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A B S T R A C T   

There is limited understanding of time-dependent plastic deformation behavior of amorphous alloys as a function 
of their structural state. Here, the creep behavior of Zr52.5Ti5Cu17.9Ni14.6Al10 bulk metallic glass was investigated 
in its as-cast and relaxed states using nanoindentation technique with applied load in the range of 500–1500 mN 
and temperature in the range of room temperature to 573 K. The creep displacement increased with increasing 
load and temperature since the creep process is thermally activated and diffusion rate is enhanced at elevated 
temperature and higher load. The creep strain rate sensitivity, which is a measure of the creep mechanism, 
increased with increase in temperature and decrease in applied load. This was attributed to the transition from 
localized to more homogeneous creep. Reduction in free volume for the relaxed alloy resulted in lower creep 
displacement and larger strain rate sensitivity compared to its as-cast counterpart. The results suggest that 
diffusion-based deformation dominate at higher temperature in contrast to shear transformation mediated 
plasticity at room temperature. The volume of shear transformation zone for the metallic glass was calculated 
using cooperative shearing model and correlated with the structural state for fundamental insights into the 
deformation process as a function of temperature and load.   

1. Introduction 

Bulk metallic glasses (BMGs) continue to attract widespread scien
tific and technological interest because of their unique thermoplastic 
processing ability and outstanding properties including ultra-high 
strength, large elastic strain limit, soft magnetic behavior and excel
lent corrosion resistance [1–10]. However, there are few reports and 
limited understanding of their time-dependent deformation behavior 
[11]. Lack of long-range atomic periodicity leads to a fundamentally 
different creep deformation mechanism for BMGs compared to crystal
line metals/alloys and remains largely unexplored. In contrast to con
ventional bulk creep testing methods [12,13], nanoindentation creep 
technique has the advantages of small volume interrogation, rapid data 
acquisition, and non-destructive methodology. Creep behavior of BMGs 
has been studied previously using nanoindentation [14–16]; however, 
they are limited to low loads (<100 mN) and room temperature 
[17–22]. Du et al. studied the dynamic evolution of shear avalanches in 
metallic glasses using nanoindentation for explaining the plastic defor
mation behavior as a function of its structural state [14]. Huang et al. 
studied the room temperature nanoindentation creep behavior of an 

Fe-based [17] and Ti-based [18] BMG and showed more pronounced 
creep at higher loads and loading rates. Wei et al. studied the relaxation 
spectrum obtained from a generalized Kelvin model for Ce-based bulk 
metallic glasses [19]. Nanoindentation creep of Cu-Zr [20] and Zr-based 
[21] metallic glass thin films was investigated to understand the effect of 
applied strain rates and indentation depth on the creep deformation 
mechanisms. Xu et al. showed loading rate sensitivity for an Fe-based 
BMG and discussed the creep mechanism in the context of free volume 
and shear transformation zones [22]. However, time-dependent defor
mation of BMGs at high temperatures have not been reported, particu
larly at high loads thereby eliminating possible surface effects. In 
addition, the influence of structural state of the metallic glass (obtained 
by different processing conditions) on its creep behavior is not well 
understood. Structural relaxation typically leads to embrittlement of 
metallic glasses causing a reduction in its ductility and fracture tough
ness [[23],[24]]. In contrast, thermal rejuvenation by cryogenic cycling 
has been shown to improve the ductility of metallic glasses and promote 
plasticization by introducing defects and excess free volume [25–27]. 
However, the time-dependent deformation behavior of metallic glasses 
in different structural states has not been investigated in detail. 
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Here, the creep response of Zr52.5Ti5Cu17.9Ni14.6Al10 bulk metallic 
glass was studied using nanoindentation technique in the range of room 
temperature to 573 K and applied load ranging from 500 to 1500 mN. 
This particular BMG was chosen as a model alloy system for the time- 
dependent deformation study because of its excellent glass forming 
ability, thermal stability, absence of toxic constituents (such as Be), and 
potential for commercial use [28]. The underlying creep mechanism, as 
a function of load and temperature, is discussed in the context of free 
volume and shear transformation mediated deformation in the as-cast 
versus relaxed state of the BMG. 

2. Experimental 

Zr-based bulk metallic glass with composition of Zr52.5Ti5Cu17.9

Ni14.6Al10 was prepared using arc melting followed by suction casting. 
The sample was annealed at 630 K for 30 min to achieve sufficient 
relaxation, as reported previously [28]. The as-cast and relaxed samples 
were mechanically polished to a mirror finish and then cleaned in 
acetone and distilled water ultrasonically for 15 min for 
nano-mechanical tests. Rigaku III Ultima X-ray diffractometer (XRD, 
Rigaku Corporation, Tokyo, Japan) with 1.54 Å wavelength Cu-Kα ra
diation was used to confirm the amorphous structure of the samples and 
the characteristic temperatures and enthalpies were determined by 
differential scanning calorimetry (DSC) analysis (NETZSCH DSC 404C). 

Nanoindentation creep tests were performed using TI-Premier Tri
boindenter (Bruker, Minneapolis, MN, USA) with a Sapphire Berkovich 
tip having an included angle of 142.30◦, tip radius of 150 nm, and in
tegrated with XSol600 heating stage for heating the samples up to 873 K. 
The instrument resolution in terms of load was 1 nN, in terms of 
displacement was 0.006 nm, and temperature accuracy was within 
0.001 ◦C. Fused quartz was used as a standard reference sample for 

initial tip calibration. The tests were carried out in Ar + 5% H2 gas 
environment to prevent oxidation. Static creep tests were performed 
under constant load at room temperature, 423 and 573 K. The tests were 
done by ramping to a maximum load of 500, 1000 and 1500 mN at a 
high loading rate of 20 mN/s and then held for 600 s at the maximum 
load followed by unloading. High load was used to minimize surface 
effects and avoid indentation size effect (ISE) on hardness. A high 
loading rate was chosen to ensure that creep primarily occurred during 
the dwell time. At least fifteen indents were performed in each test 
condition and the distance between two neighboring indents was kept 
greater than 100 μm to avoid the overlap of their plastic zones. At 
elevated temperature, the sample was held at the prescribed set point for 
at least 20 min to reach steady state and the indenter tip was maintained 
close to the sample to reduce temperature gradient. Triboindenter 
software was used to correct thermal drift, which was ~0.05–0.1 nm/s. 

3. Results 

Specific heat as a function of temperature obtained using DSC for 
Zr52.5Ti5Cu17.9Ni14.6Al10 BMG in as-cast and relaxed conditions are 
shown in Fig. 1(a). The glass transition temperature (Tg) for the as-cast 
sample was ~683 K and crystallization temperature (Tx) was ~728 K, 
suggesting a wide super-cooled liquid region (ΔT = 45 K). The Tg and Tx 
of the relaxed sample were very similar to the as-cast alloy (Tg ~ 680 K 
and Tx ~ 726 K). An exothermic peak was observed just after the glass 
transition, which is a measure of the relaxation enthalpy due to the 
annihilation of excess free volume [23]. This excess enthalpy is shown 
by the shaded region of the DSC curves after the glass transition for the 
as-cast and relaxed BMGs in the insets, Fig. 1(a1,a2). Based on free 
volume theory, the equilibrium free volume (υf) as a function of tem
perature (T) is given by the relation [29–31]: 

Fig. 1. (a) DSC plots for as-cast and 
relaxed BMG showing Tg and Tx; (a1) 
and (a2) show zoomed-in view around 
glass transition region indicating lower 
relaxation enthalpy for relaxed sample 
compared to as-cast; (b) nano
indentation load-depth curves for as- 
cast and relaxed BMG at 1000 mN 
peak load showing lower indentation 
depth for relaxed BMG suggesting an 
increase in hardness upon relaxation; 
(c) XRD pattern of as-cast and relaxed 
samples showing amorphous structure 
for both.   
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υf = A(T − T0) (1)  

where, T0 is the ideal glass transition temperature and A is a propor
tionality constant. The excess free volume created due to non- 
equilibrium processing in the as-cast BMG gets annihilated during 
continuous heating in DSC. This reduction in free volume results in heat 
release in the form of enthalpy of relaxation (ΔHrelax), which is directly 
proportional to the excess free volume of the BMG [32]. ΔHrelax 
decreased by almost an order of magnitude from 0.037 J/g for the 
as-cast alloy to 0.0039 J/g for the relaxed alloy. The lower enthalpy of 
relaxation for the relaxed sample indicates annihilation of free volume 
from the sub-Tg annealing. Nanoindentation load-depth curves at 1000 
mN for the as-cast and relaxed BMG are shown in Fig. 1(b). The 
reduction in indentation depth for the relaxed sample suggests an in
crease in the hardness value of the BMG upon sub-Tg annealing. The 
hardness of the as-cast and relaxed BMG was measured using Oliver and 
Pharr method [33]. As-cast BMG showed a hardness value of 5.6 ± 0.03 
GPa and reduced modulus of 108.2 ± 0.37 GPa. The hardness and 
modulus for the relaxed BMG increased to 6.0 ± 0.03 GPa and 113.3 ±
0.38 GPa, respectively. The increase in hardness as well as modulus for 
the relaxed sample shows that sub-Tg annealing resulted in denser 
packing of atoms and reduction in free volume. Fig. 1(c) shows XRD 
patterns obtained for the as cast and relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 
BMG indicating broad diffraction peaks and supporting the fully amor
phous structure for both the samples. 

Fig. 2(a) shows the typical load-depth (P-h) curves for as-cast 
Zr52.5Ti5Cu17.9Ni14.6Al10 obtained from the nanoindentation creep 
tests as a function of temperature (298, 423, 573 K) at peak load of 1000 

mN. The origin of each curve has been offset for clarity. Fig. 2(b) is a 
zoomed-in view of Fig. 2(a) showing a clear difference in serration 
behavior as a function of temperature. Similar serration behavior was 
observed for the relaxed alloy as well and the corresponding load-depth 
curves are shown in Supplementary Fig. S1(a,b). Fig. 2(c) shows the 
serration length versus temperature for both the alloys, indicating an 
increase in serration length with increase in temperature for both as-cast 
and relaxed Zr52.5Ti5Cu17.9Ni14.6Al10. The magnitude and number of 
“pop-ins” in the loading curves were higher at 573 K compared to lower 
temperatures in agreement with previous reports [34]. Serrated flow is 
associated with shear band nucleation in metallic glasses to accommo
date plastic strain [35]. BMGs show greater resistance to shear banding 
at high temperatures leading to more serrated flow [34]. At higher 
temperatures, greater diffusion in the bulk results in larger strains for 
shear band propagation and consequently larger “pop-ins” due to low 
propensity for shear localization [1]. Shear strain accommodation in a 
single shear band reduces at low temperature to almost half of that 
accommodated at high temperature [34]. This suggests that as many as 
twice the number of shear bands may be accommodated at lower tem
perature with smaller spacing resulting in less serrations. The relaxed 
sample showed slightly higher serration length at all temperatures as 
compared to the as-cast alloy, which may be attributed to less free 
volume in the relaxed sample that allows a smaller number of shear 
bands to accommodate the strain. To reduce or eliminate the effect of 
free volume changes during measurement, the hardness and reduced 
modulus of the relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 was determined as a 
function of temperature, as shown in Fig. 2(d). The hardness decreased 
by ~20% and modulus decreased by ~40% with increase in 

Fig. 2. (a) Typical nanoindentation load-depth plot for as-cast Zr52.5Ti5Cu17.9Ni14.6Al10 as a function of temperature; (b) zoomed-in view of selected part in (a) 
showing change in serration behavior of as-cast Zr52.5Ti5Cu17.9Ni14.6Al10 as a function of temperature; (c) serration length as a function of temperature for as-cast and 
relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 showing increase in serration length with temperature increase; (d) hardness and modulus of relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 as a 
function of temperature. 
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temperature from room temperature to 573 K, indicating a sharp 
reduction in “equilibrium” strength and stiffness over this temperature 
range, which is well below the glass transition temperature of ~680 K. 

Fig. 3(a,b) show the creep displacement as a function of the holding 
time at the three temperatures of 298 K, 423 K, and 573 K, for the as-cast 
and relaxed BMG, respectively. Nanoindentation creep tests involve 
non-homogeneous and complex stress state that are distinctly different 
from uniaxial creep tests. The instantaneous stress generated during 
nanoindentation creep decreases with holding time and the creep rate 

approaches a steady state value towards the end of holding time (as seen 
in Fig. 3(a,b)). Maximum creep displacement as a function of load and 
temperature for as-cast and relaxed BMG are shown in Fig. 3(c,d), 
respectively. Each data point is an average of 15 indents. The maximum 
creep displacement increased with peak load and temperature since the 
creep process is thermally activated and diffusion rate is enhanced at 
elevated temperature and higher load. Increasing peak load enhanced 
free volume generation rate resulting in more pronounced creep defor
mation during holding time [17,36]. The as-cast sample showed larger 

Fig. 3. Creep displacement versus holding time at the temperatures of 298, 423 and 573 K for: (a) as-cast and (b) relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 BMG; maximum 
creep displacement as a function of load and temperature for: (c) as-cast and (d) relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 BMG, indicating that the creep displacement 
increased with increase in load and temperature; (e) Creep displacement versus holding time, with experimental results shown by black data points and empirical fit 
(Eq. (4)) shown by red dashed line; (f) log–log plot of hardness versus strain rate to obtain creep strain rate sensitivity (m) by linear fitting of the steady-state part (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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creep displacement as compared to the relaxed alloy for all the loads and 
temperatures studied due to its higher free volume fraction leading to 
more pronounced time-dependent plastic deformation. Further investi
gation of high temperature creep mechanism for the BMG was done by 
evaluating the stress exponent (n), defined in the conventional 
power-law creep as [37]: 

ε̇ = Aσn = A′ Hn (2)  

where, ε̇ is the strain rate, σ is the applied stress, A or A′ is a temperature- 
dependent material constant, and H is the hardness. The strain rate (ε̇)

was calculated as: 

ε̇ =
1
h

dh
dt

(3)  

where, dh
dt is the first derivative of the instantaneous creep displacement 

(h). The displacement rate dh/dt was obtained by fitting the 
displacement-holding time curve as [38]: 

h (t) = h0 + a(t − t0)
p

+ kt (4)  

where, h0 and t0 are the indentation depth and time before the holding 
segment, and a, p, and k are fitting constants. The representative fitting 
curve is shown in Fig. 3(e) with correlation coefficient R2 > 0.997. The 
fitting parameters for all the conditions are summarized in supplemen
tary Table S1. Hardness (H) measured using a self-similar indentation 
probe like Berkovich was calculated as: 

H =
P

24.5 h2
c

(5)  

where, P is the applied load, hc is the contact depth given by hc = hmax 
−0.75 P/S for Berkovich indenter and hmax and S are maximum pene
tration depth and material stiffness, respectively. Slope of log (H) versus 
log (ε̇) at steady state was used to calculate the creep strain rate sensi
tivity (m), which is the reciprocal of stress exponent, as shown in Fig. 3 
(f). 

4. Discussion 

Unlike in crystalline metals, plastic flow in amorphous alloys is 
mediated through shear transformation zones [35], where a small 
cluster of atoms spontaneously and cooperatively reorganize under the 
action of applied shear stress [34,39–41]. The creep strain rate sensi
tivity for a BMG is a measure of its tendency for flow localization while 
undergoing mechanical deformation. Large strain rate sensitivity and 
smaller values of stress exponent indicate high resistance to localization 
during plastic deformation [42]. The dependence of creep strain rate 
sensitivity on load and temperature for the as-cast and relaxed BMG is 
shown in Fig. 4(a). Creep strain rate sensitivity decreased with increase 
in applied load and increased with temperature, being higher by almost 
an order of magnitude at 573 K compared to room temperature. Fig. 4(b) 
shows the corresponding STZ volume at different temperatures and peak 
loads. STZ volume provides valuable insights into the microscopic 

Fig. 4. (a) Creep strain rate sensitivity at different loads as a function of temperature for as-cast and relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 BMG; (b) the STZ volume 
calculated at various loads and temperatures for as-cast and relaxed BMG; (c) creep stress exponent at different loads as a function of temperature for as cast and 
relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 BMG; (d) activation energy at different loads for as-cast and relaxed Zr52.5Ti5Cu17.9Ni14.6Al10 BMG. 
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mechanism of plasticity in BMGs and the values obtained here are in the 
same range as reported previously in experimental studies [43] as well 
as by computation [44]. STZs generally consist of a few atoms to a few 
hundred atoms [44]. In amorphous alloys, there is competition between 
STZ initiation and atomic diffusion depending on the temperature and 
applied strain rate [1]. The STZ volume was calculated based on the 
Johnson-Sawmer cooperative shearing model [39,43] by correlating 
inelastic strain rate (γ̇) with dynamical state variables as [39]: 

γ̇ = γ̇0exp(−W∗ / kT) (6)  

where, γ̇0 is a constant at 0 K, k is Boltzmann constant, T is the absolute 
temperature and W∗ is the activation energy given as [33]: 

W∗ = 4R0G0γc
2
(

1 −
τ
τc

)3/2

Ωξ (7)  

where, Ω is the volume of STZ, G0 and τc are shear modulus and 
threshold shear resistance of metallic glass at 0 K, respectively. R0 and ξ 
are constants with approximate values of 0.5 and 3, respectively [43] 
and γc is the approximate elastic limit for BMGs which is ~0.027 [[43], 
[44]]. The STZ activation energy correlates with the redistribution of 
atoms in a dispersed volume under external load. STZ volume may be 
calculated in terms of hardness and creep strain-rate sensitivity (m) as 
[43]: 

Ω =

(
kT

̅̅̅
3

√

2G0γc
2

)
1

R0ξ
1

m
(

H
τc

)(

1 − τCT
τc

)
1
2

(8)  

where, τCT is threshold shear resistance at temperature T [43]. The 
as-cast sample showed almost an order of magnitude higher excess free 
volume compared to its relaxed state (DSC plot in Fig. 1(a)). At 423 K, 
the fraction of free volume annihilated for the as-cast sample is likely to 
be significantly smaller compared to that of the relaxed sample. This is 
evident from the negligible change in STZ volume for the as-cast sample 
compared to the large change for its relaxed counterpart (Fig. 4(b)). 
With further increase in temperature to 573 K, the free volume was 
rapidly annihilated for the as-cast sample, and it approached values 
similar to the relaxed sample resulting in comparable STZ volumes for 
both the states as seen in Fig. 4(b). The dependence of stress exponent on 
load and temperature for the as-cast and relaxed BMG is shown in Fig. 4 
(c). A smaller value of stress exponent is associated with homogeneous 
plastic deformation of the material. Creep stress exponent decreased 
with decrease in applied load and increase in temperature. At room 
temperature, the stress exponent value increased by ~50% with increase 
in load from 500 mN to 1500 mN, indicating a significant dependence on 
load (Fig. 4(c)). The stress exponent value was high at room temperature 
indicating inhomogeneous plastic deformation and decreased sharply to 
lower values at higher temperatures suggesting a transition to more 
homogeneous plastic flow for both the as-cast and relaxed BMGs [45, 
46]. Fig. 4(d) shows the activation energy for the as-cast and relaxed 
BMG at different loads. Temperature dependence of the indentation 
creep rate may be represented by a power-law as [47]: 

ε̇ = Aσnexp
(

−
Q

RT

)

≈ AHnexp
(

−
Q

RT

)

(9)  

where, A is a structure dependent constant, H is the hardness, R is the 
universal gas constant, and Q is the activation energy. The slope of ln 
(ε̇ /Hn) versus 1000/T was used to calculate the activation energy (Q) for 
the as-cast and relaxed BMG. An average of strain rate and hardness in 
the constant load region was selected for analysis at each temperature 
and the creep activation energy was obtained by linear regression 
fitting. The activation energy obtained from bulk creep tests have been 
reported to be in the range of ~100–500 kJ/mol [11]. However, our 
values of activation energy obtained from nanoindentation creep are 
lower (Fig. 4(d)). This may be because of the smaller affected volume 

and large strain gradients during the small-scale nanoindentation tests. 
In addition, the higher activation energy for the as-cast BMG compared 
to its relaxed state may be attributed to the presence of more free volume 
and associated larger STZ volume. 

At smaller indentation depth (i.e., lower load), a large strain gradient 
is expected [22,48] and the STZs are likely to be small due to the 
confined volume. The STZs become unstable as a result of the strain 
gradient beneath the indenter and speed up the rate of shear band for
mation [49]. Thus, constrained volume results in a large strain gradient 
and activates smaller STZs to flow in a more homogeneous manner as 
illustrated in the schematic shown in Fig. 5(a). At larger applied loads, 
the volume beneath the indenter is more, which results in larger STZ 
volume (Fig. 4(b)) and more localized flow behavior as evident from 
lower creep strain rate sensitivity (Fig. 4(a)). The difference in STZ 
volume as a function of load decreased with increase in temperature 
possibly because high-temperature diffusion processes overshadow the 
effect of load. The rate of diffusion of atoms to form and dissolve the 
STZs may become very high at high temperatures, thus enabling ho
mogeneous plastic flow as compared to lower temperature where 
localized plastic flow is evident from the lower strain rate sensitivity 
value. As shown in Fig. 4(b), the STZ volume decreased from ~ 2.4 nm3 

to 0.036 nm3 for the as-cast BMG and from ~1.92 nm3 to 0.027 nm3 for 
relaxed BMG with increase from room temperature to 573 K. Increased 
thermal energy at high temperatures reduces the diffusion barrier for 
atoms leading to more diffusion dominated plastic deformation [43]. 
This is illustrated in schematic Fig. 5(b), with the sample at higher 
temperature exhibiting more diffusion dominant plastic deformation as 
compared to STZ mediated plastic deformation at room temperature. At 
high temperatures, diffusion of atoms prevents localization, thus 
requiring larger strains for flow to occur as was confirmed with more 
serrated flow in the load-depth (P-h) curves in Fig. 2(b). Prior studies 
have reported on the correlation between STZ volume and BMG struc
tural state using nanoindentation rate-change tests [42,50]. Fig. 4(a) 
shows that the relaxed BMG with lower amount of free volume [51] has 
higher creep strain rate sensitivity than the as-cast BMG, particularly at 
low temperatures. Higher free volume promotes more STZ initiation and 
corresponding shear band formation because of easier atomic rear
rangement. Since the relaxed BMG possesses comparatively less free 
volume than the as-cast BMG, it has less volume fraction of atoms 
involved in cooperative shearing as illustrated in the schematic Fig. 5(c), 
with the difference being particularly notable at the intermediate tem
peratures (Fig. 4(b)). 

5. Conclusion 

In summary, creep behavior of Zr52.5Ti5Cu17.9Ni14.6Al10 bulk 
metallic glass was investigated using nanoindentation as a function of 
applied load, temperature, and structural state of the glass. At the high 
temperature of 573 K, the creep strain rate sensitivity increased sharply 
and did not depend on the load indicating that diffusion processes 
overshadowed the effect of load. The STZ volume increased with load 
due to lower strain gradient suggesting STZ dominance in creep defor
mation, whereas it decreased with increasing temperature supporting 
diffusion controlled plastic flow at higher temperatures. The reduction 
in free volume of sub-Tg annealed Zr52.5Ti5Cu17.9Ni14.6Al10 bulk metallic 
glass led to its smaller creep displacement, higher creep strain rate 
sensitivity, and smaller STZ volume compared to the corresponding as- 
cast state. This study provides insights into the STZ volume for metallic 
glasses in different structural states, with drastic change in the under
lying mechanisms of time-dependent plastic deformation as a function of 
temperature. 
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