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a b s t r a c t

The micro-creep behavior of the Fe66Tb5B23Nb6 metallic glass and its anelastic and viscoplastic defor-
mation mechanism were investigated by using nanoindentation. The Maxwell-Voigt model with one or
two Kelvin units were utilized to describe three stages of creep deformations at different loading rates
and temperatures during the constant load holding process. The creep displacement of the indenter into
the Fe66Tb5B23Nb6 sample at a constant load obeys the classic relaxation kinetics at loading rates ranging
from 5 to 100 mN s�1. The activation energy for the relaxation process increases with increasing loading
rate, which leads to the pronounced relaxation with longer characteristic times under a low-velocity
impact mode observed at room temperature. On the other hand, the relaxation process with a short
characteristic time plays a dominant role in determining viscoplastic flow and softening behavior at the
temperature approaching the glass transition temperature. This work reveals the important role of the
anelasticity on the plastic flow of metallic glasses under dynamic loading conditions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Nanomoulding facilitates a low-cost fabrication of micro- and
nano-devices by thermoplastic imprinting glassy materials such as
metallic glasses (MGs), especially those with low glass transition
temperature (Tg) [1]. It is well documented that bulk MGs will be
sharply softened when they are heated to the temperature between
Tg and crystallization temperature (Tx) (i.e., the so-called supercooled
liquid region, or DT) [2], even though the well-known high strength
and hardness (H) at ambient temperature [3]. This softening process
can help in manufacturing parts with complex shapes at the sub-
micrometer or nanometer scale that traditional crystalline metals or
techniques can barely achieve [4e7], which makes MGs as a prom-
ising candidate for thermoplastic nanomoulding. Nevertheless, a few
studies are performed on imprinting, embossing, and molding of
MGs with high Tg such as Fe-based MGs that normally exhibit a
narrow DT and poor glass-forming ability [8e10]. Acknowledged as
an excellent soft magnetic material, Fe-based MGs have beenwidely
used in the field of power and electronics industries, demonstrating
a wide range of applications and potential commercial value [11].
Previous work shows that microalloying of rare-earth (RE) elements
(C.C. Yuan), blshen@seu.edu.
can effectively enhance the thermal stability of Fe (Co)-based MGs
[12e15] by suppressing the precipitation ofmetastable Fe23B6 and a-
Fe crystalline phases [16]. For instance, FeeBeNb-RE (RE ¼ Dy, Ho,
Er, or Tm) bulk MGs with tunable Curie temperatures exhibit a wide
DT close to 100 K and critical diameters up to 4.5 mm [17].
(Co0.5Fe0.5)62Nb6M2B30 (M ¼ Er, Tb, Y, and Dy) with 2 at. % RE addi-
tion extends DT from 80 to 130 K [18]. More interesting, a good
thermoplastic-forming ability has been found in both FeeBeNb-RE
[19] and (CoFe)eNb-M-B [18] MGs. Despite of these facts, the un-
derlying mechanism for the thermoplastic deformation of Fe-based
MGs at the temperature around Tg is not clear.

It is proposed that the total strain of a bulk MG caused by
structural relaxation contains three components corresponding to
the elastic deformation (εE), anelastic deformation (εA), and visco-
plastic deformation (εV) during a room temperature loading-
unloading cycle [20,21]. The anelastic deformation can induce in-
ternal friction, which gradually converts the mechanical energy of
the MG into internal energy during the engineering application
process, which greatly affects the life of the material and its use
effect [22]. The internal friction of Fe-based MGs that comes from
the anelastic deformation at room temperature has been studied
thoroughly in previous work [23,24], but the mechanism of
anelastic deformation with the elevated temperature is under
disclosure.

In this work, the creep under submicrometer contacts of the Tb-
doped Fe66Tb5Nb6B23 bulk MGs was investigated by nano-
indentation at the temperatures ranging from room temperature
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Fig. 1. The XRD pattern (a) and DSC curve (b) of the as-cast Fe66Tb5Nb6B23 bulk MG.
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(298 K) to 723 K. The classic relaxation kinetics is observed accom-
panied with the increase of activation energy upon increasing
loading rate, which reveals the high impact of anelastic deformation
on the mechanical behavior of RE elements-doped Fe-based MGs.
The viscoplastic flow and softening behavior at the temperature
approaching Tg is closely related to the relaxation process with a
short characteristic time. By comparison of mechanical and ther-
modynamic properties among different temperatures, this study
contributes to the exploration of suitable operating temperature and
loading stress in engineering applications, e.g. thermoplastic nano-
moulding. More critically, as an important factor affecting the failure
behavior of materials, an in-depth study of the anelasticity is of the
great importance for the improvement of the material life and the
reduction of the internal friction in service processes.

2. Experimental

Fe66Tb5Nb6B23 MG samples were prepared with nominal com-
positions by arc-melting of mixing pure Fe (99.99 wt %), Tb (99.9 wt
%), Nb (99.95 wt %), and B (99.99 wt %) in a high-purity argon at-
mosphere. The dimension of indentation specimens is
2 � 10 � 1.5 mm3. The top side of specimens with the dimension of
2 � 10 mm2 was mechanically polished to mirror finish for the
nanoindentation experiment. The micro-creep tests at the tem-
peratures of 300, 432, 573, and 723 K were conducted using a
NanoTest Vantage (Micro Materials Ltd) with a standard Berkovich
diamond indenter. A standard fused silica sample was utilized for
nanoindentation tests with the machine compliance calibration for
the transducer-tip configuration and tip area functional calibration
before each measurement. The load and displacement resolutions
are 750 nN and 0.3 nm, respectively. The thermal drift correction
was carried out during the unloading process by using post-
indentation model. After the creep measurement, the sample was
unloaded to 5 mN and holding for 20 s to derive the thermal drift
rate of the instrument. The surface morphology around the indents
was recorded by Veeco Dimension ICON AFM. At least five inden-
tation tests were carried out under each condition to discard the
biased results that are significantly against the others. The amor-
phous nature and thermal properties of the specimen was check
before nanoindentation by X-ray diffraction (XRD, Bruker D8
Discover diffractometer) with Cu Ka radiation and NETZSCH 404 F3
differential scanning calorimeter (DSC) at a heating rate of 40 K/
min.

3. Results and discussion

Fig. 1 show XRD pattern and DSC trace of Fe66Tb5Nb6B23 alloy
system. It can be seen from Fig. 1(a) that the XRD pattern of this
sample does not show sharp characteristic diffraction peaks, but
only one diffuse scattering peak appears at around 45�, which
shows that during the casting process, Fe66Tb5Nb6B23 bulkMG have
not crystallized. The result suggests amorphous feature, and sub-
sequent DSC experiments further confirmed the amorphous nature
of the sample. The DSC curve of Fe66Tb5Nb6B23 bulk MG at a tem-
perature rise rate of 40 K/min in the temperature range from 600 to
1220 K is shown in Fig. 1(b). An obvious glass transitionwith awide
supercooled liquid region is clearly seen. The glass transition
temperature (Tg) and the onset temperature of crystallization (Tx)
are marked in Fig. 1(b). The Tg is 886 K, which is about 588 K higher
than room temperature. Different exothermic peaks that appear at
979, 1085 and 1126 K, respectively, corresponding to the precipi-
tation of different crystalline phases. The supercooled liquid region
(DTx¼ Tx -Tg) is about 93 K, which is widened about 138% by adding
a minor RE elements as compared with the composition of
Fe71Nb6B23 (DTx¼ 39 K) [10]. It indicates that the minor RE element
2

addition is effective for improving the thermostability of the
FeeNbeB alloy system. The abnormal exothermic peak (marked as
Tinf) is also observed in the supercooled liquid region for this alloy,
as shown in the magnified view of the thermal traces near Tg of
Fig. 1(b). This phenomenon has been well discussed in our recent
work that may be attributed to the structural distortion induced by
the addition of atoms with large size [15,17]. Tb microalloying
causes slightly different crystallization behaviors as compared with
other Fe66RE5Nb6B23 MGs containing Dy, Ho, Er, and Tm [17]. A
pronounced exothermic peak after the glass transition corresponds
to the precipitation of a single phase. No shoulder-like peak or
splitting has been found in the main exothermic peak as observed
in the Ho-containing Fe66Ho5Nb6B23 [17]. It demonstrates that the
competition between Fe23B6, Fe3B and RE2Fe14B phases is impeded
in the first stage of the crystallization process in the Fe66Tb5Nb6B23

MG.
The load-displacement (P-h) curves of Fe66Tb5Nb6B23 MG at

loading rates of 1, 5, 10, 50 and 100 mN s�1 are shown in Fig. 2 (a) -
(d). The load-unload sequence can be clearly seen in Fig. 2. The
sample was firstly loaded to a limit of 50 mN, holding for 100s, then
completely unloaded to zero at the same rate as the loading rate.
The obvious serration behavior along with the typical pop-in phe-
nomenon is observed in the sample measured at temperatures of
423 and 527 K during the loading process with a constant loading



Fig. 2. Load - displacement (P - h) curves of the Fe66Tb5Nb6B23 MG under different loading rates with the peak load of 50 mN at temperature of 298 (room temperature), 423, 527,
and 723 K, respectively.
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rate lower than 50mN s�1, see Fig. 2 (b) and (c). It is consistent with
the work of Song et al. [25] who observed in situ the regular slip
stripes in the cross section of the sample after the shear band slip
using a high-speed camera, and confirms that the serrated flow is
the result of intermittent slip of the shear band. Previous studies
show that the serrated flow strongly depends on the temperature
and strain rate of the amorphous alloy during deformation [26,27],
which relates to the formation and propagation of shear bands
closely [28]. At 723 K, serrated flow disappears at all loading rates,
see Fig. 2(d). That can be ascribed to the improved atomic motion
with the rise of temperature. In this case, the multiple shear bands
can be generated at the same time, which results in a more uniform
plastic deformation along with the disappearance of serrated flow.

The creep displacement curves during the load holding period of
Fe66Tb5Nb6B23 MG at measured temperatures of 298, 432, 573, and
723 K with a load limit of 50 mN are displayed in Fig. 2 (a)e(d).
With increasing load rate from 1 to 100 mN s�1, the maximum
indentation depth during load holding period increases from less
than 5 to close to 50 nm at room temperature. The maximum
indentation depth increases remarkably with increasing tempera-
ture as well. The hardness (H) and elastic modulus (E) derived from
nanoindentation at the loading rate ranging from 1 to 100 mN s�1

are listed in Table 1. It can be seen that both E and H decrease
dramatically with increasing temperature, especially at the
3

temperature of 723 K. Compared with the sample measured at
room temperature, the H is reduced more than 50%, and the E de-
creases about 14% at the loading rate of 5 mN s�1 measured at
723 K, suggesting a softening effect of Fe66Tb5Nb6B23 MG at the
temperature approaching to Tg.

The anelastic flow of a MG often occurs in the elastic region
below the yield stress, which closely related to the non-equilibrium
characteristics of amorphous solids. Unlike the plastic flow
behavior of MGs, anelastic flow is relatively uniform on the
macroscopic scale, generally no shear band propagates [29]. Typical
anelastic flow occurs when a metallic glass is dynamically loaded
and unloaded in the elastic region, and it appears as a hysteresis
loop of the stress-strain curve. As reported by Park and Lu et al.
[30,31], anelastic deformation can be observed during the nano-
indentation period of quick loading and unloading, while the vis-
coplastic deformation occurs when a MG is subjected to long-term
stress loading (creep). Hence, the total strain of Fe66Tb5Nb6B23 MG
includes the elastic deformation εE, the anelastic deformation εA
and the viscoplastic deformation εV. εA and εV gradually increase
with increasing stress holding time and eventually reach a satu-
rated state. When the stress is completely unloaded, the elastic part
εE and the anelastic part εA completely disappear, only remaining
the viscoplastic part εV [20]. Based on the above theoretical study,
the displacements of the indenter into the sample during load



Table 1
Hardness H and elastic modulus E of the Fe66Tb5Nb6B23 MG as a function of loading rates measured at different temperatures.

Loading rate (mN$s�1) H (GPa) E (GPa)

298 K 423 K 573 K 723 K 298 K 423 K 573 K 723 K

1 12.5 ± 0.6 14.4 ± 2.3 10.5 ± 1.1 5.2 ± 0.6 194.5 ± 5.1 219.9 ± 35.5 193.8 ± 5.6 177.2 ± 7.9
5 13.7 ± 0.8 13.5 ± 1.0 11.0 ± 1.5 6.6 ± 1.0 205.7 ± 5.6 204.0 ± 5.9 193.1 ± 7.8 177.0 ± 12.7
10 13.3 ± 0.7 13.7 ± 2.5 10.5 ± 1.1 11.9 ± 6.2 205.8 ± 2.9 210.1 ± 25.0 195.9 ± 7.0 245.8 ± 42.3
50 12.6 ± 1.2 12.1 ± 1.2 11.0 ± 1.4 9.2 ± 1.6 202.0 ± 6.8 205.2 ± 9.4 198.0 ± 8.0 227.5 ± 18.9
100 11.6 ± 0.8 12.0 ± 0.6 9.8 ± 0.6 11.5 ± 1.4 204.4 ± 9.3 205.9 ± 5.4 197.6 ± 8.8 263.4 ± 10.3

Table 2
The fitting parameters of the creep displacement curves of the Fe66Tb5Nb6B23 MG at
different temperatures using the classic relaxation kinetics equation.

Loading rate (mN$s�1) h0 (nm) t (s) m0
�1 (nm s�1)

298 K 1 8.78 ± 0.11 11.04 ± 0.48 0.06
5 11.58 ± 0.15 16.27 ± 0.58 0.07
10 14.88 ± 0.20 17.74 ± 0.61 0.06
50 16.07 ± 0.20 18.27 ± 0.58 0.07
100 10.76 ± 0.11 14.40 ± 0.44 0.05

423 K 1 3.74 ± 0.07 4.45 ± 0.51 0.05
5 6.93 ± 0.13 10.43 ± 0.73 0.11
10 8.14 ± 0.16 10.63 ± 0.77 0.06
50 7.59 ± 0.09 6.69 ± 0.39 0.09
100 4.37 ± 0.14 5.55 ± 0.98 0.12

573 K 1 11.80 ± 0.39 19.73 ± 1.55 0.19
5 16.32 ± 0.24 9.27 ± 0.54 0.39
10 11.68 ± 0.22 5.85 ± 0.59 0.13
50 5.73 ± 0.19 5.36 ± 1.01 0.18
100 7.12 ± 0.13 3.31 ± 0.45 0.13

723 K 1 44.34 ± 0.45 18.74 ± 0.47 0.88
5 43.61 ± 0.33 7.68 ± 0.26 0.49
10 36.32 ± 0.25 4.74 ± 0.20 0.30
50 24.66 ± 0.35 4.20 ± 0.38 0.34
100 15.69 ± 0.25 3.24 ± 0.39 0.33
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holding period can be described by a classic relaxation kinetics
equation, plus the viscoplastic contribution t

m0
[21]:

h¼h0

0
@1� e�

t
t

1
Aþ t

m0
(1)

where t is the creep time, h0 the ultimate additional displacement
that occurs during the constant-load period, t the characteristic
relaxation time of a Kelvin unit, and m0 the viscoplastic constant in a
Maxwell dashpot. Fig. 3 show the typical experimental and fitted
creep displacement curves of Fe66Tb5Nb6B23 at the loading rate of
5 mN s�1. It is can be seenwith increasing temperature from 298 to
727 K, the maximum penetration of the indenter increases obvi-
ously from 26 to 140 nm. The fitting parameters are listed in Table 2.
The h0 that represents the final indentation depth after the loading
holding period increases strikingly with increasing loading rate,
reaching a maximum value of 16 nm at the loading rate of
50 mN s�1. It drops about 33% with further increasing the loading
rate to 100 mN s�1. However, at the temperature higher than room
temperature such as 423 K, the h0 is similar at all loading condi-
tions, independent of the loading rate. With further increasing
temperature to higher than 573 K, the h0 decreases with increasing
loading rate. The t shows a resembling loading-rate dependency as
h0 at different temperatures. The m0

�1 as an indicator of viscoplastic
deformation of the sample, seems independent of loading rates.
With increasing temperature from 298 to 723 K, the m0

�1 increases
from 0.07 to 0.49 at the loading rate of 5mN s�1. It indicates that the
viscoplastic deformation is more dominant at a temperature that
close to Tg.
Fig. 3. Experimental and fitted creep displacement curves of the Fe66Tb5Nb6B23 MG
under a loading rate of 5 mN s�1 with the peak load of 50 mN at different temperatures
by using the classic relaxation kinetics equation.

4

Since the relaxation time decreases with increasing tempera-
ture, the anelastic flow is thermally activated, each value of the
distribution of the characteristic relaxation time as function of
temperature follows the equation:

t¼ t0e
�Q

kT (2)

where Q is the activation energy of the relaxation process, t0 a
preexponential factor, k Boltzmann’s constant, and T the absolute
temperature. The logarithm plots of the relaxation time as a func-
tion of 1/T at each loading rate are displayed in Fig. 4. Keeping the
invariability of loading rates, fitting four sets of data at different
temperatures, it is found that they basically conform to the linear
relationship. Referring to Eq. (2), the relaxation activation energy Q
can be derived. According to Eq. (2), an effective activation energy
can be evaluated to be 0.032 eV atom�1 at a loading rate of
5 mN s�1. It increases gradually to 0.069 eV with increasing loading
rate from 5 to 100 mN s�1. These values are much smaller than, for
example, the energy of a vacancy formation in a Fe-based crystal-
line alloy. As reported by A. Hernando et al. [32], the activation
energy of relaxation process of (Fe0.05Co0.95)75Si15B10 is around
0.15eV, a little higher thanwhat we found. The amount of the creep
activation is 3e4 times that of the stress relaxation, i.e., it has much
fewer atoms that participate in stress relaxation as compared with
the creep process [33].

MG-forming alloy systems are considered to be structurally
heterogeneous at the subnano-to nanoscale [34e37], especially in
RE-added Fe-based MGs [34]. The nanoscale heterogeneity based
on the core-shell-like model [29] can be characterized two relax-
ation processes during the creep deformation with different
relaxation times. Therefore, here a Maxwell unit with two Kelvin



Fig. 4. Logarithm of the mean of the observed relaxation times t at each temperature as a function of 1/T, under the loading rates of 5e100 mN s�1. The relaxation activation energy
Q and the fitting correlation coefficient R2 are shown in the lower right corner of each picture. The straight line is a fit to the data.

Fig. 5. Experimental and fitted creep displacement curves of the Fe66Tb5Nb6B23 MG
under a loading rate of 1 mN s�1 with the peak load of 50 mN at 723 K by using the
Maxwell-Voigt model.
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units connected in series under the frame of the Maxwell-Voigt
model is utilized for the analysis of the creep displacement as
well [20]:

h¼h1

0
B@1� e�

t
t1

1
CAþ h2

0
B@1� e�

t
t2

1
CAþ t

m0
(3)

where the parameters h1, t1 and h2, t2 correspond to two separated
relaxation processes. h1 and t1 represent the displacement and
relaxation time of the first Kelvin unit, while h2 and t2 represent
that of the second Kelvin unit. As shown in Fig. 5, the creep data of
the sample measured at the temperature of 727 K at the loading
rate of 1 mN s�1 can be accurately described by Eq. (3), where the
correlation coefficient R2 is 99.95. Since the structural in-
homogeneity can be described by a two-phase model in MGs that
includes a strongly bonded hard region and a weakly bonded soft
region [29], 2 K units represent the anelastic relaxation process of
soft and hard regions, respectively. A Maxwell unit is used to
characterize the viscoplastic deformation.

Fig. 6 (a) and (b) shows the experimental and fitted creep curves
of the Fe66Tb5Nb6B23 MG as a function of loading rates and tem-
peratures. It can be seen that the typical creep curves can be fitted
5



Fig. 6. (a) and (b) The creep displacement and fitting curves of the Fe66Tb5Nb6B23 MG during the load holding period measured under room temperature at different loading rates
(a) and measured under the loading rate of 5 mN s�1 at different temperatures (b). (c) and (d) The relaxation spectra of the Fe66Tb5Nb6B23 MG measured at 298 K under different
loading rates (c), and measured under the loading rate of 5 mN s�1 at different temperatures (d) based on the anelastic part of the creep displacement curves.
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successfully using Maxwell-Voigt model. The fitting parameters for
the creep displacement-time (h-t) curve at different loading rates
and temperatures are listed in Table 3. At room temperature, the
m0
�1 that represents the viscoplastic deformation ability of MGs

almost keep a constant, independent of loading rates, which is in
good agreement with previous research results [38]. While the m0

�1

increases from 0.02 to 0.11 with increasing loading rate from 5 to
100 mN s�1 at 423 K. With further increasing temperature, the m0

�1,
on the contrary, decreases obviously from 0.39 to 0.31 and 0.87 to
0.22 nm s�1 with increasing loading rate at 573 and 723 K,
respectively, exhibiting a work hardening with an enhanced vis-
cosity. The displacements h1 and h2 of two Kelvin units during
primary and secondary relaxation processes increase significantly
with increasing temperature, accompanied by a large fluctuation of
the relaxation time t1 and t2.

Coincidence with the previous work [37,38], the creep
displacement with extended loading time as displayed in Fig. 6 (a)
and (b) is in direct proportionwith temperatures and loading rates.
The anelastic component of a creep process can be analyzed in
terms of relaxation time spectrum using the approximate equation
as suggested in the work of Castellero et al. [39,40]:
6

LðtÞ¼

2
64Xn

i¼1

�
1þ t

ti

�
hi
ti
e�

t
ti

3
75 A0

P0hin
tjt¼2t (4)

where L is the spectrum intensity, A0/P0 the inverse of the hardness,
and hin the maximum indentation depth. Fig. 6 (c) and (d) presents
the relaxation spectra of the Fe66Tb5Nb6B23 MG as a function of
loading rates and temperatures. Two separate relaxation peaks can
be observed in all relaxation spectra. According to the core-shell
model [31], the first peak with short relaxation times in the
relaxation spectrum represents the defects in the hard region,
while the second peak with long relaxation times represents the
defects in the soft region. Based on the definition of flow defects,
the structural rearrangement with a longer relaxation time than
that of elastic matrix to can dissipate the stress concentrates
around the elastic matrix. Such process can be well described by
Kelvin units [41], corresponding to the inelastic deformation of
MGs.With increasing the loading rate from 1 to 50mN s�1, both the
intensity and relaxation time of the first and second peaks alter



Table 3
The fitting parameters of the creep displacement curves of the Fe66Tb5Nb6B23 MG using the Maxwell-Voigt model measured at different temperatures.

Loading rate (mN$s�1) h1 (nm) t1 (s) h2 (nm) t2 (s) m0
�1(nm/s)

298 K 1 1.3 ± 0.4 0.7 ± 0.8 7.7 ± 0.4 13.6 ± 1.1 0.06
5 4.5 ± 0.3 1.5 ± 0.3 10.9 ± 0.3 33.0 ± 2.4 0.11
10 3.3 ± 0.2 0.8 ± 0.3 10.9 ± 0.2 26.3 ± 1.2 0.09
50 2.8 ± 0.3 1.9 ± 0.5 14.1 ± 0.3 34.2 ± 1.7 0.08
100 2.8 ± 0.2 1.6 ± 0.4 12.2 ± 0.2 29.5 ± 1.3 0.05

423 K 1 1.8 ± 0.9 1.4 ± 1.1 2.0 ± 0.9 8.9 ± 3.8 0.05
5 2.9 ± 0.6 0.7 ± 0.5 2.0 ± 0.6 10.1 ± 3.9 0.02
10 2.6 ± 0.4 0.4 ± 0.6 5.9 ± 0.4 17.1 ± 2.3 0.06
50 1.6 ± 0.5 0.3 ± 0.9 6.1 ± 0.5 8.5 ± 0.9 0.09
100 0.16 ± 5.0 0.1 ± 2406.3 2.8 ± 5.0 1.6 ± 1.9 0.11

573 K 1 2.9 ± 0.5 0.6 ± 0.8 10.0 ± 0.6 30.5 ± 4.8 0.18
5 4.0 ± 0.9 0.6 ± 0.6 12.8 ± 0.8 13.2 ± 1.5 0.39
10 5.7 ± 1.7 1.4 ± 0.8 6.5 ± 1.6 11.9 ± 3.5 0.31
50 2.1 ± 2.4 1.2 ± 2.4 3.7 ± 2.3 8.2 ± 5.1 0.18
100 2.2 ± 1.9 1.0 ± 1.8 8.5 ± 1.8 8.7 ± 2.1 0.13

723 K 1 3.8 ± 0.9 0.9 ± 0.9 41.6 ± 0.8 21.6 ± 0.9 0.87
5 18.4 ± 1.0 1.4 ± 0.2 37.6 ± 0.9 25.8 ± 1.4 0.57
10 9.4 ± 1.6 0.5 ± 0.4 30.6 ± 1.5 9.3 ± 0.7 0.65
50 18.6 ± 0.6 1.4 ± 0.2 14.5 ± 0.6 33.4 ± 3.7 0.45
100 8.7 ± 1.1 0.6 ± 0.5 21.5 ± 1.1 26.2 ± 3.2 0.22
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remarkably. The relaxation spectrum is a statistical result of the
relaxation process of two different characteristic relaxation time in
the system, essentially, corresponding to each peak as marked in
Fig. 6 (c) and (d). The higher the peak intensity, the more the
relaxation processes of the characteristic relaxation time involved,
i.e., more defects are activated. The increase of the peak intensity
with increasing loading rate indicates the generation of more de-
fects at a higher loading rate. Compared with the primary relaxa-
tion peak, the variation of the secondary relaxation peak in the
Fe66Tb5Nb6B23 MG is more pronounced. As shown in Fig. 6 (c), the
intensity of the secondary relaxation process increases gradually
with increasing loading rate, accompanied with the shift of the
peak position to a longer time region. It indicates that the defects
with longer relaxation times intended to be activated at higher
loading rates, e.g. in a low-velocity impact mode, at room tem-
perature, which is consistent with the increase of the activation
energy with increasing loading rate as shown in Fig. 4. More
interestingly, it is found that both the creep displacement and the
intensity of relaxation spectra is reduced at the loading rate of
100 mN s�1. This abnormal change of relaxation peaks may be due
to the saturation of the activated defects during the creep defor-
mation at a loading rate of 50 mN s�1 [38], see Fig. 6 (a) and (c).

Differ from the relaxation spectra at the temperature close to
room temperature, the obvious increase of the first relaxation peak
at 723 K with the loading rate of 5 mN s�1 can be clearly seen in
Fig. 6 (d). Meanwhile, the peak of the primary relaxation is more
intense than that of the secondary relaxation at this temperature. It
indicates that the participation of the relaxation process with a
short relaxation time is more important during the plastic defor-
mation. The short-time relaxation is due to the high restriction of
the atom’s movement. Such restriction is mainly attributed to the
relatively strong chemical interaction between atoms and the
network-like configuration hided in the glassy matrix, i.e., the for-
mation of the hard region. The breakage of the atomic bonding at
high temperature results in the fast motion of atoms, which is
beneficial for the superplastic flow of MGs. As shown in Fig. 6 (c)
and (d), the defects in the strongly-bonded hard region related to
the shorter relaxation time more prefer to be activated at the
temperature close to Tg, e.g., 723 K, while the defects in the weakly-
bonded soft region related to the longer relaxation time are intend
to be activated at room temperature. Thus, it can be concluded that
the high temperature and low loading rate used in the present
indentation experiments favor the anelastic deformation process
7

with a shorter relaxation time, the one with longer i.e., with larger
activation energy Q failing to be activated and therefore not taking
part in the recovery [42]. Moreover, at the high temperature, the
penetration during the constant-load segment decreases because
the characteristic relaxation time is so short that the partial
anelastic recovery can occur during the loading process.

The activation of a large number of dynamic defects with a short
characteristic relaxation at 723 K is also consistent with the pro-
nounced softening phenomenon as demonstrated by the obvious
decrease of both hardness and elastic modulus at this temperature.
As proposed by Hufnagel [43] and Ma [44] et al., the elastic
modulus represents the inherent stiffness of atomic bonds. The
atomic-scale defects inside the system activated along with
elevated temperature will reduce the energy barrier for atom mo-
tion and induce the breakage of atomic bonds, which eventually
leads to the softening of glass matrix. It, macroscopically, turns out
that the elastic modulus and the hardness decrease.

The structural evolution during the plastic deformation can be
regarded as a process of competition between the two mechanisms
of shear-induced free volume generation and diffusion-induced free
volume annihilation. The increase in temperatures leads to the
generation and activation of defects such as internal compositional
inhomogeneity or atomic agglomeration, which leads to a significant
reduction in the actual occupied volume of atoms, and thus excess
free volume. During the superplastic deformation, the rate of free
volume generation is much higher than the rate of free volume
annihilation caused by diffusion. The potential energy of the disor-
dered systemwill increase, accordingly. It finally leads to the notable
softening phenomenon along with the structural rejuvenation.

4. Conclusions

The micro-creep behaviors of the Fe66Tb5Nb6B23 MG at different
temperatures were investigated by using nanoindentation.
Anelastic and viscoplastic deformation mechanism during the
creep process of Fe66Tb5Nb6B23 were discussed in details. The creep
displacement and strain rate curves during the constant load
holding period can be well described by the Maxwell-Voigt model
with one or two Kelvin units. The activation energy of the relaxa-
tion process evaluated under a classic relaxation kinetics is
dependent on loading rates, which increases gradually from 0.032
to 0.069 eV with increasing loading rate from 5 to 100 mN s�1.
Based on the relaxation time spectra under the frame of the two-
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phase model, it is found that the defects with a short relaxation
time are more dominant in the plastic flow process with the
elevated temperature, especially at a high temperature of 723 K.
The hardness and elastic modulus were reduced significantly as
well when the samplewas heated from room temperature to 723 K,
demonstrating a pronounced softening behavior. The present work
may help us in deeply understand the elastoplasticity of MGs at
room temperature as well as the temperature close to Tg.
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