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Dynamic mechanical relaxation is a fundamental tool to understand the mechanical and physical properties of viscoelastic
materials like glasses. Mechanical spectroscopy shows that the high-entropy bulk metallic glass (La;yCes(Ni;(Al,,Co,,) exhibits
a distinct B-relaxation feature. In the present research, dynamic mechanical analysis and thermal creep were performed using this
bulk metallic glass material at a temperature domain around the  relaxation. The components of total strain, including ideal
elastic strain, anelastic strain, and viscous-plastic strain, were analyzed based on the model of shear transformation zones (STZs).
The stochastic activation of STZ contributes to the anelastic strain. When the temperature or external stress is high enough or the
timescale is long enough, the interaction between STZs induces viscous-plastic strain. When all the spectrum of STZs is
activated, the quasi-steady-state creep is achieved.
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1 Introduction

Metallic glasses (MGs) and high-entropy alloys (HEAs)
have attracted much attention to researchers worldwide over
various disciplines. MGs possess unique mechanical and
physical properties such as superior compressive/tensile
strength, high elastic limit, ultrahigh hardness, and excellent
anti-corrosion behavior [1-6]. HEAs are multicomponent
alloys containing at least five elements in equiatomic/near-
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equiatomic concentrations. HEAs exhibit four unique ef-
fects, i.e., high configuration entropy, sluggish diffusion,
cocktail effect, and severe lattice distortion [7-9]. High-en-
tropy bulk metallic glasses (HE-BMGs) combine both
characteristics of MGs and HEAs. Recent literature has re-
ported the specific properties of HE-BMGs, such as excellent
glass forming ability [10], ultrahigh compressive strength
[11-13], soft magnetic properties [14], and good corrosion
resistance [15].

The definition of “defects” in MGs and the correlation
between mechanical properties and deformation mechanism
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remain open questions, similar to how apparent defects
(voids, dislocations, and grain boundaries) play a role in
conventional crystalline metals. Mechanical relaxation can
be defined as the transition of a system from one thermo-
dynamic state to another, involving energy dissipation due to
the application of external mechanical stress. Previous in-
vestigations proved that the plastic deformation of MGs is
correlated to the rearrangements of local random atomic
clusters in soft regions termed shear transformation zones
(STZs) [16]. There are two types of plastic deformation in
MGs [16,17]. Homogeneous flow, occurring at a low strain
rate and develops when shear mediated strain is triggered by
activation of STZs [17]. In contrast, inhomogeneous flow,
occurring at a high strain rate, occurs when the nucleation
and motion of shear banding events are induced by the
avalanches of atomic rearrangements in coupled STZs [18-
20]. In addition to the mechanistic description, the potential
energy landscape (PEL) describes the plastic deformation
mechanism of MGs in terms of motion within the config-
urational space, involving changes of potential energy from
one state to another [21,22]. According to the PEL diagram,
glassy materials possess two main relaxation processes:
secondary P relaxation (also named Johari-Goldstein, JG
relaxation) and primary o relaxation [22]. The o relaxation of
glassy materials is correlated to the glass transition process,
which develops through cooperative, large-scale rearrange-
ment of atoms or molecules. From the perspective of PEL, a
relaxation is composed of a series of consecutive B relaxa-
tions. The [ relaxation, which is attributed to the structural
heterogeneity, is relevant to local atomic rearrangement [23-
26]. Recent studies proved that the B relaxation is closely
associated with the mechanism underlying plastic deforma-
tion [27-29]. Significantly, the apparent activation energy of
B relaxation Ej; in MGs is correlated to the potential energy
barriers Wsr, of STZs, i.e., Ey ® Wgrz [30]. B relaxation is
linked to the activation of STZs locally confined in the
elastic matrix of MGs, while o relaxation is associated with
the percolation of STZs through the elastic matrix [21,31].

In addition, MGs remain in an out-of-equilibrium state.
The Gibbs free energy of MGs is higher than that of their
crystalline counterparts, and for the ideal metastable liquid
when rapidly cooled down from the liquid state. Excess free
energy causes spontaneous irreversible structural rearrange-
ments, known as structural relaxation [32]. However, the
thermodynamic mechanical relaxation behavior of MG is not
fully understood and requires further research [2,3,33]. No-
tably, the high configuration entropy of HE-BMGs causes a
decrease in Gibbs free energy [34]. Hence, HE-BMGs are
excellent model systems to probe the evolution of the atomic
configuration and time-dependent thermodynamic mechan-
ical relaxation.

Creep behavior is fundamental to understand the plastic
deformation in materials [35-37]. The deformation behavior
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of MGs overlaps the features of elastic solids and viscous
fluids. Normally, the strain response of MGs to the applied stressis
composed of four components. These diverse components
are distinguished by their reliance on time or the degree of
recovery upon unloading and are defined as follows:

(1) Ideal elastic strain ¢, the component of deformation
which is instantaneous, linear, and fully recoverable [38].

(2) Anelastic strain (also named backward strain) ¢,, the
component of deformation which gives rise to a full recovery
with a characteristic time comparable to that of a transitory
regime of deformation. Anelastic strain is both directly and
indirectly dependent on the rate of loading or heating [39].

(3) Visco-plastic strain &, is a non-recoverable and time
dependent component [40].

(4) Instantaneous plastic strain ¢, is an instantaneous and
non-recoverable component.

Recent literature reports significant advances in under-
standing the creep process of amorphous materials, including
MGs [41-43]. Furthermore, several theoretical models were
proposed to describe the mechanical properties of amor-
phous solids. The classical rheological model, i.e., general-
ized Kelvin model, is composed of a number of dashpots and
springs [44-46]. The flow events in MGs are illustrated in the
framework of the PEL [28,47]. It should be emphasized that
the creep mechanism in MGs, particularly in HE-BMG:s, is
still under debate [42,48,49]. In this research, La;;Ce;oNi; (-
Al Co,, HE-BMG was selected as a model alloy to study the
dynamic mechanical relaxation behavior and the creep me-
chanism. Both theoretical and experimental studies in-
vestigated the correlation among the dynamic mechanical
relaxation process, cooperative rearrangement of atoms, and
creep dynamics. Mechanical spectroscopy indicates that
Las;Ce;oNi;pAl,iCo,y HE-BMG exhibits a pronounced slow
B relaxation and a distinct o relaxation. Besides, observations
of creep and recovery spectra indicate a transition from a
three-stage power-law process into a double-stage power-
law process.

2 Experimental procedure

2.1 Sample preparation

The master alloys with a nominal atomic composition of
La;,CeyNi (Al Coyy (at%) were prepared by arc-melting
pure metals in a Ti-gettered high-purity argon atmosphere.
Plates were prepared by a copper mold suction casting
technique with a length of ~70 mm, a width of ~10 mm, and
a thickness of ~2 mm. The single-roller melt-spinning tech-
nique was used to prepare ribbons with a width of ~2 mm
and a thickness of ~20 um.

2.2 Thermal properties

The glass nature of as-cast alloys was confirmed using X-ray
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diffraction with Cu Ko radiation using a device (XRD,
Bruker AXS Gmbh). The glass transition temperature 7, and
the crystallization onset temperature 7,, were measured
using a differential scanning calorimeter (DSC, Pekin Elmer,
DSC 7) at a heating rate of 10 K/min.

2.3 Mechanical spectroscopy

Dynamic mechanical properties of the model glass were
performed using a dynamic mechanical analyzer (DMA, TA
instruments Q800) in single-cantilever bending mode. As
periodic sinusoidal stress is applied to the materials, the
corresponding strain is monitored in the DMA experiments.
The dynamic Young’s modulus £* = E’ +iE", where E’ is the
storage modulus, and E” is the loss modulus, is inferred from
o/e. The loss factor (also termed internal friction) tand = E"/E’
can also be determined. DMA provides a temperature range
from 128 to 873 K and a frequency range from 0.01 to
200 Hz.

2.4 Creep and recovery test

The thermal creep and recovery measurements were per-
formed using a DMA, TA instruments Q800 in tension film
mode. The stress level was from 25 to 100 MPa, and tem-
perature ranged from 358 to 403 K.

3 Results and discussion

3.1 Thermal properties of HE-BMG

Figure 1 shows the XRD pattern of Las,Ce;,Ni (Al Coy
HE-BMG (as-cast state). The broad diffraction peak is a
typical feature of amorphous solids. The inset of Figure 1
exhibits the DSC curve of La;,Ces(Ni (Al Co;o HE-BMG.
The glass transition temperature 7, is 437 K, and the crys-
tallization onset temperature 7 is 492 K. La;yCe;oNi;oAl,y-
Co,o, HE-BMG indicates a broad supercooled liquid region
(SLR, AT =T, = T, = 55 K).

3.2 Dynamic mechanical analysis

The dynamic mechanical relaxation of MGs shows depen-
dence on the driving frequency and temperature [50].
Figure 2(a) presents the dependence of the normalized sto-
rage modulus E'/E, and loss modulus E"/E, of Las,Ce;y-
NiyAlCo;o HE-BMG on temperature obtained at a driving
frequency of 0.5 Hz and a heating rate of 3 K/min. Here, E,
is the storage modulus at ambient temperature. Similar to
other La-based and Ce-based MGs, La; CesNi;qAl Coyy
HE-BMG shows a distinct  relaxation peak. The intensity of
B relaxation is approximately 10% of that of o relaxation,
according to refs. [51,52]. The results clearly show that the
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temperature span of the B relaxation is broader than that of a
relaxation. Figure 2(b) depicts the normalized loss modulus
E"/E" .« versus the normalized temperature 7/7, in various
HE-BMGs. Here E", is the maximum value of the loss
modulus, and 7, is the peak temperature of a relaxation.
Zr3sHf\ 7 5Tis sAl}, s5Coq 5sNi;,Cu;y HE-BMG exhibits a mod-
erate secondary relaxation known as “excess wing” whereas

Heating rate: 10 K/min

LasCesNipAl,xCoqg T.=492 K
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Figure 1 (Color online) XRD pattern of Las,Ce;(Ni;(Al,,Co;o0 HE-BMG
in as-cast state. No sharp peaks appear, proving the glassy nature of the
alloy. The inset exhibits the DSC curve at a heating rate of 10 K/min. The
glass transition temperature 7, is 437K, and the crystallization onset
temperature 7, is 492 K.
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Figure 2 (Color online) (a) Dependence of the normalized storage
modulus E'/E, and loss modulus E"/E, of the La;;Ces(Ni;(Al,,Co,, HE-
BMG on temperature obtained at a driving frequency of 0.5 Hz and a
heating rate of 3 K/min. Here, £, is the storage modulus at room tem-
perature; (b) the normalized loss modulus E"/E" ., in Lay;Ce;oNijoAly-
Coyg, PdyoPtyoCuyNiy,Psg, and ZrysHf; 5Tis sAl}, sCos sNi,Cuy g HE-BMGs
as a function of the normalized temperature 7/7, [53]. E" . is the max-
imum of the loss modulus, and T}, is the temperature of the peak of the main
o relaxation.
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Pd,Pt,yCuyoNi,y P,y HE-BMG exhibits a “shoulder” [53]. In
this study, Las,Ce;oNi;(Al,;Co,y HE-BMG shows a con-
spicuous B relaxation peak for establishing the correlation
between relaxation dynamics and creep mechanism.

To further analyze the nature of the dynamic mechanical
relaxation of HE-BMGs, the evolution of the isothermal re-
laxation spectra, i.e., the loss modulus £"/E, and scanning
the frequency from 0.02 to 16 Hz with temperature intervals
of 5 K is shown in Figure 3(a). The spectra of La;,Ce;oNi -
Al Co;y HE-BMG show a pronounced B relaxation peak
within the frequency window at low temperature, while a
relaxation appears at the high temperature region. As the
isothermal temperature increases, both the  and o relaxation
peaks move to a higher frequency.

According to the time-temperature superposition (TTS)
principle, the evolution of modulus/compliance of polymers
in a broad frequency/time window can be collapsed into a
master curve by frequency shifting [54]. Assuming the va-
lidity of the TTS principle in MGs, the master curve of loss
modulus of La;,Ces(Ni; (Al Co,; HE-BMG was obtained by
a horizontal shift of the isothermal profiles with a tempera-
ture shift factor a; = ©(T)/1(T.), where 7(T) is the relaxation
time at a given testing temperature and 7(7,y) is the relaxa-
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tion time at a given reference temperature 7,.;. Figure 3(b)
presents the normalized loss modulus as a function of shifted
frequency with reference temperature 7,.; = 358 K, and this
temperature was chosen deliberately as the significant creep
recovery temperature as discussed below. Consequently, one
can compute the dynamic mechanical relaxation at any de-
sired reference temperature using the TTS principle. At high
driving frequency, the master curve is primarily dominated
by B relaxation, whereas a relaxation peak emerges at low
driving frequencies. At temperatures below the glass tran-
sition temperature, the correlation between the relaxation
time and temperature of glassy materials, including MGs,
obeys the Arrhenius equation: 7= 7oeXp(E,,s/kT), Where 7 is
a pre-factor, Ey, is the apparent activation energy at glass
state and k£ is the Boltzmann constant. Parallelly, above the
glass transition, the relaxation time 7 is well described by the
Vogel-Fucher-Tammann (VFT) function: © = Aexp(B/(T—
T,)), where 4, B, and T are fitting parameters. In the limited
temperature region, the VFT equation can be approximated
by the Arrhenius equation: t = t'wexp(E/kT), where
7'y is the fitting parameter, and E refers to the apparent
activation energy in the supercooled liquid (SCL) state. From
the perspective of the relaxation time, the shift factor a; can
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Figure 3 (Color online) (a) Evolution of the normalized loss modulus E"/E, as a function of frequency at different temperatures of La;;Ce;oNi;(Al,;Coq
HE-BMG; (b) master curve of the normalized loss modulus E"/E, is based on the TTS principle; the reference temperature is 7,.c = 358 K; (c¢) temperature
dependence of the shift factor for DMA; the solid lines represent fits to Arrhenius equations; (d) the evolution of the peak values of o relaxation and B
relaxation as a function of reciprocal temperature. The solid lines denote Arrhenius fits. The apparent activation energies of relaxation are presented.
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be well described as [55]:

E, lass | 1 1

) ren

T (Ea(1 1 M
xp[ ;CI[T - Tref] , T=T,.

Figure 3(c) presents a plot of the shift factor a; as a
function of the reciprocal of temperature for 7, = 358 K.
The result explicitly shows a perfect fitting of the evolution
of the shift factor ar on temperature. In the present work, the
master curve was successfully generated based on the TTS
principle. Besides, the correlation between the peak tem-
perature of the P relaxation and the driving frequency of
glassy materials also obeys the Arrhenius equation: /= fyexp
(EWkT), where f; is a pre-factor and Ej is the apparent acti-
vation energy of the B relaxation. Figure 3(d) depicts the
logarithm of the driving frequency versus the reciprocal of
the peak temperature of a and B relaxations. The slope of the
fitted line allows to compute the apparent activation energies
of the B and o relaxations, i.e., £; = 1.0 eV and E,= 2.7 €V,
respectively. These values are very similar to those obtained
for Ey, and Eg respectively. Remarkably, Eg = 26.4RT, is
consistent with the empirical ratio for the activation energy
of the B relaxation of typical MGs [56]. The activation en-
ergy obtained from the shift factor is close to that computed
from the driving frequency, demonstrating that the TTS
principle is suitable in HE-BMGs and that the activation
energies controlling both a and 3 relaxation in the glass state
computed by alternative methods are very similar.

exp)

3.3 Creep tests

The tensile creep measurements of ribbons submitted to
applied stress of 50 MPa in a wide temperature region (from
358 to 403 K) are illustrated in Figure 4(a), and the strain is
obtained by subtracting the elastic strain from the total strain.
At a given temperature, the strain increases with time. Two
regions are observed: in stage I, the primary creep, where the
strain rate is decreasing with increasing strain; in stage II, the
quasi-steady-state creep, where an approximately linear
strain increases with time, is observed. In stage II, the phe-

shows a

nomenological quasi-steady-state creep rate Eqss

strong temperature dependence. Previous investigations re-
ported that creep strain rate could be used to systematically
study the time-dependent deformation behavior of viscoe-
lastic materials [57,58]. In addition, the dependence of ¢ ass
on both temperature and applied stress can be described by
the Arrhenius equation:

EO_%V
éqss =A06Xp T 5 (2)

Sci. China-Phys. Mech. Astron.

September (2021) Vol. 64 No.9 296111-5

where A, is a constant; o is the applied stress; E; is the
unbiased creep activation energy, which is a vital parameter
corresponding to the correlation between deformation
units and creep mechanism; 7 denotes the apparent activa-

tion volume. At constant stress, eq. (2) becomes &

qss—

kT

of creep. Figure 4(b) presents the evolution of logarithm of

Aoexp[ o ], where Ecreep is the apparent activation energy

&,ss versus the reciprocal of temperature. The activation en-
ergy obtained from the fitting is E .., = 0.40 eV, which is
significantly smaller than the activation energy of P relaxa-
tion. Though the relaxation dynamics are strongly dependent
on the quenching rate of the sample preparation, i.e., at
cooling rates of ~10° K/s (for bulk) and ~10° K/s (for rib-
bon), the obvious difference indicates that mechanical work
reduces the activation energy during creep deformation [59].
A creep master curve can be obtained over a wide time
window by considering the reference temperature 7, =
358 K, represented in the logarithmic shift time scale in
Figure 4(c). In the viscoelastic regime, the relationship be-
tween the elastic modulus E(#) and creep compliance J(¢) in

the Laplace form obeys ¢ = J.Ot E(s)J(¢t—s)ds, probing the

correlation between DMA and creep. Figure 4(d) presents
the best fitting of the shift factor a, obtained from the creep
master curve, to the Arrhenius equation. The apparent acti-
vation energy of deformation units U, is obtained as 1.81 eV.
Previous literature reported that structural heterogeneity in
MGs was verified by experiments, theoretical analysis, and
simulations [2,3,44,60-62], indicating a broad distribution of
energy barriers E,,, of deformation units. The creep curves in
the framework of activation energy spectrum (AES) can be
used to determine the activated deformation units [63]:

Ne(t) = | D(Epy)O(Eugps T 1)dE gy 3)

where p(E,,,) is the property change ranging from E,,, +

dE,,p; O(E,pp, T, 1) is the aging function [63]:
“Eapp
O(Eapp, T, t) =1—exp thexp[ T ] . @)
Based on the step-like approximation [64,65]:
-1 de
P(Ewy) = T e 5)
E,,, = kTIn(vt), (6)

where vy is Debye frequency and the evolution of AES with
temperature is shown in Figure 5(a). Here, only the de-
formation units in which E,,, < E. (E, is the critical energy
barrier) contribute to the creep process. By increasing the
temperature, the apparent activation energy spectra shift to-

ward higher energies. At the same time, the critical energy
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Figure 4 (Color online) (a) Tensile creep curves of La;yCe;oNi;gAlyCo;g HE-BMG at various temperatures from 358 to 403 K (7, = 437 K) at tensile stress

o =50 MPa; (b) reciprocal temperature dependence of the logarithmic quasi-steady-state creep rate ¢

(c) master curve of strains based on the TTS principle;

qss’

the reference temperature 7,.; = 358 K; (d) temperature dependence of the shift factor for creep. The solid line is an Arrhenius fit.

barrier E, also increases with temperature (Figure 5(b)). The
relative concentration of the deformation units, the integral
of the creep processes from E, to E, increases by increasing
the temperature, confirming that more deformation units can
be activated at elevated temperatures (Figure 5(c)). Figure 5(d)
depicts the full width at half maximum (FWMH) obtained
from AES fitted by Gaussian stochastic distribution upon
temperature. The parameter FWMH increases from 0.11 to
0.22 with an increase of temperature of La;,Ce;oNi; (Al Co,
HE-BMG, suggesting that the distribution of energy barrier
of deformation units becomes more dispersive. Several
theoretical models are proposed to describe the “defects”
of MGs, such as the free volume model [17], flow units
model [3], liquid-like sites [66], quasi-point defect model
[67], and interstitialcy model [68]. At low temperatures,
the glassy body consists of the elastic matrix and flow units.
The increase of the temperature drives a conversion from
the elastic matrix into flow units, which increases the number
of flow units contributing to the relaxation process. As a
result, the metallic glass system exhibits greater hetero-
geneity at a higher temperature. It shows that the increased
rate of FWMH is higher as the temperature increases, in-
dicating that high temperature accelerates the extension of
the relaxation.

However, the expected behavior of the FWHM increases
as temperature rises, with a moderate increase between 358
and 388 K, followed by a large increase at 403 K. A possible
explanation of the observed increase of dynamical hetero-
geneity is the generation of a two-phase glass, in a process
similar to spinodal decomposition already found in crystal-
line HEAs [69].

As mentioned above, the mechanism underlying the strain
rate is still unclear; thus, we focused on the strain rate during
the creep experiments. Figure 6(a) exhibits the plot of log(¢)
vs. log(f) in the creep measurement performed at 403 K
under applied stress of 50 MPa, showing a two-stage power-
law. The intersection of the two lines defines as crossover
time 7, = 310 s. This crossover between two relaxations has
also been reported in dielectric materials [70] and stress re-
laxation tests in MGs [71-74]. According to molecular dy-
namics simulations, the power-law creep in glassy systems is
correlated to the percolation dynamics of soft regions [75].
The delayed appearance of the second relaxation in the form
of power law illustrates that the frozen deformation units can
be activated after sufficient incubation time. The power ex-
ponents are obtained with values m = 0.36 for the fast re-
laxation and g = 0.71 for the slow relaxation. The change of
the power exponent is induced by the transition between
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Figure 5 (Color online) (a) The evolution of the normalized activation energy spectra p(E,,,) as a function of temperature in La;oCe;oNi oAl Co;o HE-
BMG. Temperature dependence of the critical energy barrier E, (b), the relative concentration (c), and the full width at half maximum (FWMH) (d) of

activation energy spectra for La;,Ce;(Ni;(Al,(Co, HE-BMG.

different deformation patterns of STZs. Notably, the cross-
over from a fast relaxation to a slow relaxation is a char-
acteristic nature of MGs, and the understanding of such a
crossover in MGs is unambiguously significant. Figure 6(b)
depicts the evolution of strain rate over time at different
temperatures showing that the higher the temperature, the
greater the creep strain rate. Interestingly, a three-stage
power-law dependence emerges at the low temperature re-
gion. Figure 6(c) shows log(¢) vs. log(?) at 358 K. Here, we
redefined the exponents of the three-stage power-law pro-
cesses as a, b, and ¢ with z,; and 7,,, the successive crossover
times. The computed power exponents become a¢=0.55 for
the first relaxation, b=0.25 for the second relaxation, and c=
0.87 for the third relaxation, with crossover times 7,,= 32 s
and 7, = 740 s. In addition, Figure 6(d) shows the log-log
plot of the strain rate against time of various MGs, con-
firming that the three-stage power-law creep is a universal
characteristic for MGs. All the parameters, i.e., power ex-
ponents and crossover times, are shown in Figure 7(a) and
(b). The following observation was made:

(1) The power exponent a decreases by increasing the
temperature whereas exponent b increases. A lower value of
a reflects that the decay of the strain rate is slower, and the
quasi-stable state is reached faster. In this research, the value
of a = b at a critical temperature of 390 K.

(2) The power exponent ¢ decreases as temperature in-
creases.

(3) Both the crossover times 7,; and 7., decrease as the
temperature increases. The transition between relaxations is
accelerated by a rise in temperature, which increases the
atomic mobility of the metallic glass. As the temperature
approaches 390 K, the value of 7, is approximately zero,
reflecting the coupling of relaxations.

Stress jump tests at given temperatures were also per-
formed to study the rheological behavior of the glassy ma-
terials. Figure 8(a) exhibits creep curves of Las;yCe;oNiq-
AlyCo;y HE-BMG in the ranges from 358 to 388 K at dif-
ferent applied stresses. The experimental results prove that

increases with the increase of the applied stress or

the Eqss

testing temperature. Stress exponent #, which represents the
correlation between Eqss and applied stress at a given tem-
olno

perature, is expressed as n = x——
Olné g

|- Figure 8(b) shows the

logarithm of applied stress vs. logarithm of £ . The value of
n can be readily calculated from the slope as 1.40, 1.43, and
1.44 for T = 358, 373, and 388 K, respectively. The depen-
dence of the activation volume on both applied stress and
temperature can be expressed by the general partial differ-
ential of eq. (2) as follows [76]:
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Figure 6 (Color online) (a) Log-log plot of the strain rate against time at 403 K (7, = 437 K). Two regions following a distinct power-law decay, correlating
with the fast and slow relaxation modes, are separated. The power-law exponents with m = 0.36 and ¢ = 0.71. A crossover time 7, = 310 s is obtained. (b) The
evolution of the power-law decay at different temperatures. As temperature decreases, the third part of distinct power-law decay emerges. (c) Log-log plot of
the strain rate against time at 358 K. Three distinct power-law decays with corresponding power-law exponents @ = 0.55, b = 0.25, and ¢ = 0.87 are obtained.
Crossover times are in this case 7,; = 32 s and 7, = 740 s. (d) Log-log plot of the strain rate against the time of various MGs.
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Figure 7 (Color online) Temperature dependence of the power-law ex-
ponents a, b, and ¢ (a) and the crossover times z,; and 7., (b).
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Figure 9 illustrates the correlations among the activation
volume, applied stress, and temperature. The results show
that the smallest activation volume comes into sight on the
358 K and 25 MPa whereas the largest activation volume

oo no

appears with the temperature of 388 K and the applied stress

increases with the in-

of 100 MPa. As a consequence, éqss

crease of activation volume.

3.4 Recovery experiments

Understanding the physical origin and mechanical mechan-
ism underlying the power-law relaxation observed in
La;,CeyNi; (Al 0Coy HE-BMG s critical. Creep and re-
covery experiments provide new insight into the interplay
between macroscopic inelastic behavior and microscopic
deformation units. As illustrated above, the creep at 358 K
shows a significant three power-law creep. This temperature
was selected to study the creep recovery, and the reference
temperature of the master curves of loss modulus (DMA) and
strain (creep) was also chosen to be 358 K. We performed
experiments in which 50 MPa was loaded to the system,
crept for a fixed time, and then unloaded it by releasing the
stress back down to zero. The inset of Figure 10 shows the
representative strain recovery after the operation of creep for
different times ¢, i = 1, 2, 3. It is convenient to mention that
t; = 0.3 min is smaller than the first crossover time; £, =3 min
falls between the first and second crossovers; #; = 30 min is
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Figure 8 (Color online) (a) Stress jump creep experiment for Las Ces-
Ni; oAl Coy HE-BMG at various isothermal temperatures, i.e., 358, 373,
and 388 K, respectively; (b) log-log plot of the quasi-steady-state creep rate
as a function of the applied creep stress. The solid lines are linear fittings
where slope is the stress exponent, n. The value of n is fitted as 1.40, 1.43,
and 1.44, respectively.

Activation volume (nm?)

Figure 9 (Color online) The evolution of activation volume as a function
of temperature and applied stress. The circles and stars are the projection
onto the planes of the coordinate axis.

larger than the second crossover time. The anelastic com-
ponent is shown to contribute throughout the creep test (re-
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Figure 10 (Color online) Strain versus the time after different creep times
0.3, 3, and 30 min at 358 K. The solid curves are the results of phenom-
enological KWW fittings. The inset shows the schematic plot of strain
along the creep and recovery tests. Three components, i.e., elastic strain &,

anelastic strain &,, and viscous-plastic strain &, are separated.

ferred to the inset), although constant strain-rate steady-state
flow is not fully established until the decay of anelastic
transient. The anelastic component was obtained by sub-
tracting the ideal elastic contribution to the recovery strain.
However, the time-dependent, transient nature of the flow is
evident, and true anelastic behavior requires complete re-
coverability.

The strain recovery curves were fitted by a phenomen-
ological Kohlrausch-Williams-Watts (KWW) function,
which is an empirical stretched exponential function and can
describe the relaxation spectrum of anelastic deformation of
glassy systems [77,78], i.e.,

X ®)

t s Kww
e(t=0)—¢e(t)=¢yl1— eXp[_Twa]
where ¢, is the maximum magnitude of the transient creep
process; txww 1S the characteristic time of the recovery
process; fSxww 1S the stretched parameter closely correlated to
the structural heterogeneity of glass [61,78,79]. Figure 10
shows the strain recovery curves after different creep times
0.3, 3, and 30 min. The solid curves are the results of the
phenomenological KWW fittings. The results prove that the
viscous-plastic or permanent deformation increases with the
increase of the creep time. The residual strain is almost
negligible after the applied load is removed for an applied
stress of 50 MPa, creeping for 0.3 min. For creeping of
3 min, the residual strain reaches 0.02% after recovery for
12 h. Besides, the residual strain reaches 0.14% for creeping
of 30 min. This permanent deformation and irreversible
atomic rearrangement are attributed to the operation of the
above three relaxation modes. In addition, the residual strain,
which is closely correlated to the creep mechanism of HE-
BMGs, is not proportional to creep time. With the increase of
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the creep time, the parameter fSyyww increases from 0.17 to
0.42, and gy increases from 161 to 1120 s. The parameter
Prww 1s related to the width of the distribution of relaxation
times, and a larger fgww indicates less dynamic hetero-
geneity of MGs. As the creep time increases, more de-
formation units are activated, ascribing to the relaxation
process. The increase of fxww indicates a decrease in the
dynamic heterogeneity as the creep time increases. The
characteristic time 7wy increases with the increase of creep
time, indicating that the inelastic strain recovery would reach
a stable state in a longer time scale.

We now review these findings in the framework of STZs.
The structure of glasses can be considered isotropic on a
scale larger than that of the deformation units. Furthermore,
it is generally accepted that the total number of potential
deformation units is constant. While the stress is low enough,
the potential deformation units drift in “dilute solution” and
are spatially isolated [80]. In the first stage, the activation of
STZs is entirely random, and they almost do not interact.
Argon et al. [81] reported that the deformation units possess
certain configuration memory ability, and they store internal
back stress under external stress. If the applied stress is low
or the creep time is limited, the deformation is accom-
modated by single units surrounded by an elastic matrix. The
internal back stress dominates the mechanical response after
removing the applied stress, and the deformed regions drive
the glass completely back to the initial configuration. This
microscopic rearrangement is responsible for the reversible
anelastic strain ¢,. The activation energy spectra in Figure 5(a)
follow a Gaussian distribution, act as a visual window to
study the creep mechanism. The AES shifts to a higher
temperature region whereas the creep process climbs along
the available spectrum, indicating that more deformation
units can be activated with increased time and temperature.
At relatively high temperatures or after long loading times,
residual potential deformation units are transformed into a
sheared state. Notably, an activated STZ could operate sur-
rounding STZs [82]. While the activation of an isolated STZ
occurs within an elastic glass matrix confinement, both
temperature and stress field arouse a redistribution of inter-
nal stress and strain around the STZ region. Furthermore, it is
expectable that the probability of interaction between the
contiguous activated deformation units increases with the
temperature or loading time. As a consequence, this interplay
introduces a redistribution of free volume and/or internal
back stress, leading to a progressive loss of the initial de-
formation topology. If temperature is high enough, the initial
deformation topology would be instantaneously lost on the
application of external stress. The instantaneous strain of
glassy systems is composed of ideal elastic strain g, and
instantaneous plastic strain ¢,. With the release of external
stress, the interacting activated deformation units will not
revert to their undeformed topology, accommodating the
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permanent component of the total deformation.

During the creep process, the macroscopic inelastic strain
is being accumulated as local irreversible deformation via
the interaction between contiguous deformation units. After
a transient time, the deformation units reach the external
stress, and the MGs attain an asymptotic saturated level.
Deformation units become spatially correlated, forming
contiguous quasi-planar clusters throughout the MGs, re-
sulting in a quasi-steady-state creep [83]. Researchers
showed that the annihilation of free volume triggers strain
hardening whereas its regeneration introduces plastic flow
softening [84,85]. Hence, the quasi-steady-state creep in the
homogeneous deformation regime results from a dynamic
balance between the annihilation of free volume and its re-
generation.

4 Conclusion

In summary, the dynamic mechanical relaxation behavior of
Las,CeyNi; (Al 0Coy HE-BMG was investigated by me-
chanical spectroscopy. Both isochronal and isothermal
spectra demonstrate that Las,Ce;oNi;(Al,(Co;y HE-BMG
exhibits two relaxation processes, namely main a relaxation
and slow P relaxation. The creep process was quantified and
discussed; it ascends along the activation energy spectra,
indicating that deformation units are activated by loading
time and temperature. By decreasing the temperature, a
three-stage power-law creep process emerges, and the un-
derlying mechanism is described in the framework of the
STZs. The stochastic activation of independent STZs causes
the anelastic strain, and the interplay between STZs induces
the visco-plastic strain. Finally, the quasi-steady-state creep
is achieved when the number of activated STZs is saturated.
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