurational entropy enhancement is not expected in MGs 
because the preferred short-range and medium-range orders can limit 
the entropic effect. Diffusion kinetics in crystalline HEAs are known to 
be sluggish due to ;uctuation in lattice potential energy [30]. It remains 
unknown if the deeply undercooled liquid state of HEAs also exhibits 
slower diffusion which can facilitate glass formation by suppressing 
crystalline phases. However, high entropy can also reduce liquid vis
cosity according to the Adam-Gibbs model [31], hindering glass for
mation. Therefore, it is important to characterize the crystallization and 
viscosity of equiatomic compositions to understand their glass forming 
ability. Crystallization and viscosity of supercooled liquids are also 
important for thermoplastic forming operations. There are limited 
studies on the viscosity of EA-MGs due to experimental challenges with 
measuring high viscosity values [32,33]. Typically, dynamic mechanical 
analysis (DMA) or 3-point bending test is used for the viscosity 
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measurement of metallic glasses [29,34]. However, such methods 
require thick rectangular beams, which are unattainable from metallic 
glasses with marginal glass forming ability. In contrast, thermoplastic 
forming can be used for small samples or irregular shapes and the 
resulting viscosity values are comparable with other techniques [35,36]. 
This study uses thermoplastic molding to extract isothermal viscosity 
values for compositionally related equiatomic Pd20Pt20Cu20Ni20P20 
(EA-MG) and Pt-rich Pt57.3Cu14.6Ni5.3P22.8 (Pt-MG) MGs. Theoretical 
entropies of mixing for Pt-MG and EA-MG are 1.09 kB and 1.61 kB, 
respectively. The temperature dependent viscosity and crystallization 
times are compared to understand the correlation between atomic 
transport and viscous ;ow.

2. Materials and methods

Crystalline ingots of Pd20Pt20Cu20Ni20P20 (EA-MG) and 
Pt57.3Cu14.6Ni5.3P22.8 (Pt-MG) were prepared by melting the elements 
with purity of 99.9 % or better in vacuum-sealed quartz tubes. The in
gots were ;uxed with B2O3 at 1000 ◦C to improve the glass forming 
ability. Small pieces from the ;uxed ingots were remelted in thin wall 
quartz tubes and quenched in water to prepare cylindrical glassy sam
ples of diameters ~ 2 mm. The samples were characterized by a TA 
Instruments 25 P Differential Scanning Calorimeter (DSC). The glass 
transition and the crystallization temperatures were compared with the 
literature values to validate the glassy state of the specimens. The 
crystallization times and the kinetic fragility were calculated from the 
isothermal and constant heating rate DSC curves, respectively.

The samples were thermoplastically molded against silicon tem
plates consisting of 10 µm diameter cylindrical cavities. The molding 
experiments were performed at different temperatures above the glass 
transition by ramping the load to 500 N in 60 s. A custom-made ther
momechanical molding setup was used whose details are described in 
our previous work [36,37]. The silicon was etched away in KOH and the 
MG micro-pillars were characterized by a Zeiss Supra 40 scanning 
electron microscope (SEM). The supercooled liquid viscosity was 
extracted from the lengths of micro-pillars using the previous model for 
thermoplastic forming [38]. The lengths of multiple pillars at different 
locations were used to calculate the average viscosity values and the 
error bars. Additional error in viscosity values due to the measurement 
of pillar lengths was estimated to be less than a factor of 1.3. Nanoporous 
alumina with 150 nm diameter pores was used as a template to evaluate 
the nanoscale molding ability of both MGs.

3. Results and discussion

Fig. 1 compares the DSC curves of EA-MG and Pt-MG recorded at a 
heating rate of 0.33 K/s. The specimens show distinct endothermic and 
exothermic reactions corresponding to glass transition and crystalliza
tion, respectively. The glass transition onset temperature (Tg), crystal
lization onset temperature (Tx), and the supercooled liquid temperature 
range (ΔTx = Tx – Tg) are summarized in Table 1. EA-MG and Pt-MG 
show a wide ΔTx range which indicates high glass forming ability and 
suitability for thermoplastic forming operations. It has been reported 
that an amorphous sample with a diameter exceeding 10 mm can be 
prepared for EA-MG alloy [39]. In addition to forming bulk feedstock, 
thermoplastic processing also requires thermal stability and access to 
low viscosity of the MG supercooled liquid. The thermoplastic forming 
potential of Pt-MG has been extensively studied [40–42]. Next, we 
compare the thermal stability and viscosity of EA-MG with Pt-MG in the 
supercooled liquid state.

The thermoplastic forming temperature can be determined using 
isothermal DSC curves by ensuring that the total processing time is kept 
well below the crystallization time. Fig. 2 presents the isothermal 
crystallization times for EA-MG and Pt-MG supercooled liquids plotted 
as a function of temperature normalized by Tg. The overall trend is 
similar, but the EA-MG shows faster crystallization kinetics at 

comparable normalized temperatures. The crystallization time at 1.11Tg 
is about 90 s for EA-MG compared to 210 s for Pt-MG. It has been pre
dicted that the maximum thermoplastic deformation of MGs is achieved 
at the highest possible temperature if crystallization can be avoided 
during forming operation [43]. A typical molding time of 60 s sets an 
upper limit of thermoplastic processing temperature of about 1.12Tg for 
both MGs (Fig. 2).

Fig. 1. DSC curves of EA-MG and Pt-MG measured at a heating rate 0.33 K/s. 
The onset of glass transition and crystallization temperatures are indicated.

Table 1 
Thermodynamic properties and VFT parameters of EA-MG and Pt-MG. The error 
in DSC data is less than ± 2 K.

Metallic glass Tg (K) Tx (K) ΔTx (K) To (K) D*
Pt20Pd20Cu20Ni20P20 (EA-MG) 566 645 79 390 15.1
Pt57.3Cu14.6Ni5.3P22.8 (Pt-MG) 500 590 90 362a 11.8
a From Ref. [45].

Fig. 2. Isothermal crystallization times of EA-MG and Pt-MG plotted as a 
function of normalized temperature. The temperature range with a crystalli
zation time shorter than 60 s is marked “not suitable” for thermo
plastic molding.
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Microscale molding experiments were performed at various tem
peratures above Tg to evaluate the thermoplastic forming potential of 
EA-MG. Fig. 3 compares the SEM images of Pt-MG and HE-MG micro- 
pillars molded at three temperatures. Pt-MG forms micro-pillars with 
aspect ratios exceeding 3 at a relatively low temperature of 1.05Tg 
(513 K) validating the excellent thermoplastic formability of Pt-MG. In 
contrast, molding of EA-MG at a higher temperature of 1.08Tg (613 K) 
results in micro-pillars of aspect ratios of about 2. The pillar height in
creases at higher molding temperatures due to a reduction in viscosity. 
At the microscale, the length of molded structures is inversely propor
tional to the viscosity by ∝1/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅viscosity√ [38,41]. The molding results 
indicate that the EA-MG supercooled liquid exhibits higher viscous 
resistance compared to Pt-MG at the same normalized temperatures. The 
viscosity values were calculated from the pillar dimensions and the 
loading conditions by using the Newtonian ;ow model described in 
previous work [36,38].

Fig. 4 plots the temperature dependent viscosity of two MGs 
extracted from microscale molding experiments. For EA-MG, the vis
cosity value was assumed to be 1012 Pa⋅s at the caloric glass transition 
because the thermoplastic forming was not feasible due to high viscos
ity. The viscosity of Pt-MG at different temperatures has been previously 
calculated using thermoplastic forming [38,40] and VFT equation [44]. 
The current viscosity values are within the range of error, demonstrating 
the reproducibility of the thermoplastic forming approach. The viscosity 
of EA-MG supercooled liquid remains at least three orders of magnitude 
higher than Pt-MG at each normalized temperature. Furthermore, the 
viscosity of EA-MG shows weaker temperature dependence, which is a 
characteristic of strong glass-forming liquids. The EA-MG exhibits an 
Arrhenius behavior whereas a large deviation is observed for fragile 
Pt-MG. The fragility of supercooled liquids captures the dynamical arrest 
near Tg which is important for glass forming ability and thermoplastic 
processing. The higher viscosity of EA-MG suggests that an equiatomic 
composition does not result in entropy enhancement that would reduce 
viscosity, according to the Adam-Gibbs model.

The fragility of EA-MG was calculated by measuring the DSC curves 
at different heating rates and 0tting the data with the 
Vogel–Fulcher–Tamann (VFT) equation. Selected DSC curves at various 
heating rates are shown in Fig. 5a. The glass transition shifts to higher 
temperatures with increasing heating rates, but the width of the tran
sition (ΔTg = Tg complete – Tg onset) remains nearly constant at about ~ 

20 K. The VFT equation for relaxation time, τg, at glass transition, can be 
written as 

τg = τoexp
(D∗. T0

Tg − T0

)

, (1) 

where τo is the in0nite temperature relaxation time with a value of about 
2 × 10−13 s [31], D* is the fragility parameter, and To is the temperature 
corresponding to in0nite relaxation time. The relaxation time can also 
be calculated from the width of the glass transition and the heating rate, 
Rh, as 

τg =
ΔTg
Rh

, (2) 

The VFT equation in terms of Tg and heating rate can then be ob
tained by combining Eqs. (1) and (2) yielding 

Fig. 3. SEM images of EA-MG and Pt-MG micro-pillars formed by thermoplastic molding at three different temperatures.

Fig. 4. Temperature dependence of viscosity values for EA-MG and Pt-MG 
calculated from the molded pillar lengths. The viscosity at calorimetric Tg is 
assumed to be 1012 Pa⋅s for EA-MG (dotted square symbol).
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ΔTg
Rh

= τoexp
(D∗. T0

Tg − T0

)

, (3) 

The VFT parameters D* and To can be determined by 0tting the 
heating rate dependent Tg values because ΔTg and τo are constants. In 
Fig. 5b, the Tg onset values are plotted as a function of inverse heating 
rate. The solid line shows the best 0t to Eq. (3) and the 0tting variables 
D* and To are 15.1 and 390 K, respectively (Table 1). The larger D* value 
for EA-MG compared to 11.8 for Pt-MG [45] is consistent with the vis
cosity data obtained from the molding experiments. The EA-MG super
cooled liquid exhibits stronger liquid behavior compared to Pt-MG. The 
compositional dependence of fragility in glass forming liquids is typi
cally attributed to different atomic structures [45]. The previous study 
revealed signi0cant differences in short-range and medium-range orders 
in Pt-Pd-Cu-Ni-P glass-forming alloys with varying Pt and Pd contents 
[46]. Addition of Pd to Pt-Cu-Ni-P MG promotes formation of icosahe
dral short-range order [46]. A similar difference in atomic-level order is 
likely the origin of the different fragility observed for EA-MG and Pt-MG.

The viscous ;ow and atomic transport in MG supercooled liquids 
have often been linked by the Stokes-Einstein relation, Deff ∝ η −1 (Deff is 
effective diffusivity and η is viscosity). However, the viscosity and 

crystallization data for both EA-MG and Pt-MG supercooled liquids 
suggest the decoupling of time scales for viscosity and diffusion. The 
time to crystallize (tx) a small volume fraction (x) can be expressed in 
terms of steady-state nucleation rate (Is) and growth rate (u) as [47]

tx =

( 3x
πIsu3

)1/4
, (4) 

Using expressions for Is and u, Eq. (4) yields an inverse relationship 
between tx and Deff. Therefore, the Stokes-Einstein formulation predicts 
a proportional relation between tx and η. However, the experimental 
results show different temperature dependencies for the time scales for 
diffusion and viscous ;ow in both MGs. Accelerated crystallization at all 
temperatures is observed in EA-MG despite high viscosity. The EA-MG 
crystallizes into non-isomorphic Ni3P, PtP2, Pd2Ni2P, and fcc-(Pd, Ni) 
phases which require long-range diffusion [39]. The diffusivity neces
sary for nucleation and growth of these crystalline phases is achieved 
regardless of the high viscosity of EA-MG supercooled liquid. Similarly, 
the low viscosity and long crystallization times for Pt-MG are in 
contradiction to the Stokes-Einstein relation. The unusual thermal sta
bility of fragile Pt-MG has been explained by the high interfacial energy 
[44]. Earlier studies have shown fast diffusion of medium sized atoms in 
deeply supercooled MGs based on a solid-like collective hopping 
mechanism [48,49]. A similar mechanism is likely responsible for the 
higher diffusivity of EA-MG. It has been reported that pronounced 
icosahedral short-range order exists in supercooled liquid state of 
Pd-Pt-Ni-Cu-P MGs [46]. This can also explain the absence of entropy 
enhancement and higher viscosity of EA-MG supercooled liquid. High 
viscosity has also been reported in equiatomic Ti-Zr-Hf-Ni-Cu-Be MG 
[32].

The high viscosity and low fragility of MG supercooled liquids make 
their thermoplastic forming operations dif0cult. The forming challenge 
exacerbates for nanoscale structures with high aspect ratios which 
require impractical molding pressure for high viscosity liquids. Fig. 6
shows the SEM images of Pt-MG and EA-MG molded against 150 nm 
diameter nanoporous alumina. The molding was performed by applying 
150 MPa pressure for 180 s at 40 K and 50 K above Tg for Pt-MG and EA- 
MG, respectively. EA-MG forms short nanorods with aspect ratios of only 
2–3 whereas Pt-MG nanorods exceed an aspect ratio of 10. The differ
ence in lengths of nanorods for two MGs is due to their different vis
cosities. Large aspect ratio nanorods in high viscosity EA-MG require a 
molding pressure approaching several gigapascals which exceeds the 
strength of the molds.

Thermoplastic drawing has been reported to be advantageous for 
fabrication of very high aspect ratio structures because of low pressure 
requirements due to the absence of mold friction [37,50]. Fig. 6 shows 
the MG nanowires drawn at 20 mm/min from silicon molds after 
pressing under 25 MPa at the same temperatures as the nanoscale 
molding. The drawing results in the formation of long EA-MG nanowires 
despite three orders of magnitude higher viscosity. The pro0les of drawn 
nanowires are similar in both MGs indicating an overall similar ;ow 
behavior. Therefore, thermoplastic drawing is better suited for high 
viscosity MGs such as EA-MG.

4. Conclusions

In summary, the isothermal viscosities and crystallization kinetics of 
equiatomic Pd20Pt20Cu20Ni20P20 and Pt-rich Pt57.3Cu14.6Ni5.3P22.8 glass 
forming alloys were investigated. The viscosity values extracted from 
the molding experiments showed weaker temperature dependence for 
the equiatomic alloy. These 0ndings were supported by the VFT data 
which revealed a higher fragility parameter D* of 15.1 supporting the 
stronger liquid behavior of equiatomic metallic glass compared to the Pt- 
based counterpart. Despite high viscosity, the equiatomic supercooled 
liquid exhibits faster crystallization kinetics indicating the decoupling of 
times scale for viscous ;ow and diffusivity. The high viscosity and short 

Fig. 5. (a) Glass transition temperature measured at different heating rates in 
DSC curves. (b) Inverse heating rate as a function of glass transition tempera
ture used for VFT 0t. The 0tting parameters are listed.

K. Nandigama and G. Kumar                                                                                                                                                                                                                Journal of Alloys and Compounds 1011 (2025) 178480 

4 



crystallization time in equiatomic Pd20Pt20Cu20Ni20P20 metallic glass 
are attributed to the presence of strong short-range order. The results 
suggest that equiatomic composition may not result in entropy 
enhancement in metallic glasses. The high viscosity and fast crystalli
zation of equiatomic alloy make thermoplastic molding dif0cult, but 
drawing can generate long nanowires.
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