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A b s t r a c t   

The viscosity of metallic glasses is considered to remain constant during thermoplastic forming operations. 
Here, we quantify the time dependent change in isothermal viscosity of Pt57.5Cu14.7Ni5.3P22.5 and 
Zr35Ti30Cu8.25Be26.75 glass formers in the supercooled liquid state. The samples were isothermally held prior 
to thermoplastic molding to probe the viscosity at different times. The viscosity values were extracted from 
the filling length of mold cavities. The viscosity increased with annealing time and the rate of increase was 
found to be largely independent of temperature and type of glass former. However, the viscosity increase 
was higher in the outer parts of samples which experienced higher shear rate during molding. Crystal 
nucleation and growth contributions are considered to explain the observed changes in effective viscosity of 
remaining amorphous phase. Our results suggest that thermoplastic forming is an effective tool in analyzing 
subtle changes in structure and viscosity of metallic glass supercooled liquids. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

The supercooled or undercooled liquid state of glass forming 
metallic alloys is of scientific and technological importance. Study of 
supercooled liquids has advanced our understanding of nucleation 
and growth of crystals in complex systems [1–7]. The glass forming 
ability (GFA) of an alloy is inherently related to the properties of its 
supercooled liquid state [8–10]. Higher viscosity of supercooled li
quid improves GFA by decreasing the nucleation and growth rates  
[11–13]. The temperature range of supercooled liquid state has also 
been used to rationalize the GFA trends in metallic alloys [14]. 

In recent years, thermoplastic forming (TPF) has evolved as a 
precision manufacturing technique for metallic glass (MG) parts that 
are otherwise difficult to prepare by casting and machining [15–19]. 
Complex metallic microparts and surface patterns ranging from 
nanowires to hierarchical architectures can be fabricated by pressing 
the viscous MGs against templates [15–21]. Forming techniques 
other than embossing such as, powder consolidation [22], blow 
molding [23], rolling [24], and wire drawing [25,26] have also been 
demonstrated using the supercooled liquid state of MGs. TPF ex
periments with MGs are performed in the supercooled liquid state at 
a constant temperature where the crystallization time is several 
minutes [17,18]. The available processing time for TPF is determined 

from the isothermal crystallization curves. Various models have 
been developed to describe the flow of MG supercooled liquids in 
TPF operations [27–31]. These models assume that the viscosity of 
MG supercooled liquid remains constant as a function of time and 
loading rate during TPF. However, it is well established that the 
metastable MG supercooled liquid continuously undergoes irrever
sible nucleation and growth even prior to detectable crystallization 
by calorimetric measurements [32–35]. It remains unclear if such 
early stages of crystallization affect the viscosity and TPF outcome of 
MGs. Understanding the time dependent viscous flow of MG is cri
tical because the MGs are typically subjected to multiple sequential 
thermoplastic operations [21]. For example, the flat MG samples 
used as feedstock for thermoplastic imprinting are prepared by 
parallel plate thermoplastic pressing [18]. In addition to time, shear 
rate experienced by MG during TPF can also affect the viscosity. It 
has been shown that the shear rate can accelerate the crystallization 
of MG supercooled liquids [36]. Therefore, it is important to under
stand the combined effect of time and shear rate on the flow ability 
of MG supercooled liquids. 

In this work, we investigate the effect of time on the viscosity and 
TPF of MG supercooled liquids at a constant temperature. Majority of 
the thermoplastic forming experiments with MGs are conducted in 
air, and therefore oxidation might also influence the effective visc
osity of metallic liquids. To probe the effect of oxidation and crys
tallization on the isothermal viscosity of supercooled liquids, we 
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study Pt-based (inert) and Zr-based (prone to oxidation) MG 
formers. 

2. Material and methods 

Pt57.5Cu14.7Ni5.3P22.5 (Pt-based) ingot was prepared by melting 
99.9% pure elements in a vacuum-sealed quartz tube. The ingot was 
fluxed with B2O3 to remove the oxide impurities. A MG rod with a 
diameter of about 2 mm was produced by water quenching. The 
quenched sample was characterized using TA Instruments 25P dif
ferential scanning calorimeter (DSC) to verify the glassy state. The 
constant heating rate DSC curves for Pt-based and Zr-based MGs are 
included in the Supplementary Information (Fig. S1). The glass 
transition temperature (Tg) and the onset temperature of crystal
lization (Tx) for Pt-based MG were 230 °C and 305 °C, respectively. 
Zr35Ti30Cu8.25Be26.75 (Zr-based) MG rod of 10 mm diameter was 
purchased from the Liquidmetal Technologies. The Tg and Tx of Zr- 
based MG were measured to be 320 °C and 465 °C, respectively. 

To probe the viscosity at different times, the MGs were iso
thermally annealed for varying times followed by thermoplastic 
embossing at the same temperature. The temperatures for iso
thermal experiments were selected such that the time for onset of 
crystallization was several minutes to replicate the conditions used 
in TPF. To ensure reproducibility in embossing results, the as-cast 
MG samples were thermoplastially pre-pressed in the form of discs 
of 3 mm diameter and 0.5 mm thickness. The discs were annealed in 
DSC to minimize the temperature fluctuation. The embossing ex
periments were performed against silicon molds containing cylind
rical cavities. The cavities of 20 µm diameter with center-to-center 
spacing of 100 µm and 25 µm diameter with center-to-center spa
cing of 50 µm were prepared by photolithography and deep-re
active-ion-etching. Custom-made heating plates were installed on 
Instron mechanical testing machine to conduct the controlled 
embossing experiments. After placing the MG disc on silicon tem
plate, the load was increased to 250 N at a rate of 500 N/min fol
lowed by immediate unloading. The entire thermoplastic embossing 
step lasted about 1 min for each sample. The silicon was etched away 
in KOH and the MG samples were characterized by Zeiss Supra 40 
scanning electron microscope (SEM). The length of MG micropillars 
was measured at different distances from the center of the sample 
because the pressure and shear rate vary with location in parallel 
plate embossing. The viscosity of MG supercooled liquid was ex
tracted from the length of micropillars using the lubrication model 
for thermoplastic embossing [27]. 

3. Results and discussion 

Fig. 1 shows isothermal DSC curves of Pt-based MG at 260 °C and 
270 °C and Zr-based MG at 410 °C. The onset time for crystallization 
(tx) determined by intersection of tangents for Pt-based MG is 
45 min at 260 °C, 20 min at 270 °C, and for Zr-based MG the tx is 
14 min at 410 °C. The crystal fraction at tx is proposed to reach about 
1% in previous isothermal studies on MGs. Therefore, the viscosity of 
MG supercooled liquids is generally assumed to remain unchanged 
until tx. To test this hypothesis, the Pt-based and Zr-based MGs were 
isothermally annealed and embossed at three temperatures shown 
in Fig. 1. The arrows indicate the annealing times before thermo
plastic embossing at respective temperatures. 

Fig. 2 shows the SEM images of Pt-based and Zr-based MGs 
thermoplastically embossed after annealing for different times. The 
SEM images are taken from the center of the samples to allow a 
direct comparison between the micropillar lengths. It is evident that 
the micropillar length decreases with increasing annealing time for 
both MGs. The change in length is more noticeable when the an
nealing time approaches tx. Similar trend in micropillar length is 
observed for two different annealing temperatures for the Pt-based 

MG. The filling of microscale cavities with MG supercooled liquid 
depends on the pressure, the cavity size, and the viscosity of liquid. 
The observed change in length of micropillars indicates change in 
viscosity during isothermal annealing because the other parameters 
were kept constant. 

The lengths of micropillars were measured from the SEM images 
to quantify the flow ability of supercooled liquid as a function of 
isothermal annealing time. Three different locations in each sample 
were analyzed because the pressure and the shear rate are not 
uniform in the disc during parallel plate squeezing [27,36]. To de
couple the pressure effect, the filling length was considered 100% for 
an unannealed sample at every location. The normalized filling 
length for Pt-based MG at 260 °C and 270 °C is plotted in Fig. 3. The 
length gradually decreases with annealing time and reaches 50% in 
the center of the samples (r = 0 mm, where r is the distance from the 
center) at the onset time of crystallization. The decreasing filling 
length is an indicator of increase in viscosity during isothermal an
nealing. Therefore, the flow ability of MG supercooled liquids is 
sensitive to the thermal history. The outer parts are affected more 
than the center of the samples by isothermal annealing (Fig. 3). The 
filling length reduces to about 30% at the periphery of the samples 
(r = 2 mm). The difference in filling length at the center and the 
periphery grows with increasing annealing time. Similar trend in 

Fig. 1. Isothermal DSC curves of Zr-based and Pt-based MGs. The arrows mark the 
annealing times used prior to thermoplastic forming. The tx is the time for onset of 
isothermal crystallization. 
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filling length was observed for the Zr-based MG after isothermal 
annealing at 410 °C (Supplementary Information Fig. S3). It has been 
shown that the shear rate can accelerate crystallization in MG su
percooled liquids [36]. The shear rate ( ) in parallel plate embossing 
of disc increases with r as: 

= +3h
2 h

rz
h

3 1
z
h2

2 2
1
2

(1) 

Where h is the half thickness of disc and z coordinate is measured 
from the center of the mid plane. The previous study showed that 
the outer parts of thermoplastically embossed MG discs exhibit 
shorter isothermal crystallization time [36]. Thus, the lower filling 
observed at the periphery of samples in our experiments is a com
bined effect of annealing time and higher shear rate on the viscosity. 

Lubrication model was used to extract the viscosity values from the 
filling length of MG samples [27]. The procedure is briefly described in  
Supplementary Information. The value of viscosity for unannealed Pt- 
based MG at 270 °C was estimated to be 7 × 106 Pa s which is close to 
1.4 × 107 Pa s calculated using the VFT (Vogel-Fulcher-Tammann) para
meters reported in literature [37]. Therefore, the lubrication approach 
works reasonably well for measuring the relative change in viscosity of 
MG supercooled liquids as a function of annealing time. Fig. 4 shows the 
normalized viscosity values for Pt-based (at 260 °C and 270 °C) and Zr- 
based (at 410 °C) MGs as a function of annealing time. The viscosity 
increases with annealing time in all three cases. The viscosity at the 
outer parts is consistently higher than at the center of the samples due 
to shear-induced crystallization. The viscosity difference is higher in Zr- 
based MG indicating its higher sensitivity to shear rate. The initial in
crease in viscosity in all three cases is less than a factor of two for an
nealing up to about 0.4tx. At longer annealing times, the rate of change 
in viscosity is higher and the overall increase is five to six times in the 
entire supercooled range. The viscosity increase in Pt-based MG is lower 
at 260 °C compared to at 270 °C. There is no noticeable effect of oxi
dation as the increase in viscosity of Zr-based MG is comparable to the 

Fig. 2. The SEM images of MG micropillars prepared by thermoplastic embossing after isothermal annealing for different times. All images are taken from the center of the 
samples. The pillar length decreases with annealing time in all cases. 

Fig. 3. The filling length for Pt-based MG as a function of annealing time at two 
different temperatures. The filling length at three locations in the circular samples are 
plotted. The values are normalized with respect to the filling length for unannealed 
samples. 
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Pt-based MG. The time dependence of viscosity follows the kinetics of 
phase transformation controlled by nucleation and growth. In the fol
lowing section, we analyze the fraction of crystallization during an
nealing and its effect on the effective viscosity. 

The MG samples after isothermal annealing were characterized 
by constant heating rate DSC. The DSC curves of Pt-based MG after 
isothermal annealing for varying times at 270 °C are shown in Fig. 5. 
The DSC of unannealed sample is also shown for comparison. The Tg 

remains unaffected by annealing but the onset of crystallization 
shifts to lower temperature with increasing annealing time. The 
decrease in crystallization temperature is an indicator of decreased 
thermal stability of the supercooled liquid state. This is typically 
observed when the MG is partially crystalline [38]. The area of 
crystallization peak decreases with annealing time, which also 
suggests the change in fraction of amorphous and crystalline phases 
during annealing. 

The amount of crystalline phase can be calculated from the en
thalpy of crystallization by considering the unannealed sample to be 
100% amorphous. The crystalline fraction and viscosity values for Pt- 
based MG are plotted together as a function of annealing time at 
270 °C (Fig. 6). The fraction of crystalline phase increases with an
nealing time and reaches about 13% at the onset of crystallization. 
The XRD patterns shown in Supplementary Information (Fig. S2) 
confirm the formation of crystalline phase after annealing for 20 min 
at 270 °C. The viscosity and the crystal fraction show similar an
nealing time dependence indicating a direct correlation. Typically, 
the crystal fraction is assumed to be about 1% at the onset of iso
thermal crystallization in MGs [39]. However, our experimental re
sults suggest significantly higher fraction of crystalline phase in 
isothermally annealed and embossed samples. It is unlikely for the 
viscosity to increase by five to six times due to 1% crystalline phase. 
It is important to note that Einstein’s model [40] for viscosity of 
mixtures predicts less than 20% increase in effective viscosity of a 
liquid that contains 13% solid particles. Therefore, the increase in 
viscosity of 5–6 times during isothermal annealing of MGs cannot be 
attributed only to the presence of 10–15% crystalline phase. Previous 
studies have reported substantial increase in isothermal viscosity of 
Zr-based MGs which relax, and phase separate in the supercooled 
liquid state [41–43]. Although, no phase separation has been re
ported in the MG formers considered in present work but change in 
composition is expected during non-polymorphic crystallization. 
Therefore, the increase in viscosity during isothermal annealing 
observed in present work is a combined effect of crystalline phase 
and change in fluidity of the remaining amorphous matrix. 

Isothermal crystallization of MGs occurs by nucleation and 
growth processes and can be modeled using Johnson-Mehl-Avarami- 
Kolmogorov theory [39]. The fraction of crystalline phase increases 
slowly in the nucleation stage followed by rapid increase in the 
growth stage. Similar time dependence of crystal fraction and visc
osity (Fig. 6) suggests that the nucleation has lesser effect on the 
viscosity of MG than the growth. This can explain why the MG in its 
as-prepared state exhibits reproducible flow characteristics despite 

Fig. 4. The time dependent change in normalized viscosity of MG supercooled liquids 
calculated from the filling length of annealed MGs. The values at the center and the 
periphery of samples are shown. 

Fig. 5. The constant heating rate DSC curves of Pt-based MG samples annealed and 
embossed at 270 °C. The onset temperature of crystallization (Tx) decreases with 
annealing. 

Fig. 6. Comparison of crystalline fraction and viscosity of Pt-based MG as function of 
annealing time at 270 °C. The crystal fraction was calculated from the DSC curves 
(Fig. 5) and viscosity values are taken from Fig. 4. 
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containing different distribution of nuclei. The growth of crystals 
with significantly different composition from the amorphous matrix 
requires redistribution of elements. Therefore, increase in isothermal 
viscosity of MG supercooled liquids is predominantly due to change 
in composition of remaining amorphous phase caused by the growth 
of chemically distinct crystalline phases. 

4. Conclusions 

We investigated the time dependence of isothermal viscosity of 
Pt-based and Zr-based metallic glasses in the supercooled liquid 
state using thermoplastic forming. The results show that the iso
thermal viscosity of MG supercooled liquids does not remain con
stant. The variation of viscosity follows the kinetics of a typical phase 
transformation controlled by nucleation and growth. The viscosity 
increases slowly in the nucleation stage followed by rapid increase 
due to growth. The increase in viscosity is attributed to the com
bined effect of compositional redistribution in the amorphous phase 
and the presence of crystalline phase. The overall increase in visc
osity of MG is about six times in the supercooled liquid range. The 
higher shear rate at the periphery of samples results in additional 
increase in viscosity due to shear induced structural changes. The 
effect of oxidation on viscosity of MG supercooled liquid is less 
significant and can be ignored for microscale embossing. 
Thermoplastic processing time for metallic glasses should be less 
than 40% of the crystallization time to produce predominantly 
amorphous structures. 
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