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a  b  s  t  r  a  c  t

Maxwell-Voigt  model  with  two  Kelvin  units  and  one  Maxwell  unit  was  utilized  to  analyze  the  microal-
loying  effect  of  Cu on  the  creep  behavior  of  CoFe-based  metallic  glasses  at different  loading  rates.  The
defect  activation  during  creep  deformation  was  detected  by  the relaxation  time spectrum  based  on this
model.  The  defect,  with  respect  to a short  relaxation  time  in  relaxation  spectra,  intends  to be  activated  at
a  quasi-static  loading  mode  in  the  alloy  with  0.5  at.% Cu  addition.  With  further  increasing  loading  rates,
more  defects  with  a  large size  were  provoked  activated  at both  hard  and  soft regions  in  the Cu-containing
sample.  A  softening  with  the  reduction  of elastic  modulus  and  hardness  about  10  % and  15  %,  respectively,
Creep
Disordered
Structure
Metallic glasses

was  also  observed  in the  Cu-doped  sample.  It  is  consistent  with  the  pronounced  viscoplastic  deformation
of  this  alloy  along  with  the  decrease  of  viscosity.  Our  work  provides  a microscopic  insight  into  structural
evolution  during  creep  deformation  in  a Cu-doped  metallic  glass,  which  might  help  for  understanding
the  plastic  deformation  of  metallic  glasses  upon  a  minor  addition.

© 2020  Published  by  Elsevier  Ltd  on behalf  of  The  editorial  office  of  Journal  of  Materials  Science  &
Technology.
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1. Introduction

Metallic glasses (MGs), or amorphous alloys, have attracted
much attention as structural or functional materials due to
their outstanding mechanical properties and corrosion resistance
[1,2,3]. Mechanical properties of MGs  are proposed to depend on
quenched-in flow defects that are frozen from their liquid structure
during the rapid cooling process. It is always affected by cool-
ing rate [4], residual stresses [5], and a minor addition [6], etc.
Nanoindentation creep as time-dependent plastic deformation is
frequently used to analyze the motion/diffusion of atoms involv-
ing the activation of flow defects during the plastic deformation
in many MGs, for example, Al- [7], Pd- [8], Ni-[9], CuZr-[10,11],
Zr-[12], TiZrHfBeCu(Ni)-[13] and Fe-based [14, 15, 16] MGs.

It has been reported that the addition of Cu element can sig-
nificantly enhance the mechanical performance [6,17–19] and soft
magnetic properties [20,21] of Co/Fe-based MGs. It stimulates the

nucleation and refinement of �-(Co, Fe) grains [22,23], owing to the
positive mixing enthalpy between Cu and Co/Fe (�HCu-Co = +6 kJ
mol−1, �HCu-Fe = +13 kJ mol−1) [24]. Some studies point out that the
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tomic-scale heterogeneity existing in the glassy matrix due to the
ppearance of sub-nanoscale Cu rich cluster benefits the creation
f a large number of flow defects, i.e. shear transformation zones
25]. It promotes the generation of plenty of excess free volumes
14] as well as the energy dissipation [26] during the plastic defor-

ation, and leads to large compressive plasticity of MGs  [23,24].
owever, the convincing experimental evidence for such atomic-

cale structural evolution in Cu-doped MGs  during deformation is
till missing.

In this work, Maxwell-Voigt model with two  Kelvin units and
ne Maxwell unit was utilized to analyze the creep behavior of
(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x = 0, 0.5) MGs  at ambi-
nt temperature in virtue of nanoindentation techniques. We  found
hat adding 0.5 at.% Cu element in CoFe-based MGs  can stimulate
he generation of a large number of activated defects at both soft
nd hard regions during creep deformation, which might be the
nderlying reason for the improved plasticity and creep ability of
u-doped Co/Fe-based MGs.

. Experimental
Master alloy ingots with nominal composition
(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]100-xCux (x = 0, 0.5) (denoted as
u0 and Cu0.5) were prepared by arc-melting mixtures of pure
lements (≥ 99.95 %) in a high-purity argon atmosphere. Nanoin-
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Fig. 1. (a) Load-time scheme for creep tests on CoFe-based MGs with different load-
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Fig. 3 shows the typical creep displacement - time curve of
ing  rates; the typical load-displacement (P-h) curves of Cu0 (b) and Cu0.5 (c) MGs
at  different loading rates under a maximum load of 50 mN.

dentation experiments were performing at room temperature by
using the NanoTest Vantage (Micro Materials Ltd) with a standard
Berkovich diamond indenter. Cylindrical rods with a diameter of 1
mm for indentation were fabricated by casting in a copper mold.
The top surface of rod specimens was mechanically polished to a
mirror-like finish. Creep measurements were conducted according
to the following sequence as shown in Fig. 1(a): firstly, the sample

was loaded to a limit of 50 mN  with constant loading rates of 0.5,
5, 10, 50 and 100 mN/s; and then held 100 s at its load limit; finally
unloaded at the same rate as loading rate.
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ig. 2. Elastic modulus E, hardness H, and the maximum indentation creep hin of
u0 and Cu0.5 MGs measured at different loading rates.

. Results and discussion

Fig. 1(b) and (c) displays the typical load-displacement (P-h)
urves of Cu0 and Cu0.5 MGs  at a load limit of 50 mN.  No notable
erration behavior is found during loading or unloading processes.
ig. 2 shows mechanical parameters derived from nanoindentation
xperiments of Cu0 and Cu0.5 MGs  as a function of loading rates.

ith increasing loading rates, the elastic modulus (E) increases
radually from 197 to 212 and 182 to 198 GPa, while the hard-
ess (H) slightly decreases from 14 to 11 and 12 to 10 GPa  for Cu0
nd Cu0.5 MGs, respectively. As shown in Fig. 2, the standard error
f E is over 8% at very low or high loading rates such as 0.5 and
00 mN/s, which is much larger than that of H (less than 5%). The
hange of E as a function of loading rate under the studied load-
ng condition is less than 7.5 %, thereby, E can be considered as a
onstant within the error bar. However, after adding 0.5 at.% Cu to
oFe-based MGs, the E and H are significantly reduced by about 10

 and 15 %, respectively. For instance, the E and H drop from 196
o 180 and 14 to 12 GPa, respectively, with the addition of Cu at
he loading rate of 10 mN/s. It suggests that the softening of CoFe-
ased MGs  upon a minor Cu addition. The maximum indentation
epth hin exhibits a resembling loading-rate dependency as E. The
in increases gradually with increasing loading rates for both Cu0
nd Cu0.5 MGs. Compared with the non-Cu MG,  the hin of Cu0.5
s about 7% larger, demonstrating a pronounced creep deforma-
ion. It is consistent with the fact that a tiny Cu can significantly
mprove the compressive plasticity of CoFe-based bulk MGs  [19].
hese parameters are barely influenced by the loading rate when
he loading rate is lower than 10 mN/s, which differs from the sce-
ario at a higher loading rate. It demonstrates that the loading mode
hanges from a quasi-static mode into a low-velocity impact mode
t a relatively high loading rate.
u0 and Cu0.5 MGs  at different loading rates. It can be seen that
he creep deformation becomes more pronounced with increas-
ng loading rates. The maximum creep displacement rises from
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Table  1
The fitting parameters of creep curves of Cu0 and Cu0.5 based on the Maxwell-Voigt model.

Alloy Loading rate (mN  s−1) h1 (nm) �1 (s) h2 (nm) �2 (s) �0
−1(nm s−  1)

Cu0

0.5 2.7 ± 0.6 1.8 ± 0.7 2.6 ± 0.5 13.8 ± 5.2 0.075 ± 0.004
5  3.3 ± 0.3 1.3 ± 0.3 8.6 ± 0.4 19.8 ± 2.1 0.103 ± 0.005
10  5.3 ± 0.3 1.2 ± 0.2 10.6 ± 0.5 22.2 ± 2.4 0.107 ± 0.007
50  4.1 ± 0.3 1.0 ± 0.2 12.9 ± 0.7 23.5 ± 2.2 0.127 ± 0.016
100  5.9 ± 0.3 0.9 ± 0.2 13.0 ± 0.8 24.7 ± 2.5 0.172 ± 0.009

Cu0.5

0.5  2.1 ± 0.3 0.5 ± 0.3 3.3 ± 0.3 15.4 ± 3.3 0.062 ± 0.004
5  3.8 ± 0.3 0.6 ± 0.2 8.7 ± 0.3 16.2 ± 1.3 0.176 ± 0.004
10  2.9 ± 0.3 1.0 ± 0.3 10.8 ± 0.5 22.1 ± 2.1 0.222 ± 0.007
50  4.6 ± 0.3 1.4 ± 0.3 13.0 ± 0.9 26.6 ± 3.0 0.166 ± 0.010
100  4.6 ± 0.2 0.6 ± 0.1 10.7 ± 0.4 18.5 ± 1.4 0.227 ± 0.005

Fig. 3. Experimental and fitting creep curves of Cu0 (a) and Cu0.5 (b) MGs  at different
loading rates.

Fig. 4. (a) The Maxwell-Voigt model used for analyzing creep curves; (b) the
s
t
m

h

13 to 36 and 12 to 38 nm for Cu0 and Cu0.5 MGs, respectively.
It slightly increases with the addition of Cu at a loading rate higher
than 5 mN/s. In order to clarify the creeping process in detail, creep
curves are analyzed by using the Maxwell-Voigt model that con-
tains Maxwell units and Kelvin units connected mutually in series,
as illustrated in Fig. 4(a). This model can well describe the creep
deformation of viscoelastic materials during an indentation process
[27,28]. As shown in Fig. 4(b), the creep displacement is set as 0 at t
= 0. It means elastic strain εMs that represents sudden strain before
the first stage of anelastic deformation, i.e. the initial displacement,

is assumed as 0. Therefore, the creep displacement without consid-
ering of elastic strain of Maxwell spring only contains the strain of
the Maxwell dashpot εMd and the strain of the i-th Kelvin unit εKi,
which can be expressed by the following equation [4,27]:
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44
chematic diagram of the h-t curve during the holding stage; (c) the typically fit-
ed creep curve of Cu0 MG at a loading rate of 5 mN/s under a maximum load of 50

N.

(t) =
n∑
hi (1 − e−t/�i ) + t/�0 (1)
i=1

here hi is the indentation depth, �i the characteristic relax-
tion time for the activation of the i-th anelastic Kelvin unit, t the
xperimental time during the holding segment, and �0 a constant
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proportional to the viscosity coefficient of the Maxwell dashpot. As
shown in Fig. 4(c), the creep displacement - time curve of CoFe-
based MGs  can be fitted successfully with Eq. (1), where the model
includes one Maxwell unit and two Kelvin units, i.e., i = 2. Thus,
the creep curve can be divided into two parts: the primary elastic
component responding to a fast but decreasing strain rate, where
two Kelvin units reflected by changes in hi and �i play a major role
in the strain rate; the secondary viscous component responding to
a slow but constant strain rate �−1

0 , where Maxwell dashpot plays
a major role in determining the strain rate (Fig. 4(b)).

The fitting curves by using Eq. (1) under the frame of the
Maxwell-Voigt model are plotted in Fig. 3. The values of the fit-
ting parameters for creep curves at different loading rates, together
with the standard error due to the fitting procedure, are included in
Table 1. Fig. 5 displays fitting parameters at different loading rates.
Both the primary elastic and secondary viscous components are
dependent on the loading rate. The h1 and h2 increase sharply with
increasing loading rates at a low loading rate, then almost keep a
constant value at a loading rate higher than 10 mN/s. The �2 shows
a similar loading-rate dependency. This phenomenon suggests a
high loading-rate sensitivity of MGs  under the quasi-static loading
mode. The change tendency of �1 is different in two MGs  at a low
loading rate. The �1 of Cu0 decreases rapidly with increasing load-
ing rates, while �1 of Cu0.5 increases at the first stage. It indicates
that the structural evolution of Cu0.5 as a function of loading rates
differs from that of Cu0. However, if we consider that the error bar
of these fitting parameters that represent anelastic components is
more than 10 %, particularly in the case of a very low loading rate
e.g. 0.5 mN/s (the standard error is over 30 %), both hi and �i are
weakly affected by a minor Cu addition.

On the other hand, the value of �0 for Cu0 and Cu0.5 MGs
dramatically decreases with the increase of loading rate at a quasi-
static loading mode, as shown in Fig. 5(c). The �0 of Cu0.5 is much
lower than that of Cu0 MG  at the same rate, suggesting a signif-
icant decrease of viscosity. Compared with the resembling values
of hi and �i at high loading rates, a large difference in �0 between
Cu0.5 and Cu0 can be found. It manifests that the addition of the Cu
element has a strong impact on the viscoplastic deformation rather
than the anelastic deformation of FeCo-based MGs. Cu0.5, thereby,
is likely to undergo a much stronger viscoplastic deformation as
compared with the Cu0 under the same loading condition.

As reported in previous studies [4,13], the anelastic compo-
nent of the creep process can be described in terms of a relaxation
time spectrum, which provides more details of the defect activa-
tion during the creep process. The isothermal relaxation spectra can
be calculated by means of the following approximated expression
[29]:

L (�) =
[

n∑
i=1

(1 + t

�i
)
hi
�i

e−t/�i

]
A0

P0hin
t

∣∣∣∣∣
t=2�

(2)

where L is the spectrum intensity, A0/P0 the inverse of the hardness
H, and hin the maximum indentation depth as defined previously.
Herein, hi � i and t are the same parameters as derived in Eq. (1).

Fig. 6 presents relaxation time spectra of Cu0 and Cu0.5 MGs
at different loading rates, all of which exhibit two  separate relax-
ation peaks. It can be found that when the loading rate increases
from 0.5 to 100 mN/s, the intensity of both first and secondary
peaks in relaxation spectra of Cu0 increases remarkably, as shown
in Fig. 6(a). This phenomenon has also been observed in U-based
MGs  [27], which reveals that more free volumes or defects are acti-
vated at a higher loading rate. The characteristic relaxation time

of the first peak of Cu0 MG  decreases gradually with increasing
loading rates, while that of the secondary peak increases instead.
It seems that defects in Cu0 MG corresponding to the first peak
with a short relaxation time intend to be simulated at a higher

t
l
c
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45
ig. 5. The characteristic relaxation time �i (a), indentation depth hi (b), and viscos-
ty  constant �0 (c) as a function of the loading rate.

oading rate, in the meantime the activation of defects that relates
o the secondary relaxation process with a longer relaxation time
refers to occur. This result indicates that the defects with large
ize are more likely to be provoked at a low-velocity impact mode
or the non-Cu MG.  The relaxation spectra of Cu0.5 MG  show a
imilar change tendency, see Fig. 6(b). However, the characteris-
ic relaxation time, as well as the intensity of relaxation peaks, is

ess sensitive to the loading-rate. The significant fluctuation of the
haracteristic relaxation time coincides with the structural hetero-
eneity ranging from several angstroms to dozens of nanometers
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Fig. 6. Relaxation time spectra of Cu0 (a) and Cu0.5 (b) MGs  based on the anelastic
relaxation spectra of Cu0 and Cu0.5 MGs  at the loading rate of 5 mN/s (c) and 50 mN

found in Cu-doped FeCo-based MGs  [26]. It is also noticed that the
secondary peak reaches the highest intensity at the loading rate of
50 mN/s. The intensity sharply drops at a higher loading rate of 100
mN/s. This abnormal variation may  be attributed to the fact that
the number of defects activated during the creep process reaches
the maximum value at the loading rate of 50 mN/s.

The coexistence of hard and soft phases has been observed in
many MGs  including our studied system [14,26,30–32]. According
to the two-phase model [33], the first peak of relaxation spectra
with a short relaxation time �1 can stand for the response of hard
regions with a strongly bonded configuration, while the secondary
peak with a longer relaxation time �2 can stand for soft regions
with a weakly atomic bonding. The intensity of first and secondary
peaks in relaxation spectra slightly raises after doping 0.5 at.% Cu
into CoFe-based MGs  and the characteristic relaxation times of both
two peaks show an obvious shift towards a shorter time region at
the loading rate of 5 mN/s, see Fig. 6(c). It indicates that the addition
of a tiny Cu makes the activation of defects at both soft and hard
regions easier. This scenario can be described well in the schematic
diagram of Fig. 7. Compared with Cu0, the defects with small size
are inclined to be activated in the Cu0.5 MG.  The number of acti-
vated defects is slightly larger than that of Cu0 at a low loading rate,
see Fig. 7(b). Moreover, the defect in soft regions tends to be inter-
connected during the plastic flow process. This may result in the
high deformability of Cu-doped MGs  with multiple shear bands at

a quasi-static loading mode as reported in the compressive exper-
iment [19]. The relaxation spectra show a dissimilar performance
at the low-velocity impact mode, for example, at a loading rate of
50 mN/s as shown in Fig. 6(d). The characteristic relaxation time �1

m
i
M
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of their creep curves with a maximum load of 50 mN at different loading rate; the
.

nd �2 show a slight shift towards a longer relaxation time upon
.5 at. % Cu addition, and the intensity of the two relaxation peaks

ncrease. It means that more defects with a relatively large size
t soft regions are activated for Cu0.5 MG  as compared with Cu0
G,  see the schematic diagram as shown in Fig. 7(c). It is in agree-
ent with the observation in our previous work that free volume

s more likely to generate at the continuous weakly-bonded soft
egion during the plastic deformation of the Cu-doped MG [14,26].
he increase of the number of activated defects at both soft and
ard regions upon Cu doping can prevent the stress concentration

nside a single primary shear band or at the tip of the crack, which
s in favor of the nucleation of secondary shear bands/microcracks,
ee Fig. 7(c). Such an energy dissipation process due to the defect
ctivation effectively promotes the plastic flow of MGs.

. Conclusion

The nanoindentation creep of [(Co0.7Fe0.3)0.68B0.219Si0.051Nb0.05]
00-xCux (x = 0, 0.5) MGs  at room temperature was  investigated
nder the frame of Maxwell-Voigt model. We  found that for two
Gs, E and hin increases gradually with increasing loading rates,
hile H decreases slightly, at a loading rate higher than 10 mN/s. It

emonstrates that the mechanical properties of MGs  are sensitive
o both loading-rate and the loading mode. As compared with Cu0,
he E and H of Cu0.5 are much smaller due to the softening upon a
inor Cu addition. It is consistent with the much larger maximum
ndentation depth, hin of Cu0.5 alloy than that of the non-Cu

Gs. The creep curves at different loading rates can be described
ell by using the Maxwell-Voigt model with two Kelvin units
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[30] X.H. Du, J.C. Huang, K.C. Hsieh, Y.H. Lai, H.M. Chen, J.S.C. Jang, P.K. Liaw,Appl.
Phys. Lett. 91 (2007), 131901.

[31] G. Wu,  K.C. Chan, L. Zhu, L. Sun, J. Lu, Nature 545 (2017) 80–83.
Fig. 7. A schematic diagram for the distribution of defects in Cu0 and Cu0.5 MGs  at

and one Maxwell unit. It is found that the viscosity is obviously
reduced during the viscoplastic deformation in the Cu-doped MG,
according to the decrease of �0. Herein, Cu0.5 MG  undergoes more
pronounced viscoplastic flow during the creep deformation. The
two characteristic peaks in relaxation time spectra relate to two
kinds of defects activated during deformation. At a quasi-static
loading mode, the defect with a small size is more likely to be acti-
vated in the Cu0.5 MG,  as indicated by a shift of the relaxation time
�1 and �2 toward a shorter time region. While at a low-velocity
impact mode, more defects at both hard and soft regions were
propagated in Cu0.5 MG,  corresponding to a more intense first
and secondary peaks in the relaxation spectra of Cu0.5 MG.  The
activation of a large number of defects with different sizes along
with the pronounced viscoplastic deformation in Cu0.5 promotes
more energy dissipation at the tip of microcracks or inside the
primary shear band and stimulates the generation of secondary
shear bands, which leads to the improved plasticity of Cu-doped
MGs.
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