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Abstract: The effect of loading rate and holding time on the creep deformation behavior of (Zr

0.6336

Cu

0.1452

Ni

0.1012

Al

0.12

)

97.4

Er

2.6

 

bulk metallic glass (BMG) was investigated by nanoindentation technique. Results demonstrate that the creep displacement of the 

specimen increases with the increase of loading rate or holding time. On the other hand, the hardness (H) of specimen falls with the 

rise of loading rate or holding time. The H drops with the growth of indentation depth during the nanoindentation process, which 

indicates that the specimen has a size effect. The specimen shows a serrated flow phenomenon which has rate dependence. 

Specifically, as the loading rate declines, the serrated flow phenomenon becomes more obvious. The creep stress exponent of the 

specimen goes down with the increases of loading rate or holding time. 

 

Key words: nanoindentation; hardness; loading rate; stress exponent; holding time 

 

 

 

 

In recent years, due to the characteristics such as high 

hardness and strength, superior wear resistance and excellent 

corrosion resistance, bulk metallic glass (BMG) has received 

extensive attention from the whole world scholars

[1-6]

. 

However, the limited size and room temperature brittleness of 

BMG are two key bottlenecks which currently hinder the 

application in structural materials

[7,8]

. Although scientists have 

a keen interest in the excellent mechanical properties of BMG, 

the deformation mechanisms are still not fully understood due 

to their limited plasticity

[9]

. The development of 

nanoindentation technique has effectively improved the 

understanding of the deformation behavior of BMG. 

Compared with the traditional macro-performance test 

methods, the nanoindentation method has significant features. 

Nanoindentation technique has high resolution in terms of the 

recording for data of load-displacement. Nanoindentation 

technique has been widely used to characterize the mechanical 

response of BMG, such as the time-dependent behavior (i.e., 

creep)

[10-19]

. Moreover, nanoindentation technique has 

significant advantages in the study of mechanical properties 

and deformation of materials in small size. It is well known 

that the creep behavior of crystalline materials is mainly 

performed by dislocation slip, atomic diffusion, etc. However, 

the creep mechanism of BMG is still unknown. According to 

Refs[20,21], whether BMG has low or high glass transition 

temperature (T

g

), all BMGs exhibit creep deformation at  

room temperature. Nanoindentation technique can be used to 

study the creep behavior of BMG at room temperature 

accurately. 

In the present work, the effect of loading rate and holding 

time on creep behavior of (Zr

0.6336

Cu

0.1452

Ni

0.1012

Al

0.12

)

97.4

Er

2.6

 

BMG were studied. In addition, the creep deformation process 

and mechanism of BMG was analyzed. 

1  Experiment 

Master alloy with nominal composition of (Zr

0.6336

Cu

0.1452

-
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Ni

0.1012

Al

0.12

)

97.4

Er

2.6

 was chosen in this study, due to its 

excellent glass forming ability (GFA), superior thermal 

stability and outstanding plasticity at room temperature. The 

master alloy was fabricated by levitation melting the 

constituent elements Zr (99.95%), Cu (99.98%), Ni (99.98%), 

Al (99.98%) and Er (99.99%) under a high purity argon 

atmosphere. Master alloy was re-melted three times to ensure 

chemical homogeneity, followed by suction casting into a 

water-cooled copper mold in order to get rods with a diameter 

of 3 mm and a length of 70 mm. The structures of specimens 

were investigated by X-ray diffractometer (XRD, D/max-2400, 

Cu Kα). The thermal characteristic temperatures of specimen 

were evaluated by differential scanning calorimeter (DSC, 

STA449C) with a heating rate of 20 K/min. Energy dispersive 

spectrometer (EDS) was used to quantitatively analyze the 

components of specimen. 

Test specimen for nanoindentation investigation, with a 

diameter of 3 mm and a length of 3 mm, was polished to 

mirror smooth finish. Nanoindentation investigation was 

carried out by using Hysitron Ti 950 Triboindenter with a 

standard Berkovich diamond indenter at room temperature. 

Experiments were performed at diverse loading rates of 500, 

1000, 1500 and 2000 µN/s with a load limit of 10 000 µN and 

a holding period of 10 s. The load was unloaded to zero at the 

same rate finally. In order to study the effect of holding time 

on the nano-mechanical properties of specimen, various 

holding time were selected, such as 5, 10, 15 and 20 s, and the 

uniform loading rate was 500 µN/s. The indentation 

morphology was observed by a scanning probe microscope 

(SPM). 

2  Results and Discussion 

2.1  Materials characterization 

It can be seen from Fig.1 that XRD pattern consists of one 

broad diffuse peak between diffraction angles 30° and 45°. It 

indicates that the specimen has perfect glassy structure. 

Besides, Fig.1 exhibits the DSC curve of specimen with a 

heating rate of 20 K/min. The glass transition temperature (T

g

), 

onset crystallization temperature (T

x

), melting temperature 

(T

m

), supercooled liquid region ∆T

x

 (∆T

x

=T

x

−T

g

) and 

parameter γ (γ=T

x

/(T

g

+T

l

)) are summarized in Table 1. It can 

be seen from the DSC curve that there is obvious glass 

transition and crystallization process, which demonstrates 

glassy structure characteristics of the specimen again. 

2.2  EDS analysis 

The specimen was subjected to elemental quantitative 

analysis by EDS, and the uniformity of components was 

detected by surface scanning (Fig.2). The test results display 

that the internal chemical composition of the prepared 

specimen is distributed evenly. The mass fraction of alloy 

components is Zr (68.75 wt%), Cu (13.25 wt%), Ni (9.25 wt%), 

Al (3.24 wt%) and Er (5.52 wt%). The mass fraction 

calculated from the atomic fraction of alloy components is Zr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern and DSC curve of the as-cast specimen 

 

Table 1  Thermodynamic characteristic temperatures 

of specimen 
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 γ 

660 744 1081 1130 84 0.584 0.416 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  EDS spectrum of specimen 

 

(71.65 wt%), Cu (11.44 wt%), Ni (7.37 wt%), Al (4.01 wt%), 

and Er (5.53 wt%). Due to an error of about 3% of EDS, the 

component content of specimen meets the requirements of the 

nominal composition. 

2.3  Effect of loading rate 

Fig.3a represents the typical load (P)-displacement (h) 

curves of specimens at diverse loading rates with a load limit 

of 10,000 µN and a holding time of 10 s. The loading rates are 

500, 1000, 1500 and 2000 µN/s. In order to make curves 

legible, each curve has been offset along the x-axis. It can be 

observed that there are creep platforms on each curve and the 

width of creep platform increases with the increase of loading 

rate. This phenomenon indicates that (Zr

0.6336

Cu

0.1452

Ni

0.1012

- 

Al

0.12

)

97.4

Er

2.6

 BMG can undergo creep deformation at room 

temperature and its creep resistance at a lower loading rate is 

superior to that at a higher one. It can be seen from the 

unloading curve that the elastic recovery phenomenon occurs 

during the unloading process. 

The creep displacement curves during holding period are  
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Fig.3  P-h curves (a) and creep displacement curves (b) at diverse 

loading rates 

 

demonstrated in Fig.3b. For ease of comparison, the starting 

point of creep displacement is unified. It can be seen that the 

displacement of indenter increases rapidly with the increase of 

holding time in the early stage of holding period (transient 

creep), then the displacement rate becomes slower and 

changes with the holding time linearly (steady-state creep). 

Furthermore, it can be observed that the creep displacement 

climbs with the rise of loading rate, and the creep 

displacement exhibits strong loading rate dependence. The 

creep displacement ranges from 11.8 nm (appears at 500 µN/s) 

to 21.6 nm (appears at 2000 µN/s), as described in Fig.3b. 

Based on free volume theory, Hey et al

 [22]

 confirmed that the 

generation rate of free volume in the deformation is 

proportional to strain rate directly. Therefore, the faster the 

loading rate, the more the residual free volume is produced. 

Since the viscosity is proportional to the concentration of free 

volume inversely, the specimen may exhibit more 

macroscopic viscous flow behavior at high loading rate, 

resulting in occurrences of more creep displacement. 

In addition, linear fitting was carried out on the curve of 

creep displacement-holding time in the stage of steady-state 

creep, in order to obtain steady-state creep rate of specimen. 

When the loading rate is 500, 1000, 1500 and 2000 µN/s, the 

corresponding steady-state creep rate is 0.6, 0.72, 1.08 and 

1.12 nm/s, respectively. It grows with the increase of loading 

rate. This phenomenon may be due to the larger loading rate, 

which results in a larger free volume concentration. The larger 

free volume concentration makes the internal atomic 

rearrangement easier; therefore, the steady- state creep rate is 

faster. 

The P-h curves of specimens can also provide a multitude 

of information. As described in Fig.4, the hardness (H) and 

elastic modulus (E) of specimens are calculated and their 

relationship with the loading rate is plotted. The H of each 

point was calculated at the peak load based on the 

Oliver-Pharr

[23]

 method. E was calculated at the initial stage of 

unloading curve. When the loading rate is increased from 500 

µN/s to 2000 µN/s, H decreases from 4.78 GPa to 4.35 GPa. 

Owing to the amount of free volume increasing with the 

increases of loading rate, a large loading rate means a large 

free volume concentration. The enrichment of free volume can 

reduce the H of specimen. It can be seen from Fig. 4 that the E 

drops with the rise of loading rate slightly. However, as a 

whole, the loading rate has little effect on E. When the loading 

rate is 500 µN/s, specimens have excellent mechanical 

properties, the minimal creep displacement is 11.8 nm, the 

maximum H is 4.78 GPa and the E is 54.66 GPa. 

Fig.5 exhibits the P-h curves and a partially enlarged view 

at the loading period with different loading rates. It can be 

clearly seen that there is an obvious serrated flow 

phenomenon and this phenomenon differs at different loading 

rates. With the increases of loading rate, the serrated flow 

phenomenon decreases gradually. Specimen shows a 

significant serrated flow phenomenon, when the loading rate 

is 500 µN/s. However, when the loading rate is 2000 µN/s, 

few serrated flow phenomenon is observed.  

There are two different explanations for the influence of 

loading rate on the serrated flow phenomenon. One is based 

on the lack of equipment accuracy and response time. It is 

considered that the equipment cannot observe small and 

discrete serrated flow phenomenon. The other explanation is 

that BMG undergoes essential transformation during the 

process of plastic deformation. At a lower rate, a single shear 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationship of hardness and elastic modulus with loading 

rate 
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Fig.5  Load-displacement curves of specimen at loading stage with different loading rates: (a) 500 µN/s, (b) 1000 µN/s, (c) 1500 µN/s, 

and (d) 2000 µN/s 

 

band can be fully extended to coordinate strain. At a higher 

rate, a single shear band cannot coordinate strain, thereby 

promoting the extending of multiple shear bands. The present 

work prefers the second explanation because it can be applied 

to the serrated flow phenomenon associated with the loading 

rate during the compression experiment at room temperature. 

For a self-similar indentation tip like Berkovich tips, the 

strain rate ε

�

 and characteristic stress σ can be described 

as

[24]

: 

2

24.56

P

σ

h

=                                    (1) 

1 d

h d

h h

ε

t h

= =

�

�

                                  (2) 

where P is the instantaneous load, h

�

 is the displacement rate 

of the tip of the Berkovich indenter, and h is the instantaneous 

displacement. The h

�

 has often been calculated by fitting the 

creep displacement curves according to the following 

empirical law

[25]

 

0 0

( ) ( )

b

h t h a t t kt= + − +

                         (3) 

where h

0

 is the initial displacement depth; t

0

 is the initial time 

of creep process; a, b and k are fitting parameters. The fitting 

parameters are shown in Table 2. Fig.3b demonstrates the 

relationship among the experimental creep data, the fitting 

data and holding time. It can be seen that the experimental 

curve fits well with the fitting curve. As can be seen from 

Table 2, the fitting degree (R

2

) reaches 0.99. It is demonstrated  

Table 2  Fitting parameters of the fitted equation over creep 

displacement-time data 

Fitting parameter 500 µN/s 1000 µN/s 1500 µN/s 2000 µN/s 

h

0

/nm 

t

0

/s 

a 

b 

k 

R

2

 

321.457 3 

20.024 2 

4.060 77 

0.473 14 

–0.002 49 

0.997 3 

318.405 6 

10.014 61 

5.726 35 

0.406 76 

–0.117 6 

0.9975 1 

317.142 5 

6.681 41 

7.384 43 

0.471 78 

–0.177 85 

0.999 12 

324.170 5 

5.009 81 

9.118 22 

0.451 84 

–0.266 68 

0.999 19 

 

that Eq. (3) can well describe the relationship between creep 

displacement and holding time of specimen. According to Eq. 

(2), the creep strain rate of specimen is calculated and the 

relationship between strain rate and holding time is plotted 

(Fig.6a). 

Fig.6a demonstrates the relationship between creep strain 

rate and holding time of specimens at various loading rates. It 

can be seen that the creep strain rate decreases rapidly with the 

increase of holding time at the initial stage of creep (t<2s), and 

then slows down gradually and stabilizes eventually (t>2s). 

Moreover, the creep strain rates grow with the rise of loading 

rate. Fig.6b shows the relationship of the maximum depth of 

indentation and creep displacement with loading rate. The 

maximum depth is 347 nm which appears at 2000 µN/s and 

the minimum depth is 331 nm which appears at 500 µN/s. 

During the experiment, the maximum depth and creep 
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Fig.6  Relationship between strain rate and holding time of speci- 

mens (a); relationship of the max depth and creep 

displacement with loading rate (b) 

 

displacement of indentation climb gradually with the rise of 

the loading rate. Fig.4 shows that the H of specimen decreases 

as the loading rate increases. Considering the conclusions of 

Fig.4 and Fig.6b, it can be concluded that the H of specimen 

drops with the growth of indentation depth. In other words, 

there is a size effect in the process of nanoindentation. 

The relationship between strain rate ε

�

 and characteristic 

stress σ can be described by the classical power law 

equation

[26]

: 

n

ε Aσ=

�

                                       (4) 

where the factor A is a temperature-dependent material 

constant. The creep stress exponent (n) is widely used to 

describe the steady-state creep behavior of material, because it 

can provide useful information about creep deformation. It can 

be described as: 

ln

ln

ε

n

σ

∂

=

∂

�

                                     (5) 

Fig.7a shows the ln ε

�

 vs lnσ curves under various loading 

rates. The n is taken from the slope of linear part of strain rate 

vs stress (corresponding to the very left region of the curve) 

and the relationship between n and loading rate is plotted as 

shown in Fig.7b. Fig.7b shows higher stress exponent values 

of 26 at 500 µN/s. The n exhibits strong loading rate depen- 

dence. With the rise of loading rate from 500 to 2000 µN/s, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  ln ε

�

 vs lnσ plots of specimen (a); relationship between creep 

stress exponent and loading rate (b) 

 

n drops from 26 to 13. Similar behavior was observed by 

Huang et al

[21]

. A higher creep stress exponent means a 

stronger creep resistance. The experimental results shown in 

Fig.7b indicate that the specimen exhibits strong creep 

resistance at low loading rates. 

The plastic deformation of BMG is usually described by its 

internal “flow defects”, which can be clarified by free volume 

model. The change of free volume manifests density 

fluctuations, when the volume is greater than the critical 

volume v

*

. The concentration of free volume c

f

 inside the 

BMG can be described as

[27]

: 

*

f

f

exp( )

γv

c

v

= −

                                (6) 

where γ is a constant between 0.5 and 1; v

f

 is the average free 

volume of atoms. When an external stress is applied to the 

specimen, it undergoes a strain ε in the smaller region v

0

, and 

the strain rate depends on the magnitude of applied stress. The 

macroscopic strain rate can be described by the following 

formula

[28]

: 

0 0 0 0

u f f

2 sinh( )

2

ε v σε v

ε c k

kT

=

�

Ω

                        (7) 

where k represents Boltzmann’s constant; T is temperature; k

f 

is a rate constant; Ω represents the atomic volume.  

Ignoring the effect of temperature, in the nanoindentation 
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test, the creep strain rate is related to the macroscopic strain 

rate

[29,30]

. So the relationship between the creep strain rate and 

the c

f

 can be described as: 

f

0.18ε Bc=

�

                                    (8) 

where B is a temperature-dependent material constant. 

Therefore, during the nanoindentation test, the concentration of 

free volume is correlated with the indentation strain rate 

positively. In addition, because plastic deformation of BMG 

depends on the generation and disappearance of free volume,  

the faster the indentation strain rate is before the creep stage, the 

more the viscous rheological behavior will exhibit. Therefore, 

the faster loading rate means more creep displacement. This 

conclusion is consistent with the experimental results which are 

shown in Fig.3 and Fig.7. 

2.4  Effect of holding time 

Fig.8a demonstrates P-h curves for diverse holding time at 

a load limit of 10 000 µN with a loading rate of 500 µN/s. The 

holding time is 5, 10, 15 and 20 s. It can be observed that the 

width of creep platform increases with the increase of holding 

time. This phenomenon indicates that creep displacement goes 

up with the growth of holding time. The plastic deformation of 

BMG is based on shear bands. Since the shearing 

phenomenon has a time effect, a longer holding time means 

more shear deformation, which further leads to more creep 

displacement. The relationship of creep displacement and max 

depth with holding time is shown in Fig.8b. It can be seen that 

the creep displacement range from 9 nm (appears at 5 s) to 23 

nm (appears at 20 s). In addition, the max depth of indentation 

climbs with the increase of holding time. The H and E at 

different holding time are calculated according to Oliver-Pharr 

method, as shown in Fig.9a. The result shows that the H and E 

fall with the growth of holding time. It can be observed that 

the specimen has a size effect during nanoindentation process 

which is manifested by the fact that the H drops with the rise 

of indentation depth by comparing Fig.8b and Fig.9a. Ignoring 

the influence of temperature, plastic deformation caused by 

stress grows with the rise of holding time. The plastic 

deformation of BMG is based on shear band, and more shear 

bands mean more free volumes. The enrichment of free 

volume results in a decrease in H. Fig.9b shows the 

relationship between creep strain rate and holding time. It can 

be obtained that the creep deformation consists of transient 

creep and steady-state creep. The creep strain rate curves at 

different holding time almost coincide, indicating that the 

creep strain rate of specimen does not depend on holding time. 

The ln ε

�

 vs lnσ curves of specimen at different holding 

time are plotted as described in Eq.(5), as shown in Fig.10a. 

The slope of the curve decreases with the increase of holding 

time gradually and exhibits a tendency to vary linearly at the 

end of holding time. Fig.10b displays the relationship between 

creep stress exponents and holding time. The transient creep 

behavior of BMG is affected by elastic deformation, so the 

creep stress exponent is extracted from the end of holding  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Load-displacement curves of specimen with diverse holding 

time (a); relationship among creep displacement, max depth 

and holding time (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Relationship of hardness and elastic modulus with hold-   

ing time (a); relationship between strain rate and holding     

time (b) 
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Fig.10  ln ε

�

 vs lnσ curves of specimen with diverse holding time (a); relationship between creep stress exponent and holding time (b) 

 

time in the present work. The stress exponent drops with the 

growth of holding time (Fig.10b). It indicates that the creep 

resistance decreases with the increase of holding time. Due to 

the time dependence of shearing phenomenon, a long holding 

time affects shear deformation, resulting in an increase of 

creep displacement and a decrease of the creep stress exponent. 

When the holding time reaches 15 and 20 s, the creep stress 

exponents is consistent, indicating that the creep deformation 

of specimens tends to be stable. 

Fig.11 displays the SPM images of indentation profile at 

different holding time. Specimens demonstrate distinct 

indentation profiles at different holding time. The surface of 

specimen indicates a shape of Berkovich indenter and a 

material pile up phenomenon. The material piles up in Fig.11c, 

11d are more than that of Fig.11a, 11b. The reason for this 

phenomenon can be explained in two aspects. On the one hand, 

the longer holding time means the deeper indentation depth, 

resulting in more material piles up. On the other hand, the 

longer the holding time, the more significant the enrichment 

of free volume, and the H of specimen falls, which further 

lead to more material piles up. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  SPM images of the indentation topography of specimens at different holding time: (a) 5 s, (b) 10 s, (c) 15 s, and (d) 20 s 
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3  Conclusions 

1) The creep displacement of (Zr

0.6336

Cu

0.1452

Ni

0.1012

Al

0.12

)

97.4

Er

2.6

 

BMG increases with the increase of loading rate or holding time.  

2) The specimen has a size effect during nanoindentation 

process, and the H drops with the rise of indentation depth. The 

H also falls with the growth of loading rate or holding time. 

3) The specimen has a serrated flow phenomenon during the 

nanoindentation process and has rate dependence. As the 

loading rate declines, the serrated flow phenomenon becomes 

more obvious. 

4) The creep deformation process of specimen is mainly 

composed of two parts: one part is transient creep (t<2 s) and 

the other part is steady state creep (t>2 s). The creep strain rate 

of specimen climbs with the loading rate.  

5) The creep stress exponent declines with the increases of 

loading rate or the holding time. 
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