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a b s t r a c t

By using nanoindentation techniques combined with atomic force microscopy, a pronounced creep
behavior at ambient temperature as demonstrated by small creeping stress exponents was observed in
(Co0$7Fe0.3)0.68B0$219Si0$051Nb0.05 metallic glass with 0.5 at.% Cu addition. Such obvious creep deformation
is due to the precipitation of Co(Fe)-rich clusters induced by the chemical effect of Cu. It promotes the
formation of the weakly bonded structure and thereby the generation of plenty of excess free volume
during the nucleation and propagation of multiple shear bands in the process of deformation, which
contributes to a steady creep behavior and large plasticity. Our work provides a microscopic under-
standing of creep behaviors in Cu-doped metallic glasses, which might also guide for improving the
plasticity of these alloys.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Nanoindentation is frequently used to study the mechanical
responding during creep, serrated flow, phase transformation, etc.,
for structural materials such as ceramics, metals, and glasses [1,2].
Indentation creep arising from the motion/diffusion of atoms or
defects under the loading condition is often conducted to describe
time-dependent plastic deformations of the material [3]. It always
happens accompanied by the competition of the structural relax-
ation and the anelastic strain recovery [4,5]. Such evolution of
structure during deformation always involves redistributions of
free volume and rearrangements of atomic species [6,7]. For Zr-
[8,9], U- [10], TiZrHfBeCu(Ni)- [11], especially Fe-based [12,13]
metallic glasses (MGs) with glass transition temperature (Tg) much
higher than the room temperature, the localized nanoindentation
creep at room temperature (~0.35e0.45 Tg) is highly relying on the
propagation rate of free volume during the deformation [13]. Thus,
the studies on the creep behavior of these MGs may help us better
understand the underlying mechanism of their instantaneous
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plasticity [2,3,13].
It has been reported that the soft magnetic properties [14,15]

and the mechanical performance of ferromagnetic MGs [16e19]
can be enhanced significantly as the addition of Cu element. It often
leads to the nucleation of a-(Co, Fe) grains in Co/Fe-based MGs
[17,20,21]. Some works point out such nanoscale a-(Co, Fe) nuclei
[16,17,19] can boost the initiation of multiple shear bands and lead
to the large plasticity of MGs [22]. However, the convincing
experimental evidence for such plasticity deformation process is
still missing, especially the mechanical responses at the micro-
scopic scale.

In this work, by using nanoindentation techniques, the creep
behavior of (Co0$7Fe0.3)0.68B0$219Si0$051Nb0.05 at ambient tempera-
ture with a small amount of Cu doping was investigated in details.
We found that the addition of Cu promotes the creation of free
volume during creep deformations, which effectively enhances the
indentation creep of the material, along with the reduction of the
loading-rate sensitivity. The excess free volume generated contin-
uously during deformation leads to lower creeping stress expo-
nents in this amorphous alloy system, which is quite different from
the defect nucleation mechanism that reported in crystalline alloys
[23,24]. It stimulates the nucleation of a large number of “flow
defects”, thereby the formation of multiple shear bands. This might
explain the improvement of plasticity in many Cu-doped MGs
[16e19].
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2. Experimental

Alloy ingots with nominal compositions of
[(Co0$7Fe0.3)0.68B0$219Si0$051Nb0.05]100-xCux (x¼ 0, 0.5) (denoted as
Cu0 and Cu0.5) were prepared by arc melting mixtures of pure Co
(99.99 at.%), Fe (99.99 at.%), B (99.999 at.%), Si (99.99 at.%), Nb
(99.95 at.%), Cu (99.995 at.%) in a high-purity argon atmosphere.
The thermal stability and the associated thermodynamic parame-
ters of glassy samples were examined by NETZSCH 404 F3 differ-
ential scanning calorimeter (DSC) at a heating rate of 40 K,min�1.

The nanoindentation tests were conducted using a NanoTest
Vantage (Micro Materials Ltd) with a standard Berkovich diamond
indenter. The cylindrical rods for nanoindentation experiments with
a diameter of 1mm were fabricated by a copper mold casting
method. The specimens, cut from cylindrical amorphous rods, were
mechanically polished mirrorlike on one side before the nano-
indentation testing. The load and displacement resolutions of the
Fig. 1. Creep deformation of the as-cast Cu0 and Cu0.5MG samples. Typical load - displacem
in (a) and (b) offset from the origin for clear viewing. The creep displacement during load h
fitted creep curves of Cu0.5 at a loading rate of 10mN/s; (f) the corresponding ln (strain ra
machine were 3 nN and 0.001 nm, respectively. The machine
compliance calibration for the transducer-tip configuration and tip
area functional calibration was performed with a standard fused
silica sample before proceeding with all indentation experiments.
Experiments at constant loading rates of 0.1, 0.5, 1, 5, 10, 50, and
100mN/s were carried out to a load limit of 50mN followed by a
holding period of 100 s and then unloaded at the same loading rate.
At least five indentation tests were carried out under each condition
to minimize the influence of noises and discard those results biased
significantly against the others. Thermal drift is a negligible constant
during the entire indentation creep experiment at the given time.
The surface morphology around the indents was recorded by Veeco
Dimension ICON atomic force microscope (AFM).

3. Results and discussion

Fig. 1 (a) and (b) present load-displacement (P-h) curves of Cu0
ent (P - h) curves under different loading rates of Cu0 (a) and Cu0.5 (b) MGs. The curves
olding period under different rates of Cu0 (a) and Cu0.5 (b) MGs. (e) Experimental and
te) - ln (stress) plot.



Fig. 2. Steady-state stress exponent, n, of Cu0 and Cu0.5MGs as a function of inden-
tation loading rates. The solid lines are guides for the eyes.
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and Cu0.5MG samples during nanoindentation under loading rates
ranging from 0.1 to 100mN/s at a load limit of 50mN, where P is
loading force and h the instantaneous indenter displacement. The
recorded creep displacement curves during the constant load hold-
ing are shown in Fig. 1 (c) and (d). It can be seen that during the load
holding period, the indenter displacement initially increases sharply
with time. After followed by a decreasing strain rate, it exhibits a
relative steady-state behavior, i.e., the strain almost increases linearly
with time. This is consistentwith the observations in otherMGs such
as Pd40Cu30Ni10P20 [25], Cu50Zr50 [8], Fe41Co7Cr15Mo14C15B6Y2 [12],
and {[(Fe0$6Co0.4)0.75B0$2Si0.05]0.96Nb0.04}96Cr4 [13] MGs during
nanoindentations at room temperature, aswell as in some crystalline
materials. Nanoindentation creeps of Ce- and La-based MGs with
low Tg [26,27] carried out at room temperature (~0.75 Tg) display a
similar deformation behavior, their time-dependent displacement
curves obey a generalized Kelvin model [27]. Moreover, we find that
in Fig. 1 (c) and (d), the magnitude of creep deformation of two
Co(Fe)-basedMGs increases rapidly with increasing the loading rate,
suggesting a strong loading rate sensitivity, which has also been
observed in many other MGs [8,12,13,25e27]. Compared with Cu0
MG, the composition with 0.5 at.% Cu doping exhibits a less creep
resistance at the same loading rate.

Fig. 1 (e) shows the typical displacement-time (h-t) curve of
Cu0.5MG with a loading rate of 10mN/s during the load holding
period at the maximum loading of 50mN, where t is the indenta-
tion time. It can be fitted using the empirical equation [28]:

h ðtÞ ¼ h0 þ aðt � t0Þb þ kt (1)

where t0, h0, a, b, and k are fitting constants. Thereinto, t0 is the start
time of creep processes and h0 the initial position of the indenter.
Accordingly, the strain rate _ε can be derived by h with the depth-
sensing indentation technique [29]:

_ε¼ _h
.
h ¼ 1

h
dh
dt

(2)

As shown in Fig. 1 (e), the displacement-time curve can be fitted
well with Eq. (1), which gives rise to the creep strain rate _ε by taking
Eq. (2). The mean stress s can be derived by Ref. [12]:

s¼ P/24.5h2 (3)

Where P is the applied load on the sample. The corresponding ln _ε
versus lns is plotted in Fig. 1(f). At the first stage of the load holding
period, the sample shows a transient creep behavior, where the
penetration deepens at a very high strain rate. When the steady
state is achieved, the strain rate gradually saturates and almost
keeps constant at the order of about 10�4. During the steady creep
deformation, the relationship between the strain rate _ε and the
characteristic stress s can be described by an empirical power-law
equation [30,31]:

_ε ¼ ksn (4)

where the pre-factor k is a temperature dependence constant, the
stress exponent n as an indicator of time-dependent deformation
mechanism can be calculated by the slope of the ln-ln plot of _ε

versus s under isothermal conditions, i.e., vln _ε/v lns. As seen in
Fig. 1(f), the slope becomes constant towards the end of the holding
period, exhibiting a steady-state creep behavior with the stress
exponent n of 6.15 for the power-law creep.

The derived stress exponent as a function of the indentation
loading rate is displayed in Fig. 2. With increasing the loading rate
from 0.1 to 100mN/s, the estimated stress exponent decreases
gradually from 29 to 3,19 to 3 for Cu0 and Cu0.5MGs, respectively,
indicating the high loading-rate sensitivity upon the ascending
load rate. The trend of the stress exponent varying with the loading
rate in the present study is in agreement with the work of Huang
and Xu et al. [12,13]. The values of stress exponent for
{[(Fe0$6Co0.4)0.75B0$2Si0.05]0.96Nb0.04}96Cr4 MG shown by Fu are 28.1
to 4.9 with the loading rate in the range from 1 to 50mN/s.
Apparently, the stress exponents of Cu0 MG are more sensitive to
the loading rate. We also find that the value of stress exponents
decreases upon Cu doping. It demonstrates that it is easier for Cu-
doped MG to creep deformation than for non-Cu MG under the
same conditions.

Plastic deformation of MGs normally occurs by shearing clusters
of localized atoms, i.e. shear transformation zone (STZ) [32]. Such
flow defects in MGs are often described according to the free vol-
ume model as density fluctuations with the volume greater than
critical value v*, where v* is the critical volume of an atom under
the frame of a hard-sphere model. When under uniaxial loading,
small regions of volume undergo a strain ε0, the strain rate _εu can be
described as [32,33]:

_εu ¼ A Dfexpð�gy*

nf
Þ (5)

A ¼ 2n
ε0n0
U

sinhðsε0n0
2kT

Þexpð�DGm

kT
Þ (6)

where g is a geometrical factor between 0.5 and 1, vf the free vol-
ume, n the frequency of atomic vibration (zDebye frequency), U
the atomic volume (~1.25 v* [34], 13.2Å3 in Pd41Ni10Cu29P20 [32]), s
the uniaxial stress, k Boltzmann's constant, T the temperature and
DGm the activation energy of atomic motion. The product ε0n0 is the
activation volume of the process, which is about 100e130 Å3 in
MGs [32,35]. For the case of nanoindentation tests, the deformation
is supposed to be homogeneous, Df ¼1. The sample under the
indenter always withstands a multiaxial stresses. The relationship
between the indentation strain rate _ε and the effective strain rate _εu
under the uniaxial stress s is complex. There is no simple correla-
tion valid for all materials and indenter tips is available [36e39].
Here, we use a simple relation determined by Poisl et al. [38] per-
formed on amorphous selenium based on nanoindentation exper-
iments by using Berkovich diamond indenter:

_εu ¼ C _ε (7)

where the constant C¼ 0.09 measured under the loading rates of



Fig. 3. Experimental creep data, fitting curve, and strain rate of Cu0 (a) and Cu0.5 (b)
MGs with loading rate ranging from 0.1 to 100mN/s. (c) The propagation of free vol-
ume as a function of holding time in Cu0 and Cu0.5MGs.
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0.1e10mN/s with the maximum loading of 10mN. It has been re-
ported that the value of C¼ 0.09 works well in the Fe(Co)-based
bulk MG system such as {[(Fe0$6Co0.4)0.75B0$2Si0.05]0.96Nb0.04}96Cr4
[13], even though the elastic modulus and hardness of amorphous
selenium are 10 and 10e40 GPa, respectively, about 10e20 times
lower than that of the Fe(Co)-based MGs [13,40]. According to Eqs.
(5)e(7), the indentation strain rate can be simplified as:

_ε ¼ 11A expð�gy*

nf
Þ (8)

Since the temperature ascending is not pronounced during
nanoindentation processes [41] and the change in s is small during
the load holding period, A can be considered as a constant. Thus, the
concentration of free volume as described in Eq. (8) is positively
related to the magnitude of strain rates. It means a large amount of
free volume could be generated during the deformation process.
According to the work of Spaepen et al. [33], under a diffusion-
driven model, the amount of free volume created per second
Dþyf during loading can be given by:

Dþyf ¼
gy*

yf

2kT
S

½coshðsε0n0
2kT

Þ�1�Nnexpð�DGm

kT
Þexpð�gy*

yf
Þ (9)

where N is the total number of atoms and S the material constant.
S ¼ 2

3G
1þm
1�m [33], where the shear modulus G ~ 70e80 GPa for the

present studied systems and Poisson's ratio m is around 0.31 for
Fe(Co)-based MGs [34,42]. It gives rise to a constant value of
~95e100 for S. Combining Eq. (8) with Eq. (9), we get:

Dþyf ¼ 0:09B _ε (10)

where B ¼ NkT
S

gy*

yf
U

ε0y0
, the hyperbolic functions approximate to

exponentials at high stress state. Therefore, according to Eq. (10),
we can estimate the amount of free volume Dþyf per mole pro-
duced at different indentation strain rates under the indenter. Here,
the total number of atoms N is proposed as Avogadro's constant,
6.022� 1023mol�1, T ~298 K, gy*z0:5 U � 6:6 Å3 [35] (gz 0:6,
v*~10.56 Å3), yf ¼ agy* [34], a ~ 2.2e2.4% (2.4% is critical value for
the plastic instability). Then, B is of about 120 at room temperature.
Since B can be considered as a material constant due to the slight
change of yf during deformation, the production rate of free volume
has an approximately linear correlation with _ε, i.e. Dþyf booms up
with increasing _ε.

Fig. 3 presents the calculated _ε according to the fits of h-t curves
and the production rate of free volume Dþyf during creep de-
formations. It is clear that both the creep strain rate and the gen-
eration rate of free volume increase significantly with a rapid
climbing up of loading rates. The pronounced creeping behavior
corresponding to the reduction of stress exponent at a higher
loading rate is attributed to a large amount of free volume gener-
ated under loading. As shown in Fig. 3 (c), a large amount of free
volume is created during the load holding period. It results in a
much more homogeneous creep deformation for the sample with
higher strain rates, which well explains the high loading rate
sensitivity of creeping stress exponents as shown in Fig. 2. Distin-
guish from the dislocation nucleation mechanism that dominated
in crystalline alloys [23,24], the creep behavior of amorphous alloy
systems is analogous to a continuous structure relaxation process
[6]. The applied loading around the indent accelerates this relaxa-
tion processes. It causes the rearrangement of topological config-
urations at the atomic scale, which facilitates the generation of free
volume. The higher the loading rate is, the more obvious is this
process. Thus, a pronounced creep behavior can be observed at a
high loading rate. More interestingly, we find in Fig. 3 that the creep
strain rate as well as the productivity of free volume increases upon
alloying with a minor amount of Cu, corresponding to a relatively
low stress exponent in Cu0.5MG. It implies that the reduction of
stress exponent with Cu doping is as a result of the high production
rate of free volume during creep deformations as well.

According to the work of Slipenyuk et al. [43], the excess free
volume (Dv) frozen in glasses can be indirectly measured by DSC
according to the following equation:

DvfDHrel ¼
ð
ðdQ=dtÞdT (11)
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where DHrel is the relaxation enthalpy change on DSC curves.
Fig. 4 exhibits the DSC trace of as-cast
[(Co0$7Fe0.3)0.68B0$219Si0$051Nb0.05]100-xCux (x¼ 0, 0.5) MGs. The
clear glass transition feature and crystallization event(s) of two
glasses are characterized in DSC traces at a heating rate of 40 K/min.
The parameters such as glass transition temperature Tg, crystalli-
zation temperature Tx and DTx ¼ (Tx - Tg) for these two MGs
measured by DSC are 854, 896, and 42 K for the Cu0 system, 850,
892, and 42 K for Cu0.5 system, respectively, which is consistent
with the report of ref. 19. It is shown that these parameters are
weakly affected by Cu doping. The inset in Fig. 4 presents the
magnified view of the thermal traces near Tg, giving the amount of
the exothermic heat DHrel [44,45]. The slight increase of free vol-
ume upon Cu doping indicated by the larger recovery enthalpy
DHrel during glass transition is found. This phenomenon manifests
that aminor addition of Cu stimulates the structural rearrangement
into a more unstable and heterogeneous state that possesses more
excess free volume.

To further characterize the localized plastic deformation
behavior of two MGs, AFM observations around indents are per-
formed, as shown in Fig. 5. A number of partial circular patterned
shear bands are observed in the pile-up region around the indent,
which reveals that the large plastic deformation occurred during
the nanoindentation process [46,47]. Particularly, in Cu0.5MG,
multiple shear bands are observed around the indent, seen in Fig. 5
(c). The significant pile-up around indents indicates the pro-
nounced local deformation occurred during the nanoindentation
processes. The pile-up can be evaluated using topographic profiles
in Fig. 5 (e) and (f). In the case of Cu0 MG, the pile-up is more
obvious around indent locally with a maximum height of 103 nm at
the indentation loading rate of 1mN/s. While in Cu0.5MG, the pile-
up observed around indent only with a maximum height of
28 nm at the indentation loading rate of 1mN/s. Different from the
report of Kim et al. [48], the high pile-up that appears around the
indent in Cu0 MG corresponds to a localized deformation and the
slight reduction of excess free volume as shown in DSC measure-
ments.While themuch lower pile-up of Cu0.5MG at awider region
around the indent as compared with Cu0 MG indicates a more
homogeneous creep deformation behavior upon a minor Cu
alloying. Meanwhile, the larger maximum indentation depth,
especially at a higher loading rate of more than 10mN/s, is
observed from the topographic profile of Cu0 nanoindentation
samples (see Fig. 5 (e)), which increases remarkablywith increasing
the loading rate from 10 to 100mN/s.While theMGwith 0.5 at.% Cu
Fig. 4. DSC curve of the as-cast Cu0 and Cu0.5MG at a heating rate of 40 K/min. The
inset shows enthalpy recovery measurements for both samples.
doping presents a similar maximum indentation depth at different
loading rates, exhibiting a more steady mechanical performance
under distinct nanoindentation conditions, which is in agreement
with the results of stress exponent.

STZs theory [49] proposes that a large amount of evenly
distributed free volume leads to a high probability of the nucleation
of “flow defects” i.e. STZs and large plasticity. The slightly increased
excess free volume that exists in Cu0.5MG as indicated by DSCmay
provide some nucleation sites for STZs. More importantly, the
excess free volume generated during creep deformations shown in
Fig. 3 (c), as manifested by a low creep resistance and the reduced
stress exponents, leads to the propagation of plenty of STZs in
Cu0.5MG. The superposition of clusters of localized atoms during
shearing when a large number of STZs form, is in favor of a notable
creep behavior via homogeneous plastic flows of samples under the
indenter as shown in Fig. 5 (f). It explicates the extremely large
plasticity of Cu-doped MG [17,19], where the compressive plasticity
of 2.5% for the composition with 0.5 at.% Cu alloying was reported
[19].

However, when MGs possess an amount of free volume that
much larger than that required for the generation and propagation
of STZs [32] in an extremely local region, a brittle fracture will
happen. A fast motion/diffusion of atoms due to a large amount of
free volume locally results in the less resistance of time-dependent
deformations. For instance, in the case of Cu0 MG, plenty of free
volumes accumulated inside a local region, thereby, leads to worse
plasticity via the severe deformation of the sample around the
indent as seen in Fig. 5 (e). Such dominant local deformation, cor-
responding to the large maximum indentation depth and the high
pile-up of Cu0 MG observed in nanoindentation measurements
(see Fig. 5 (e)), therefore, impedes homogeneous plastic flows of
the whole sample. Based on the analyses of indentation behaviors
of two MGs and their thermodynamic properties, it is suggested
that the free volume that created during deformation rather than
the excess free volume that possessed inside the as-cast sample
plays a more essential role in determining the plastic deformation
behavior of MGs. Plenty of the existing excess free volume trapped
inside a local region, instead, deteriorates the plasticity of the
material via an inhomogeneous localized deformation. This raises
an interesting question that what promotes the generation of free
volume in Cu-doped MG during the deformation.

Histograms in Fig. 6 characterize the hardness distribution of
two MGs. Each hardness measurement was conducted by using
nanoindentation with a loading rate of 1mN/s at the maximum
loading of 50mN. As seen in Fig. 5, the size of the entire strained
zone of an indent is around 5 mm. Although shear bands are
developed around the indents, they rarely extend the strain to an
outer area as large as the impression itself [50]. Therefore, the
distance of 30 mm between two neighboring indents was chosen to
avoid the interaction of nearby strained zones. From Fig. 6, we find
that the hardness mainly distributes between 12.5 and 14.5 GPa for
Cu0MG,12.5 and 14.65 GPa for Cu0.5MG. It shows that the average
value of hardness does not change too much with a minor Cu
doping. The highest fraction peak value is 12.5% for Cu0 MG when
the hardness equals to 13.25 GPa, 12.7% for Cu0.5MG when hard-
ness equals to 14.25 GPa Cu0.5MG has two secondary fraction
peaks of the same value of 9.52%when the hardness equals to 13.55
and 14.15 GPa, seen in Fig. 6 (b). The superposition of two different
normal distributions can be observed in Cu0 MG as well, which
causes a relatively low ratio of hardness close to the mean value H.
It suggests that both non-Cu and Cu-doped MGs have a dual-
hardness soft and hard structure at the micron length scale.
Compared to Cu0 MG, a wider distribution of hardness for soft
phases can be observed in Cu0.5MG.

The coexistence of soft and hard phases has been widely



Fig. 5. AFM image of Cu0 under the nanoindentation at a loading rate of 1mN/s: (a) top view and (b) side view; AFM image of the Cu0.5 under the nanoindentation at a loading rate
of 1mN/s: (c) top view and (d) side view. The cross profile of the indents after nanoindentation for Cu0 (e) and Cu0.5 (f) MG samples.

Fig. 6. Hardness of Cu0 (a) and Cu0.5 (b) MGs studied by the nanoindentation.
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reported in numerous MGs [51e57]. According to the hardness
investigated here, soft regions correspond to weakly bonded re-
gions (yellow regions), while hard regions correspond to strongly
bonded regions (blue regions), as seen in Fig. 7. Such coexistence of
weakly bonded and strongly bonded regions [58] relates to
inhomogeneous properties of the material by introducing the
fluctuations of inherent atomic density [59]. As shown in the
cross profile of indents in Fig. 5 (e), a localized creep deformation
occurs by the accumulation of a large amount of free volume at a
restricted region. The productivity of free volume, as well as the



Fig. 7. A schematic diagram for the coexistence of soft (yellow regions) and hard (blue
regions) phases and the corresponding plastic behavior in Cu0 (a) and Cu0.5 (b) MGs.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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homogeneous plastic flow of Cu0 MG, is limited hereby, which
causes high resistance to creep deformations with a large stress
exponent. Whereas in Cu0.5MG, a minor addition of Cu benefits
weakly bonded regions formed by the precipitation of Co(Fe)-rich
clusters/nuclei [15,17,18], which facilitates the energy dissipated
during creep deformation processes. It booms the generation of
free volume inside weakly bonded regions by a fast motion/diffu-
sion of the active atoms. A high production rate of the free volume
can be further provoked when macroscopic defects such as shear
bands or microcracks propagate crossing the connected weakly-
bonded region as described in Fig. 7 (b). It leads to a pronounced
creep behavior by the homogeneous plastic deformation
throughout the whole sample under loading.

STZs occur preferentially in weakly bonded regions with low
critical shear stress, which would evolve into the nucleation of
shear bands once the MG is yieldingly loaded. For Cu0.5MG, the
weakly-bonded region enables multiple shear bands to initiate at
different sites simultaneously to accommodate the applied stress,
as seen in Figs. 5 (c) and Fig. 7 (b). It prevents a single primary shear
band carrying large strain/severe deformation locally that induces a
catastrophic fracture. In virtue of the plastic flows of weakly
bonded regions, the stress concentration inside shear bands or at
the crack tips is mitigated when a shear band or microcrack con-
tacts with the weakly-bonded regions during its propagation pro-
cess. The retarding and redirection of the initial shear band/
microcrack due to the stress concentration then benefits the
nucleation of more secondary shear bands/microcracks, accompa-
nied by the propagation of a large amount of free volume, which
eventually leads to large macroscopic plasticity. The pronounced
creep behavior and superior compressive plasticity [19] of
Cu0.5MG, practically, demonstrate that the distribution of soft/
weakly-bonded regions in hard matrix meets the optimum com-
bination conditions in Co(Fe)-based MGs with the composition of
0.5 at.% Cu alloying. Our studies on improving creep behavior of
Co(Fe)-based MGs by a minor Cu alloying, thus, can help us un-
derstand the plasticity mechanism of these commercial Co(Fe)-
based glass composites and may also guide the design of other
MGs or glass composites with much larger plasticity.

4. Conclusions

The creep deformation of [(Co0$7Fe0.3)0.68B0$219Si0$051Nb0.05]100-
xCux (x¼ 0, 0.5) MGs at ambient temperature was investigated via
nanoindentation test. A tiny amount of Cu doping leads to the large
creep displacement of Co(Fe)-based MGs. The magnitude of creep
displacements increases with increasing the loading rate, exhibit-
ing significant loading-rate sensitivity. This is attributed to the
continuous generation of free volume during the creeping process
in MGs. A small stress exponent and low pile-up around indents
indicate that the plastic flow in Cu-doped MGs is more homoge-
neous than that in non-CuMGs. The creep deformationmechanism
discussed based on the free volume and STZ theory shows that the
generation of free volume during the deformation rather than the
excess free volume trapped in a local region plays a more important
role in determining the mechanical performance of MGs. We also
find that the Cu-doped MG with the large plasticity has a bimodal
hardness distribution resulting from the precipitation of nanoscale
soft phases in the glassy matrix. Such double-hardness structure
effectively improves the plasticity of the MG by the generation of
free volume during the initiation of multiple shear bands. A slightly
more free volume that created during the load holding period is the
reason that leads to a more homogeneous deformation and a
smaller stress exponent during the creep deformation of Cu-doped
MGs.
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