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Abstract: Creep deformation can be classified as homogeneous flow and inhomogeneous flow in bulk metallic glass 
(BMG). In order to understand the conversion conditions of the two types of creep deformation, the effect of loading 
rate on the creep behavior of a Ti40Zr10Cu47Sn3 (at.%) BMG at ambient temperature was investigated using 
nanoindentation and molecular dynamic simulation. Results indicate that at low loading rates, many serrations appear in 
loading stage, leading to inhomogeneous serrated flow in the creep stage. When the loading rate is high enough, the 
creep deformation tends to be homogeneous. The related mechanism responsible for the rate-dependent creep behavior 
is attributed to the number of pre-existing major shear bands which is influenced significantly by the loading rate. 
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1 Introduction 
 

Since bulk metallic glasses (BMGs) exhibit 
extremely high strength and large elastic strain limit 
at room temperature, they are generally considered 
as potential structural materials [1−3]. However, the 
poor plasticity at room temperature restricts their 
applications, and thus significant efforts have been 
made to understand the plastic deformation 
behaviors of BMGs [4]. After years of research, it is 
well accepted that the plastic deformation of BMGs 
is related to the local rearrangement of atoms, 
which possess much larger displacement than the 
surrounding atoms, called shear transformation 
zones (STZs) [5−7]. The activation of STZs in 
stressed BMGs could form shear bands which 

significantly influence the plastic deformation [8]. 
The plastic deformation mode of BMGs can 
basically be classified into two types, i.e. 
homogeneous flow and inhomogeneous flow. When 
the stress is relatively low and the temperature is 
high (above and near the glass transition 
temperature Tg), homogeneous flow occurs, where 
independent STZs contribute to the strain [5,9]. 
Oppositely, inhomogeneous deformation usually 
occurs at high stress and low temperature in a few 
localized narrow shear bands, which are promoted 
by free volume and thermal softening induced   
by atomic rearrangements in coupling with the 
STZs [5,10−12]. Inhomogeneous flow eventually 
results in strain softening and macroscopically 
catastrophic failure. Flow serration, associated  
with inhomogeneous flow, is a commonly observed 
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phenomenon both in uniaxial compression [13] and 
sharp indentation test of BMGs [14]. 

Creep is a time-dependent plastic deformation 
behavior. The creep behaviors of BMGs have 
attracted much attention due to their unique atomic 
structure [15]. Similar to the quasi-static plastic 
deformation such as uniaxial compression, creep 
can be identified as homogeneous creep or 
inhomogeneous creep, in which flow serrations 
were also reported [16,17]. For example, YOO    
et al [18] investigated the creep behavior of two 
CuZr BMGs and found that the creep is 
homogeneous and the amount of creep deformation 
is sensitive to the indentation strain, which can be 
adjusted by the applied peak load. LI et al [16] 
pointed out that the inhomogeneous creep occurs in 
the specific regions (soft regions) of CuZrAlAg 
BMG during nanoindentation, and proposed that 
local structural diversity may be a key factor in 
determination of creep behavior. However, the 
conversion condition between homogeneous creep 
deformation and inhomogeneous creep deformation 
is still not clear. The objective of this work is to 
explore the conversion conditions of different types 
of creep behavior of a TiCu-based BMG. 

Further, it is well known that strain rate plays a 
significant role in affecting the microstructure and 
mechanical properties of BMGs [19−21]. For 
instance, strain rate extensively affects the yielding 
strength in tension and compression tests [22], the 
serrated flow in compression tests [23] and 
nanoindentation tests [14], and the creep stress 
component in nanoindentation creep tests [24]. 
SCHUH and NIEH [14] found that the plastic 
deformation of a Pd−30Cu−10Ni−20P BMG 
generally corresponds to individual load serrations 
at low indentation rates. Oppositely, if indentation 
rate is high enough, none of the measured plasticity 
can be attributed to load serrations. The effect, 
however, of strain rate on the serrated flow of creep 
during the nanoindentation process is still unclear 
up to now. Since creep occurs immediately after the 
loading stage, the strain rate at loading stage can 
affirmatively modify the local microstructures of 
deformation regions, subsequently affecting the 
creep behaviors. 

Nanoindentation is widely used in 
investigating the mechanical response of various 
materials due to its high accuracy in well-controlled 
conditions [25]. In this work, nanoindentation tests 

and molecular dynamic simulations were used to 
study the different types of creep behavior at 
different rates. The related mechanisms were 
discussed in detail. 
 
2 Experimental  
 
2.1 Materials and methods 

The master alloy with a nominal composition 
of Ti40Zr10Cu47Sn3 (at.%) was fabricated through arc 
melting a mixture of Ti (99.8%), Zr (99.8%), Cu 
(99.99%), and Sn (99.99%) in a high-purity argon 
atmosphere. The ingot was remelted four times to 
ensure compositional homogeneity, and then 
suction cast into specimens with diameter of    
2 mm and length of 60 mm in water-cooled copper 
molds. The glassy structure of the alloys was 
examined using a Rigaku D/max-2550VB X-ray 
diffractometer (XRD) and an FEI Tecnai G2 F20 
transmission electron microscope (TEM). The 
thermodynamic behavior was characterized using 
an SDT Q600 differential scanning calorimeter 
(DSC), by heating from room temperature to 
700 °C at a heating rate of 20 °C/min under flowing 
argon. The surfaces of specimens were 
mechanically polished before being subjected to 
nanoindentation tests using a nanoindenter (UNHT) 
with a Berkovich diamond tip at room temperature. 
Small errors such as noise and thermal drift can be 
eliminated in real time. The nanoindentation tests 
were performed in a load-control mode at different 
loading rates (dP/dt of 0.05, 0.1, 0.5, 1 and 5 mN/s). 
After loading, the indenter was held at a maximum 
load (Pmax of 30 mN) for 1000 s. A data acquisition 
of 10 points/s was applied to recording the 
displacement–time curves and capture possible 
serrated flow. Nanoindentation tests at each loading 
rate were performed at least five times to ensure 
repeatability. 
 
2.2 Simulation 

A molecular dynamics model in Fig. 1 
containing 195200 atoms, with a size of 144 Å × 
144 Å × 253 Å was constructed to investigate the 
nanoindentation process. The TiZrCu BMG model 
was obtained by randomly replacing atoms in Ti 
crystal to meet the specific molar fraction (40% Ti, 
10% Zr, 50% Cu) at first, and then accompanied by 
subsequent melting and quenching [26]. The 
diamond spherical indenter with a diameter of 20 Å 
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(containing 34850 atoms) was regarded as a rigid 
structure. Periodic boundary conditions were used 
in the X and Y directions, and free boundary 
condition was applied in the Z direction. The atoms 
in the model were classified into 3 categories. 
Boundary atoms with a thickness of 10 Å were 
fixed at the bottom. Thermostat atoms with a 
thickness of 10 Å were set next to boundary atoms. 
The rest of the atoms were set as Newtonian  
atoms [27] which meet the Newton’s second law. 
 

 

Fig. 1 TiZrCu BMG model used in simulation 

 
The initial temperature of the TiZrCu BMG 

sample was set as 20 °C. The temperature was kept 
at the beginning temperature by readjusting the 
thermostat set. The micro-canonical (NVE) 
ensemble was adopted during indentation. Large- 
scale atomic/molecular massively parallel simulator 
(LAMMPS) was applied in the present study, and 
all of the simulations were performed with the time 
step of 1 fs [28]. The embedded atom method 
(EAM) potential was employed for the atomic 
interaction of TiZrCu BMG, while the interaction 
between TiZrCu BMG and tool used Morse 
potential [27,29]. The visualization was conducted 
with the open source software OVITO [30]. To 
obtain the comparable elastic modulus between 
simulation and experiment, reduced elastic modulus 
was used to characterize the elastic property of the 
model, which was obtained according to the work 
of OLIVER and PHARR [25]. Based on the Hertz 
theory, the force can be expressed as F=4/3r1/2E*h3/2, 
where r represents the indenter radius, h represents 
the depth of indentation, and E* represents the 
reduced elastic modulus which can be calculated by 
1/E*=(1−v2)/E+(1−v′)E′, where E and v are the 

elastic modulus and Poisson ratio of the substrate, 
respectively, and E′ and v′ are the elastic modulus 
and Poisson ratio of the indenter, respectively. Here, 
v is set as 0.36 [31], and E* of the TiZrCu BMGs is 
61 GPa. 

As the simulated indentation test started, the 
indenter moved in the Z direction at a constant 
speed rather than a fixed loading rate to simplify the 
simulation process. The force of the indenter was 
then recorded automatically and the shear strain in 
the model was calculated. The plane for 
visualization was parallel to the YZ plane and 
coincided with the center of the model (Fig. 1). 
Three indentation speeds (1, 5 and 50 m/s) were 
used to study the difference in shear deformation 
behavior. 
 
3 Results 
 
3.1 Amorphous properties 

Figure 2 shows the XRD pattern and DSC 
curve of the as-cast Ti40Zr10Cu47Sn3 rod. It mainly 
consists of a broad peak and there are no visible 
 

 
Fig. 2 XRD pattern and corresponding electron 

diffraction pattern with high-resolution TEM image (a), 

and DSC curve (b) of as-cast Ti40Zr10Cu47Sn3 BMG 
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sharp Bragg peaks corresponding to the crystalline 
phases (Fig. 2(a)). This indicates the almost fully 
amorphous structure of the as-cast alloy. The 
mazelike pattern of TEM image and selected-area 
electron diffraction (SAED) pattern inset in Fig. 2(a) 
imply that no phase separation occurred during 
casting, further demonstrating the amorphous 
nature of the specimen. As indexed in Fig. 2(b), the 
glass transition temperature (Tg) and the onset 
crystallization temperature (Tx) of the as-cast alloy 
are 383 and 441 °C, respectively. Therefore, the 
super cooled liquid region, ΔTx (ΔTx=Tx−Tg) can be 
determined as 58 °C. 
 
3.2 Creep behaviors 

To investigate the loading rate sensitivity of 
the creep deformation, nanoindentation tests were 
conducted at different loading rates. Displacement− 
time curves for as-cast sample at different loading 
rates are shown in Fig. 3. The demarcation   
points between loading region and creep region  
on the curves were shifted to the same time for 
better comparison. Serrated flows, regarded as  

 

 

Fig. 3 Displacement–time curves of nanoindentation 

tests at different loading rates (a) and enlarged view (b) 

of dashed rectangle in (a) 

inhomogeneous deformation, are observed on the 
curves in loading region (Fig. 3(b)). This obviously 
shows that the higher the loading rate is, the more 
the serrations appeared at the loading stage. 

Unlike the tests conducted at low loading  
rates, no distinct serration was found on the 
displacement−time curve in the creep region at a 
loading rate of 5.00 mN/s (Fig. 3(b)), indicating the 
occurrence of homogeneous flow. Similarly, the 
number of serrations at the creep stage is 
significantly dependent on the loading rate 
performed before creep. 

To quantify the effect of shear banding on the 
creep behavior, the size of each serration, the total 
displacement and the number of serrations both at 
loading and creep stages were counted and 
calculated statistically. Figure 4(a) illustrates the 
distribution of the serrations at the loading stage 
and the creep stage with different loading rates. The 
calculated total number and displacement of the 
serrations are shown in Fig. 4(b). It is obvious  
that the number and displacement of the serrations  
 

 

Fig. 4 Distribution of serrations in both loading region 

and creep region of displacement–time curves with 

different loading rates (a), and total displacement and 

number of serrations statistically calculated from loading 

region and creep region (b) 
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decrease remarkably with the up-regulated loading 
rate in both loading region and creep region. 
 
3.3 Molecular dynamics simulation 

To further illustrate the shear banding events 
evolution during loading, a molecular dynamics 
model was introduced. The elastic modulus (E) of 
the TiZrCu model with the indentation depth of 
2.5 nm (Fig. 5) is 53 GPa. This is approximately 
consistent with the previous study [32], and thus 
ensures the validity of the simulations. 
 

 

Fig. 5 Force−displacement curve of simulation process  

Force–displacement curves simulated at 
various indentation speeds are presented in     
Fig. 6(a). Serrations caused by fluctuation of 
indentation force can be observed on all simulated 
curves. The Hertz fitting curve stimulated at lower 
indentation speeds exhibits severer fluctuations. 
Snapshots of the strain distribution at different 
indentation speeds are shown in Fig. 6. The strain in 
the small zone beneath the high strain region 
located around the indenter is inhomogeneous, in 
which assembly of large-strain atoms is surrounded 
by small-strain atoms. These are described as shear 
strain zones (SSZs), marked as yellow ring in 
Figs. 6(b−d). A number of SSZs are detected in the 
model stimulated at 1 m/s, while only a few SSZs 
can be found in the model stimulated at 50 m/s. It is 
worth noting that the uniformity of strain is better in 
the model under high indentation speeds than low 
indentation speeds. 

 
4 Discussion 
 

The initiation and propagation of shear bands 
are regarded as slip avalanches of STZs [33]. A 
number of STZs assembled cooperatively to form  
a shear band, in which the highly localized strain 

 

 

Fig. 6 Force–displacement curves and Hertz fitting curves at different indentation speeds (a), strain distributions of 

TiZrCu BMG using molecular dynamic simulation at different indentation speeds of 1 m/s (b), 5 m/s (c), and 50 m/s (d) 
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accumulated via sustained uniform shearing [34]. 
SONG et al [35] reported a one-to-one 
correspondence between the serration on the 
load−displacement curve and the sliding on the 
BMG sample through in situ compression tests. The 
single shear along a principal shear plane is 
believed to be the cause of serrations when strain 
rate is relatively low [35]. Accordingly, in the 
present study, the serrations on the displacement− 
time curve can be considered as the accumulation of 
displacement via localized deformation, which 
varies significantly between the tests performed at 
different loading rates. 
 
4.1 Loading stage 

At the loading stage, STZs in BMGs nucleate 
and then shear bands initiate when the load and 
deformation increase. The initiation and 
propagation of shear bands significantly depend on 
the strain rate [19,22,23]. At a low loading rate, an 
agminated shear zone formed via assembly of STZs 
at first and then large displacements accumulated in 
it to relax the loading stress, which can also be 
considered as large slip events [33]. This led to the 
occurrence of highly localized strain, i.e. shear 
banding, which appeared as evident serrations on 
the curve of loading region [14,35]. In the present 
study, a large number of serrations can be observed 
on the curves at low loading speeds, indicating the 
existence of shear bands, where highly localized 
strain accumulated (Fig. 4), which are regarded as 
dominant shear bands. Similarly, the large stress 
drop can also be observed on the curves simulated 
at low indentation speeds (Fig. 6(a)). More coupled 
SSZs denote the high probability for the  
formation of shear bands either (Fig. 6(b)). 
Furthermore, shear banding events in deformed 
BMGs often increase the free volume and lead to 
the strain softening [4,5,9,10], which could 
sequentially strengthen the inhomogeneous flow at 
both loading and creep stages [16]. As the loading 
rate is increased, the relaxation velocity of slip 
along shear bands is not enough to adapt the rapidly 
increased strain [36]. Simultaneously, ultrafine 
shear bands may nucleate instead of the dominant 
shear bands. Although few large serrations are 
observed both on experimental and simulation 
curves at high loading rates (Fig. 3, Fig. 6(a)), 
extremely small serrations related to ultrafine shear 
bands exactly do exist [37]. It is difficult to 

characterize these fine serrations due to the limited 
resolution of the indentation equipment [38]. 
However, these can be observed on the simulated 
curves (Fig. 6(a)). When the loading rate is 
sufficiently high, the assembly velocity of STZs 
may be not enough to adapt the high strain rate. 
This gives rise to the accommodation of 
independent STZs (sporadic SSZs in Fig. 6(d)), 
hence exhibiting homogeneous flow. QIAO      
et al [23] reported a similar rate-dependent 
phenomenon in compression tests, and suggested 
that the occurrence of inhomogeneous flow was 
strongly related to the critical strain rate. 
 
4.2 Creep stage 

Shear bands accumulated highly-localized 
strain generated at the loading stage increase the 
free volume of plastically deformed regions [5,9,39], 
in which STZs sequentially assemble and form new 
shear bands under the constant stress at the creep 
stage [18]. In addition, some of the pre-existed 
dominant shear bands are likely to be reactivated 
and propagate continuously [40]. In the present 
study, the number of pre-existed dominant shear 
bands immediately before creep is sufficient for the 
BMG tested at a low loading rate (Fig. 4), which 
further triggers the occurrence of multi-serrations at 
the creep stage. At high loading rates, in contrast, 
the deformed specimen contains few dominant 
shear bands immediately before creep and the 
initiation of new shear bands and/or propagation of 
pre-existing shear bands are inhibited. Since the 
strain rate of creep stage is much lower than that  
of loading stage, the propagation of fine shear 
bands is not able to form dominant shear bands at 
the creep stage. Consequently, these give rise to 
homogeneous flow without observable serrations on 
the curve (Fig. 3). 
 
5 Conclusions 
 

(1) The more the serrations appearing at the 
loading stage, the more the significant 
inhomogeneous flow (serrations) that occurs at the 
creep stage. The key factor that determines the 
creep behavior is the number of the dominant shear 
bands pre-existed. 

(2) At low loading rate, local strain is 
accommodated by dominant shear banding events, 
leading to serrated flow at both loading and creep 
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stages. As the loading rate increases, serrated flow 
and dominant shear banding events affect the 
serrations and the evolution of shear bands at the 
creep stage. When the loading rate reaches 
5.00 mN/s, the homogeneous creep occurs. 
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摘  要：大块金属玻璃中的蠕变变形可分为均匀流动和非均匀流动。为了理解两种蠕变变形的转化条件，使用纳

米压痕试验和分子动力学模拟研究加载速率对 Ti40Zr10Cu47Sn3 (摩尔分数，%)大块金属玻璃室温蠕变行为的影响。

结果发现，在低加载速率下，加载阶段出现很多的锯齿流动，导致蠕变阶段出现非均匀的锯齿流动；而当加载速

率足够高时，蠕变变形趋向于均匀流动。详细讨论与速率相关的蠕变行为的相关机制，发现关键因素是预先存在

的主要剪切带的数量，该数量受加载速率的影响较大。 

关键词：金属玻璃；纳米压痕；加载速率；非均匀蠕变；剪切带 
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