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Abstract: Effect of loading rate on room temperature creep deformation of {[(Fe0.6Co0.4)0.75B0.2Si0.05]0.96Nb0.04}96Cr4 bulk metallic 
glass (BMG) was investigated by performing nanoindentation creep experiments. Experimental results show that the creep 
displacement of the Fe-based BMG increases with increasing the loading rate. Furthermore, based on an empirical power-law 
equation, the stress exponent for room temperature creep of this BMG was calculated. As the indentation loading rate increases from 
1 mN/s to 50 mN/s, the stress exponent decreases gradually from 28.1 down to 4.9, exhibiting significant indentation loading rate 
sensitivity. Finally, nanoindentation creep behavior in this Fe-based BMG was demonstrated in terms of free volume and “shear 
transformation zone” (STZ) theories, which could provide semi-quantitative explanation as for the observed experimental and 
analytical results. 
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1 Introduction 
 

Since metallic glasses could be produced in bulk 
form [1], the mechanical property of the amorphous 
alloys has become a realistic topic on research for 
possible structural applications. Although there is 
growing interest in the mechanical properties of bulk 
metallic glasses (BMGs), the deformation mechanism is 
far from being understood due to the very limited 
plasticity before fracture in uniaxial tensile or 
compression tests at ambient temperature [2,3]. In recent 
years, nanoindentation technique has been widely used to 
investigate the plastic deformation behavior of BMGs at 
room temperature [4] because of its high resolution in 
recording load — displacement data. BMGs exhibit 
obvious plastic deformation as pop-in events on the load
—displacement curves during loading in nanoindentation, 
therefore the mechanism of plastic deformation is 
attested in terms of the formation and propagation of 
shear bands [5]. Inspired by the successful application of 
nanoindentation on studying plastic deformation, some 
researchers attempted to utilize such technique to 

investigate time-dependent deformation (i.e., creep) 
behavior of BMGs [6,7]. Nanoindentation creep 
experiments at room temperature were initially 
conducted on BMGs, like Ce-, La-, and Mg-based BMG 
with a low glass transition temperature (Tg) (and thus the 
room temperature is 0.7−0.75 Tg) since creep is expected 
to occur mainly at high reduced temperatures (T/Tg>0.7) 
where deformation is thought to be homogeneous. 
Recently, HUANG et al [8,9] and YOO et al [10] have 
attempted to extend the room-temperature creep analysis 
to Fe-, Ti-based and CuZr BMGs whose Tg is not so low 
(T/Tg=0.35−0.43). BMGs with low or high Tg all exhibit 
creep deformation at room temperature, which 
experimentally break through the restraint of temperature. 
Additionally, the creep parameters (such as stress 
exponent) obtained by nanoindentation technique have 
been found consistent with those from conventional 
creep tests for a wide range of materials [11−13]. These 
consistencies are not only useful to measure 
nano/micromechanical time-dependent deformation of 
BMGs, but also give a possible attraction of 
understanding the deformation mechanisms of the 
materials by indentation test. 
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During nanoindentation creep tests, loading rate 
sensitivity of indentation creep deformation and stress 
exponent, which usually appears in polymers and some 
crystalline materials, has also been found in BMGs. 
However, the trends of the stress exponent changes with 
loading rate found by the authors were controversial. For 
example, HUANG et al [8] suggested that the stress 
exponent for the power-law creep of a Fe-based BMG 
decreases with the loading rate used prior to the holding 
period, whereas YOO et al [10] observed an opposite 
trend in Cu50Zr50 BMG. Metallic glasses are essentially 
viscoelastic as other glasses[14] and the stress exponent 
derived from the steady state of creep and the loading 
rate sensitivity are the key points to understand the 
mechanism of creep deformation. Apart from the 
theoretic interests, the creep of BMGs at room 
temperature under sub-micrometer contacts is also of 
great practical significance for various possible 
applications such as nano-, micro-electromechanical 
system (NEMS, MEMS) 

Considering the above-mentioned, a thorough study 
of the loading rate sensitivity of the creep behavior of a 
Fe-based bulk metallic glasses, {[(Fe0.6Co0.4)0.75B0.2- 

Si0.05]0.96Nb0.04}96Cr4 with a relatively high Tg of 833 K 
was treated as the goal of this current research. Creep test 
using nanoindentation technique was adopted as an 
experimental method at room temperature under loading 
rates ranging from 1 to 50 mN/s. The influence of 
loading rate on the creep strain rate and stress exponent 
was demonstrated and the creep deformation mechanism 
during nanoindentation was discussed as well. 
 
2 Experimental 
 

The ingots of master alloy with nominal 
composition {[(Fe0.6Co0.4)0.75B0.2Si0.05]0.96Nb0.04}96Cr4 
(mole fraction, %) were prepared by arc melting the 
mixture of pure Fe, Co, Cr and Nb metals with pure B 
and Si crystals in a purified argon atmosphere. The 
ingots were melted at least three times in an arc melter in 
order to obtain chemical homogeneity. Cylindrical rods 
of 3 mm in diameter and 40 mm in length were 
fabricated by copper mold casting. In all cases, the 
amorphous structure of the alloy was monitored by X-ray 
diffraction (XRD) with Cu Kα radiation. Thermal 
stability associated with Tg, crystallization temperature 
(Tx) and supercooled liquid region ∆Tx(=Tx−Tg) was 
evaluated by differential scanning calorimetry (DSC) at a 
heating rate of 0.67 K/s. 

Prior to nanoindentation experiments, the 
cylindrical rods were cut into 5 mm-thick cylinders and 
the surfaces of samples were mechanically polished to a 
mirror finish. The nanoindentation tests were conducted 
using a triboIndenter from Hysitron Inc. with a standard 

Berkovich diamond indenter. The load and displacement 
resolutions of the machine were 100 nN and 0.1 nm, 
respectively. The machine compliance calibration for the 
transducer-tip configuration and tip area functional 
calibration were performed with a standard fused silica 
sample before proceeding with all indentation 
experiments. Experiments at constant loading rates of 1, 
5, 10, 20 and 50 mN/s were carried out to a load limit of 
50 mN followed by a holding period of 40 s. At least four 
indentation tests were carried out under each condition. 
Given the time required to conduct the vast majority of 
the indentation creep experiments, any assumption about 
the constancy of thermal drift during the entire 
experiment deserved questioning. With this in mind, 
every effort was made to minimize the effects of thermal 
drift in all of the experiments by allowing several hours 
for thermal equilibrium at each temperature. 
 
3 Results and discussion 
 

Figure 1 shows the XRD pattern and DSC curve of 
the as-cast Fe-based BMG sample. The as-cast alloy 
exhibits an XRD spectrum typical for an amorphous 
phase without an obvious crystalline peak, and Tg, Tx  
and ∆Tx for this BMG measured by DSC are 833, 874 
and 41 K, respectively. 
 

 

Fig. 1 XRD pattern for as-cast {[(Fe0.6Co0.4)0.75B0.2Si0.05]0.96- 

Nb0.04}96Cr4 (Inset is DSC curve for alloy) 
 

Figure 2(a) represents the typical load —

displacement (P — h) curves during nanoindentation 
under loading rates ranging from 1 to 50 mN/s at a load 
limit of 50 mN, and the origin of each curve has been 
offset for clarity. At each loading rate, the data derived 
from more than four independent indentations were 
averaged to minimize the influence of noises, discarding 
those results biased significantly against the others. The 
recorded creep displacement curves during the constant 
load holding are shown in Fig. 2(b). It can be readily 
observed that during the load holding period, the indenter 
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displacement initially increases sharply with time, 
followed by a decreasing strain rate, and then exhibits a 
steady-state behavior, namely, the strain increases 
linearly with time. Moreover, the magnitude of creep 
deformation increases with increasing the loading rate, 
indicating strong loading rate sensitivity. In other words, 
the materials exhibit better creep resistance (less 
sensitive to the applied holding load) at a lower loading 
rate than at a higher one. Similar observation was    
also reported on Pd40Cu30Ni10P20 [7], Fe41Co7Cr15Mo14-  
C15B6Y2 [8] and Cu50Zr50 [10] BMGs during 
nanoindentation at room temperature, as well as in some 
crystalline materials. 
 

 

Fig. 2 Typical load—displacement (P—h) curves during 
nanoindentation under different loading rates and curves offset 
from origin for clear viewing (a) and recorded creep 
displacement curves during constant load holding period (b) 
 

For depth-sensing indentation with a self-similar 
indenter, the dimensional analysis shows that the strain 
rate can be formulated as the following scaling 
relation[15]: 

 
1 d

d
h

h t
ε =&                                    (1) 

 
where h is the instantaneous indentation displacement 
and t the indentation time. In fact, this nanoindentation 

strain rate ε&  can be computed by taking the slope of the 
displacement — time curve, i.e. the instantaneous 
displacement h, and by dividing it by the displacement at 
any particular point in time. However, due to the fact that 
the load — displacement data from nanoindentation 
measurements are scattered, the use of raw 
nanoindentation data to determine ε&  can introduce 
errors. The errors, however, can be reduced by using 
appropriate curve fitting technique to cast the 
nanoindentation data into smooth functions such as the 
following empirical law[16]: 

 
0 0( ) ( )bh t h a t t kt= + − +                        (2) 

 
where h0 is the initial indentation depth; a, b and k are 
fitting constants; t0 is the start time of the creep process. 
The fitting protocol in Eq. (2) is found to produce very 
good fit to most of our results, as can be seen from the 
examples shown in Fig. 3(a) which was obtained at a 
loading rate of 20 mN/s and peak load of 50 mN. The 
corresponding creep strain rate ε&  was calculated by  
Eq. (1) and also plotted in Fig. 3(a). At the beginning of 
the load holding period, the penetration deepened at a 
very high strain rate between 0.1 and 0.001 s−1, the 
so-called “transient creep”. As steady state was attained, 
the strain rate gradually saturated at the order of about 
10−4. In order to view the effect of loading rate on creep  
 

  
Fig. 3 Experimental creep data, fitting curve and strain rate of 
sample with loading rate of 20 mN/s (a) and ranging from 1 to 
50 mN/s for comparison (b) 
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clearly, Fig. 3(b) shows the creep fitting curves and the 
creep stain rates at all the experimental loading rates. To 
facilitate comparison, the starting points for different 
loading rate were aligned. It is found that all 
displacement increases at a declining rate with time and 
finally reaches an almost constant displacement rate, 
resulting in a decreasing strain rate against time and 
displacement. It can also be seen by comparing the 
results in Fig. 3(b) that at the same holding load, a faster 
loading corresponds to a higher steady indentation creep 
strain rate, which shows a clear strong rate dependency. 

For steady-state creep behavior, the relationship 
between the strain rate ε&  and characteristic stress σ can 
be described by an empirical power-law equation, which 
has been verified by theoretical calculations and 
experimental studies [17−19], i.e., 

 
nCε σ=&                                     (3) 

 
where the pre-factor C contains the temperature 
dependence through the Boltzmann factor; the stress 
exponent n, which is given by the slope of the lg−lg plot 
of ε&  versus σ under isothermal conditions, can provide 
useful information on the mechanism of the 
time-dependent deformation concerned. In depth-sensing 
indentation with the self-similar indenter, the 
characteristic stress σ (or the hardness) obeys the 
following scaling relation [20]: 

 

2~ P
h

σ                                      (4) 
 

where P and h are the instantaneous load and 
displacement, respectively. As we can see from Fig. 2(b) 
and Fig. 3 in this study, after holding the peak load for 
about 5 s, the nanoindentation creep was assumed to be 
steady, during which the relationship of creep strain rate 
and characteristic stress is governed by Eq. (3). As an 
example, Fig. 4(a) shows the plot of lnε&  vs lnσ for the 
same test as that shown in Fig. 3(a). The slope of the 
curve n, i.e., (ln ) / (ln )ε σ∂ ∂& , becomes steady towards 
the end of the holding period (corresponding to the very 
left region of the curve) and is taken as the stress 
exponent of the power-law creep described according to 
Eq. (2). Figure 4(b) shows the stress exponent variation 
as a function of the indentation loading rate. With 
increasing the loading rate from 1 to 50 mN/s, the 
estimated stress exponent in the steady-state region 
decreases gradually from 28.1 to 4.9, indicating a strong 
dependence on the indentation loading rate. The trend of 
the stress exponent changing with the loading rate in the 
present study is consistent with the results by HUANG et 
al [8]. However, the values of stress exponent obtained 
by them from Fe41Co7Cr15Mo14C15B6Y2 BMG (0.94 to 
4.93) [8] are smaller than those by us (4.9 to 28.1). Such 
discrepancies can be attributed to the fact that a larger 

peak load usually causes a larger stress exponent, which 
has been demonstrated by many works. Note that the 
peak load in this study (50 mN) is five times the value 
used by HUANG et al [8] (10 mN). 
 

 
Fig. 4 Corresponding lnε&  versus lnσ plot for data shown in 
Fig. 3(b) (a) and variation of steady-state stress exponent with 
indentation loading rates (b) 
 

Plastic deformation of metallic glasses occurs by the 
superposition of the shear of localized groups of atoms, 
and often is referred to as “flow defects” on “shear 
transformation zones” (STZs) [21]. The defects in 
amorphous metals are often described by the free volume 
model, in which they appear as density fluctuation with 
volume greater than critical value v*. The concentration 
of the free volume is described by [22] 

f
f

exp( )vc
v
γ ∗

= −                               (5) 

where γ is a geometrical factor between 0.5 and 1, and vf 
is the average free volume of an atom. When subjected to 
an external stress σ, small region of volume v0 undergoes 
a strain ε0 at a rate that depends on the stress. The 
macroscopic uniaxial strain rate uε&  can be formulated 
as 

 
0 0 0 0

u f f2 sinh( )
2

v v
c k

kT
ε σε

ε
Ω

=&                     (6) 
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where Ω is the atomic volume; k is Boltzmann’s constant; 
T is the temperature; kf is a temperature-dependent rate 
constant. 

For nanoindentation tests, the indentation strain rate 
ε&  can be related to the effective uniaxial strain rate uε&  
by u 0.09ε ε=& & [4]. The relation of the indentation strain 
rate ε&  and the concentration of the free volume cf is 
therefore obtained as 

 
i f0.18Acε =&                                 (7) 

 
with 

 
0 0 0 0

f sinh( )
2

v v
A k

kT
ε σε
Ω

=  
 
Based on the results of KIM et al [23], the change 

of temperature can be omitted during nanoindentation 
process. Hence, A is constant in nanoindentation test for 
the same sample and the concentration of free volume is 
proportional to the strain rate. Combining this with creep 
strain rate given in Fig. 3(b), we may draw a conclusion 
that during the load holding period, the higher the 
loading rate used prior to the creeping segment(with 
higher creep strain rate), the greater the concentration of 
free volume. As a result, the specimen may exhibit more 
macroscopically viscous flow behavior since the 
viscosity is inversely proportional to the free volume 
concentration. This is evidenced by the reduction of the 
stress exponent at higher loading rates, as shown in    
Fig. 4(b). Furthermore, SPAEPEN [22] suggested that, at 
a sufficiently high stress, an atom with hard-sphere 
volume υ* can be squeezed into a neighbouring hole with 
a smaller volume υ. This makes the neighbours of the 
new position move out, and creates a certain amount of 
free volume. The amount of free volume created per 
second ∆+υf is given by 

 
0 0

f f
f f

2 cosh( ) 1 exp( )
2

kT Nk
S kT

σε υγυ γυυ
υ υ

∗ ∗
+ ⎡ ⎤Δ = − −⎢ ⎥⎣ ⎦

  (8) 

 
where N and S are the total number of atoms and the 
material constant, respectively. Thus, combining Eq. (6) 
with Eq. (8), in which the hyperbolic functions can 
approximate to exponentials due to high stress state, 
gives 

 
f 0.09Bυ ε+Δ = &                               (9) 
 

where 
 

f 0 0

NkTB
S v

γυ Ω
υ ε

∗

=  

 
Equation (9) indicates that the production rate of 

free volume during deformation is proportional to the 
strain rate. It is consistent with the result of HEY et al 
[24] by DSC measurements that the free volume after 
deformation increases with increasing the strain rate. 

Since the creep strain rate with a higher loading rate is 
increased as shown in Fig. 3(b), more free volume will 
be created during the load holding period, resulting in a 
more homogeneous deformation and a smaller stress 
exponent. 

Next, let’s focus on the effect of the loading history 
on structural state of the specimen. By utilizing Eq. (1), 
the loading rate was converted to the strain rate presented 
in Fig. 5. Enlighten by Eq. (9), we may also know that a 
material indented at a higher strain rate will generate a 
larger amount of excess free volume during the loading 
sequence. On the other hand, this may be a explanation 
of the results that faster loading before the load holding 
period responds to higher concentration of free volume 
during steady flow segment as mentioned above. 
According to STZ theory [25], a BMG with more 
amount of free volume created, which makes the 
movement and rearrangement of STZs easier, will 
generate more STZs under stress in local region, and thus 
will be less resistant to time-dependent deformation. 
Therefore, more pronounced creep deformation is 
reasonable at a higher loading rate, as the experimental 
results shown in Fig. 2. Figure 5 also illustrates that the 
strain rate decreases as ~1/h, approaching an 
approximately constant value for very large depths. The 
trends in strain rate are not monotonic, but exhibit many 
serrations in strain rate which appear to increase in size 
as the indentation proceeds, which is consistent with that 
observed by SCHUH [4] but beyond the scope of this 
work. Detailed discussion about the loading rate effects 
on the serrations is appreciated to be found in Ref. [4]. 
 

 
Fig. 5 Indentation strain rate vs depth at different loading rates 
 
4 Conclusions 
 

1) Creep deformation of {[(Fe0.6Co0.4)0.75B0.2- 
Si0.05]0.96Nb0.04}96Cr4 BMG was investigated through 
nanoindentation test. The magnitude of the creep 
displacement increases with increasing the loading rate. 

2) As the indentation loading rate increases from   
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1 mN/s to 50 mN/s, the stress exponent decreases 
gradually from 28.1 down to 4.9, exhibiting significant 
indentation loading rate sensitivity. The stress exponent 
decreases with increasing the loading rate, indicating that 
plastic flow at higher loading rates is more homogeneous 
than at smaller loading rates. 

3) The creep deformation mechanism was discussed 
in light of the free volume and “shear transformation 
zone” (STZ) theories, which provides semi-quantitative 
explanation for the observed experimental results. 
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一种铁基块体金属玻璃纳米压痕蠕变行为的 

加载速率敏感性 
 

许 福，龙志林，邓旭辉，张 平 

 
湘潭大学 土木工程与力学学院，湘潭 411105 

 
摘  要：通过纳米压痕蠕变实验研究了加载速率对{[(Fe0.6Co0.4)0.75B0.2Si0.05]0.96Nb0.04}96Cr4 块体金属玻璃室温蠕变

变形的影响。结果表明，该铁基块体金属玻璃的蠕变变形随着加载速率的增加而增大。此外，根据经验幂率函数

计算得到了材料室温蠕变应力指数，当加载速率从 1 mN/s 增加到 50 mN/s 时，应力指数从 28.1 逐渐下降到 4.9，
显示出显著的压痕加载速率敏感性。最后，基于自由体积理论和剪切转变区理论对该铁基块体金属玻璃的纳米压

痕蠕变行为进行了探讨，并对实验结果和分析结果提供了半定量的解释。 
关键词：块体金属玻璃；纳米压痕；蠕变；加载速率敏感性 
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