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Dynamic mechanical relaxation, stress relaxation and creep were performed in a Lase 16Ce14.04Ni19 8Al1o metallic
glass with pronounced f relaxation features. The evolution of the microstructural heterogeneity with tempera-
ture is indirectly revealed via dynamic heterogeneity and analyzed in terms of several independent theoretical
approaches. An apparent activation energy of § relaxation is obtained by assuming the Arrhenius relationship,
which is calibrated by either the activation enthalpy of stress relaxation or the activation energy of creep. It is

found that similar deformation mechanisms accommodate the dynamics of the LaCe-based metallic glass under
different types of external stimuli applied in mechanical experiments.

1. Introduction

Compared with conventional metallic materials, metallic glasses
(MGs) exhibit excellent mechanical, chemical and physical properties
[1-4]. However, it is well known that the deformation theory of con-
ventional crystalline solids, which is based on their intrinsic structural
defects such as dislocations and grain boundaries [5], fails to describe
the deformation mechanism of glassy solids [6]. Moreover, since the
plastic deformation of MGs at room temperature is highly localized in
shear bands, the lack of macroscopic plasticity has become a great
obstacle to the application of these materials. In recent years, some
studies have shown that the plastic deformability of MG can be effec-
tively improved by introducing crystalline phases, which brings good
news for the research in this field [7-10]. Nevertheless, the definition of
“defects” in MGs and the correlation between their mechanical proper-
ties and microstructure are now undergoing and are still under hot
discussion [6,11-13]. Structural heterogeneity in MGs has been verified
with the help of experimental, computational, and theoretical in-
vestigations [14-17]. Specifically, structural heterogeneity of MGs is on
the origin of the glass transition, diffusion behavior, mechanical prop-
erties, mechanical relaxation process and crystallization behavior [18,
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19].

Zhu et al. proposed that the origin of the f relaxation, namely,
Johari-Goldstein secondary relaxation in MG is also the structural het-
erogeneity [20]. MGs with pronounced f relaxation modes usually tend
to show conspicuous heterogeneous microstructure [21,22]. From the
perspective of deformation, the shear transformation zones (STZs)
model proposed by Argon [23] has become the mainstream framework
to explain the plastic deformation behavior of MGs. Yu et al. reported
that the activation energy Ej of the g relaxation in MGs is related to the
potential energy barriers of the STZs: Wy, i.e., Eg = Wsrz [21], which
indicates that the § relaxation and the dynamics of STZs have the same
origin at the microstructural scale [24]. Besides, it is well accepted that
relaxation, tensile plasticity and structural heterogeneity in MGs are
strongly correlated, which makes the research on the features of struc-
tural heterogeneity a subject of great significance [16,19,21,24]. Then a
question which naturally arises is how to unify the mechanism of
relaxation and deformation in the general glasses.

In the current work, a typical La-based MG with an evident slow
relaxation process was chosen as a model alloy to explore the nature of
relaxation and deformation of glasses [18,25]. Dynamic mechanical
analysis (DMA) allows us to determine the apparent activation energy of
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the slow f relaxation according to the classical Arrhenius equation.
Stress relaxation is able to probe the evolution of structural heteroge-
neity with temperature, as it is well described by the so-called stretched
exponential Kohlrausch-Williams-Watts (KWW) equation [26]. This
model accounts for the evolution of the effective relaxation time 7. and,
in particular, the stretching parameter Sy which is a signature of the
degree of dynamic heterogeneity. Finally, creep experiments were per-
formed and analyzed by means of the free volume model [27], allowing
one to determine the activation volume. The apparent activation energy
of creep Qg was also calculated; interestingly, it is proved that Qg is
similar to the activation energy of slow g relaxation E;. The character-
istic relaxation times of the creep process were also determined by
fitting to a distribution of discrete relaxation times. Combining the
whole set of data one can speculate that § relaxation process, stress
relaxation and creep have a similar physical origin, namely, the struc-
tural heterogeneity in MGs.

2. Experimental procedures

Lase.16Ce14.04Ni19 8Al1o (at. %) bulk MG was prepared by copper
mold suction casting in a high-purity argon atmosphere. The master
alloy was remelted at least 6 times to ensure its chemical homogeneity.
The glassy nature of the alloy was examined by X-ray diffraction (XRD,
Philips PW3830) with Cu-Ka radiation. The thermal properties of
Lase.16Ce14.04Ni19.8Al19 MG were determined by differential scanning
calorimeter (DSC, NEZTCH 404C) under a high-purity nitrogen atmo-
sphere with a heating rate of 10 K/min. The dynamic mechanical be-
haviors of Lase 16Ce14.04Ni19.8Al19 MG were studied by the DMA, TA
Q800 in single-cantilever bending mode. DMA experiments (dimension
of the samples: 30 mm x 2 mm x 1 mm) were carried out in a nitrogen-
flushed atmosphere. The storage E and loss E' moduli of the materials
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were obtained by the DMA measurements. Creep and stress relaxation
experiments were performed on ribbons prepared by high-vacuum melt
spinning from the master alloy. Both creep and stress relaxation tests
were carried out using the same DMA analyzer in tensile mode. Creep
tests were conducted at the temperatures of 315, 330, 350 and 370 K,
respectively. Stress relaxation tests were performed over a large tem-
perature range (from 308 to 413 K) with a constant strain of 0.4%. The
characteristic relaxation times of the creep experiments were fitted to a
set of 40 constant relaxation times, 7;, in geometrical progression, so as
7341 = y7; with 7o = 1 s and y = 10925 = 1.778. The full range of fitted
relaxation times covers a range of 10 orders of magnitude. The so-called
“elastic net” procedure [28] was used for fitting in order to find
maximum likelihood estimators.

The glassy nature of Lasg 16Ce14.04Ni19gAljp bulk MG and ribbon
samples were verified by XRD (as shown in Fig. 1(a)). The thermal
properties of the analyzed alloys were measured by DSC (as shown in
Fig. 1(b)). The glass transition temperature T, and the onset crystalli-
zation temperature T, are also indicated in Fig. 1(b). These results are in
good accordance with the previous literature [29].

3. Results and discussion

We begin the presentation of our results with investigating the me-
chanical relaxation behavior of Lasg 16Ce14.04Nij9.8Al o bulk MG. Fig. 1
(c) shows the normalized storage modulus E and loss modulus E~ as a
function of temperature (heating rate: 3 K/min, driving frequency: 1
Hz). It must be noted that an evident slow f relaxation process takes
place at around 330 K. Moreover, at lower temperatures, around 250 K,
anotable fast # relaxation peak can be seen. It should be stressed that a
pronounced faster § relaxation in rare earth based amorphous alloys has
been extensively detected [5]. Compared with slow j relaxation, fast s
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Fig. 1. (a) XRD patterns of Lasg 16Ce14.04Ni19.8Al10 MG (bulk and ribbon samples); (b) DSC curves of the same materials at a heating rate of 10 K/min; (c) Tem-
perature dependence of the normalized storage and normalized loss moduli (bulk sample) at a heating rate of 3 K/min (driving frequency of 1 Hz); (d) Temperature
dependence of the normalized loss modulus (bulk sample) at different frequencies (1, 2, 4 and 8 Hz, respectively). The inset displays the Arrhenius plot of the peak
frequency of loss modulus along the slow f relaxation versus the reciprocal temperature.



Z.R. Xu et al.

relaxation only needs a smaller activation energy to drive. It is generally
postulated that fast § relaxation corresponds to the movement of a few
atoms with high mobility, while the slow g relaxation involves a slightly
larger number of atoms [5,30]. As the temperature continues to rise, a
significant peak appears on the DMA spectrum, which is related to the
primary (@) relaxation. The « relaxation is the main relaxation mode,
and their activation denotes the onset of the dynamic glass transition.
Different from the j relaxation which is associated with local, sometimes
reversible, motion of small-scale atoms in the system, the « relaxation is
due to irreversible, large-scale cooperative motion of atoms [5,31].
Related research also manifests that the intensity of the « relaxation is
usually around ten times that of slow f relaxation [5].

Around 440 K, the tendencies of storage and loss moduli denote the
onset of crystallization. It should be additionally pointed out that the
forms of structural relaxation of the MG composites incorporating
ductile dendrite phases are conspicuously different from that of con-
ventional MGs. Owing to the complicated phase transition process
during heating, the material tends to exhibit abnormal internal friction
behavior within a specific temperature range [32]. Besides, the intro-
duction of crystal phases decrease the mobility of atoms inside the
material, resulting in a corresponding weakening of the intensity of a
relaxation [33].

In order to further test the influence of frequency on the slow g
relaxation process of Lase16Ce14.04NizogAljg bulk MG, isochronal
measurements were carried out at different driving frequencies (1, 2, 4
and 8 Hz, respectively). Fig. 1(d) exhibits the temperature dependence
of the normalized loss modulus at various driving frequencies. The peak
of the slow f relaxation shifts to higher temperatures with increasing
driving frequency. According to the Arrhenius equation o = woexp[—
Ej /(kgT)], where wo is an exponential pre-factor of the order of the
Debye frequency, Ej is the apparent activation energy of the slow g
relaxation, kg is the Boltzmann constant, and T is the temperature of the
measurement. The activation energy of the slow p relaxation can be
determined to be E; = 0.762 eV. Taking into consideration the glass
transition temperature T, (as shown in Fig. 1(a)), we further see that E/
(kg T,) = 22.2, which is in good agreement with the empirical scaling law
between the activation energy of § relaxation and the glass transition
temperature of a wide range of glasses, i.e., Es ~ 24kpT, [21].

Stress relaxation and creep are the usual mechanical stimuli
adequate to probe the structural heterogeneity in MGs [34-37]. Fig. 2(a)
shows the isothermal stress relaxation spectra of Lasg 16Ce14.04Ni19.8Al10
within a large temperature window (temperatures from 308 to 413 K,
temperature interval is 5 K). It can be seen that the stress decreases first
rapidly and then evolves more and more slowly with time. Moreover, as
the test temperature gradually increases, it can be observed that the final
equilibrium stress (at infinite time) tends to take a smaller value, which
reflects the nature of activation process of the deformation units inside
the MG. With the increasing temperature, more deformation units have
been activated in the specimen, allowing more volume fraction of MG to
undergo inelastic deformation [38]. It is well documented that the
intrinsic nature of the deformation units in MGs can be described in the
framework of the structural heterogeneity, modeled as free volume [27],
flow units [39,40], liquid-like regions [41,42] or quasi-point defects
[43,44], etc.

In addition, the stress relaxation process in MG can be described by a
stretched exponential, or the Kohlrausch-William-Watts(KWW) equa-
tion [26]:

o) ="" —exp { (—iyw] ., &

0o Te

where 7. is the characteristic relaxation time, and Sy is a stretching
parameter ranging from O to 1. The stretching parameter Sy, charac-
terizes the distribution width of the relaxation times, which is a direct
signature of dynamic heterogeneity and is related to the structural
heterogeneity of MGs [38,45]. Fig. 2(b) exhibits the variation of the
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parameters fitted by the KWW equation 7. and Sy with temperature.
The characteristic relaxation time 7. of the KWW model decreases
rapidly with increasing temperature, which further corroborates our
viewpoint that under the condition of higher test temperature, the
deformation units are easier to be activated. On the other hand, the
Prww exponent has a value around 0.77 within the temperature range of
p relaxation, and after a decrease it increases swiftly when the temper-
ature exceeds the glass transition temperature. As aforementioned, gy
is a parameter indirectly reflecting the structural heterogeneity of a
metallic glass system. When the parameter is close to 1, the MG system is
more homogeneous, and it decreases as the heterogeneity increases [45,
46]. When the stress relaxation is carried out around the f relaxation
region, only a small number of atom clusters are activated and undergo
reversible or irreversible local atomic rearrangement. As the tempera-
ture continues to increase, and finally above T, the main a relaxation
process starts to dominate the dynamics, corresponding to irreversible
large-scale cooperative motions of atoms [25]. Consequently, it results
in the emergence of a more homogeneous structure at high
temperatures.

DMA and stress relaxation probe the glass in the same temperature
range. Stress relaxation can be understood as DMA with an infinite
period, which we will refer as quasi-null frequency. The time-
temperature-superposition principle has been successfully applied in
the analysis of the dynamic mechanical properties of glasses in tem-
perature ranges where the glass topology does not change due to
structural transformations [47]. Here we intend to extend this principle
to the data obtained at quasi-null frequency. Fig. 2(c) shows the values
of the bulk modulus determined by DMA at different frequencies with an
individually adjusted temperature shift as a function of the main
relaxation time 7. fitted to the static relaxation curves in the temperature
range between 308 and 423 K. The decrease on the bulk modulus at
increasing temperatures shows a clear correlation with the logarithm of
the main relaxation time 7z, of the KWW fitting, which reveals how the
activation of flow units [35] with temperature is simultaneously
responsible for the reduction of the bulk modulus and the relaxation
time.

Moreover, the activation enthalpy AH of stress relaxation at a given
stress level can be calculated by the equation: AH(c) = —% [36]. As
shown in Fig. 2(d), the activation enthalpy of Lase 14Ce14.04Ni19 gAl1o
MG at 32 MPa is 0.46 + 0.03 eV. The activation enthalpy of stress
relaxation is smaller than that of § relaxation (inset of Fig. 1(d)), which
may be a consequence of the mechanical work done by stress.

In addition, the correlation between stress and time during stress
relaxation process could be described by Ref. [48]:

ksT

@o(t) = 7 ln(l +CL>, (2)

where Ao(t) is the stress drop at time t, V. is an apparent activation
volume, and C, is a time constant. The stress drop versus time is shown in
Fig. 2(e). According to eq. (2), the values of the apparent activation
volume V. and time constant C, at various temperatures are given in
Fig. 2(f). It can be seen that V, takes high values near the temperature
range of g relaxation and then keeps stable at around 0.43 nm®. It means
the stress relaxation mechanism becomes less collective at higher tem-
perature. As the temperature increases (around T,), it shows an upward
tendency with temperature once again, which is probably associated
with the transition from the secondary $ to primary a relaxation. On the
other hand, the time constant C, decreases sharply with increasing
temperature, which means that plastic deformation could be activated
more easily by increasing temperature. This trend is in agreement with
the decreased relaxation time 7, shown in Fig. 2(b). The apparent acti-
vation volume remains at around 0.43 nm® over a wide temperature
range. Considering that the average atomic volume of the present MG is
Q=0.013 nm® [25], it suggests the activation volume Vg, for the stress
relaxation process in Laseg 14Ce14.04Nij9.8Al1g is about the volume of 33
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Fig. 2. (a) Stress relaxation of Lasg 16Ce14.04Niz9.8Al10 MGs from 308 to 413 K (temperature interval is 5 K) with at constant strain 0.4%. The stress level was
normalized by the initial stress. The solid lines are fitting curves by the KWW function; (b) Variation of fitted KWW parameters 7. and fgyy with temperature; (c) 7.
as determined from the KWW fit of static relaxation data at different temperatures T as a function of relative bulk modulus determined at temperatures T+ AT by
DMA; (d) An Arrhenius plot indicates an activation enthalpy of 0.46 + 0.03 eV at 32 MPa during stress relaxation process; (e) Stress drop relaxation curves of
Lase.14Ce14.04Ni19 8Al10 MG from 333 to 393 K (interval temperature is 10 K) and the solid lines are fitting curves based on eq. (2); (f) Variation of the activation
volume V. and the time constant C, as a function of temperature.
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atoms. As suggested by Argon [23], the activation volume is of about
1/10 of the STZ size, then the latter is approximately the size of several
hundreds of atoms. It is of great significance to point out that for those
MGs without obvious f relaxation such as Zr-, Cu-, and Mg-based ones,
the activation volume corresponds to a smaller volume, only around 20
atoms [49]. As such the activation volume might be regarded as an in-
dicator to measure the glass heterogeneity; a higher value may be a
consequence of higher “defect” concentration. Accordingly,
Lasg 14Ce14.04Nij9 gAljg MG shows a relatively more inhomogeneous
microstructure, which induces a higher defect density, and then triggers
a conspicuous f relaxation.

Beside DMA and stress relaxation, creep is another prevalent me-
chanical technique to probe the structural heterogeneity in MGs [14].
Fig. 3(a) shows the creep behavior under various stresses at a fixed
temperature of 330K, while the slopes of the dotted lines in the figure are
taken as representatives of the steady-state strain rate. It can be easily
seen that as the stress increases, the corresponding steady-state creep
strain rate gradually increases. According to the free-volume model
[27], the constitutive equation of metallic glasses at high temperature
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can be described as:

. AG™ . UfV .. O'fV )

& =2civpexp| ————=|sinh| —=—— | = €ysinh[ ———— |, 3)
repetp ( kBT) (2\/§kBT) 0 (2\/§kBT

where & = 2cquexp<7?(% is a prefactor of strain rate, ¢; is the

concentration of flow defects, vp is the Debye frequency, AG™ is the
apparent activation energy for defect migration, kg is the Boltzmann
constant, T is the absolute temperature, oy is the steady-state flow stress
and V denotes the activation volume.

Fig. 3(b) shows the change of steady-state creep strain rate with
applied stress at various temperatures, and the solid lines are fitting
curves from eq. (3). It should be noted that the activation volume V
increases from 0.31 nm? at 330 K to about 0.50 nm® at 370 K, which
means that under the creep stimulation a larger activation volume is
activated in the Lasg 16Ce14.04Ni19 gAljg MG with increasing tempera-
ture. At the same temperature of 370 K, the apparent activation volume
during the stress relaxation process is 0.44 nm®. This is a noticeable fact,
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Fig. 3. (a) Creep of Lase 16Ce14.04Ni198Al19 MG at varying stresses at 330 K; (b) Variation of the steady-state creep strain rate with applied stress at different
temperatures (330, 350 and 370 K). (Inset: an Arrhenius plot of the calculated Newtonian viscosity versus the reciprocal temperature.)
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Lasg.16Ce14.04Ni19 gAl1g MG reflect the migration movement of local
atomic clusters.
At very high temperature (typically for T > 0.8Tg), the viscosity of
MGs can be derived as [50]:
3€ysinh (2\%—1@;1>

In the Newtonian flow region, the value of o;V is considerably

€]

smaller than thermal energy ks T. Therefore, the term sinh( il ) could

23k T
be approximated by % Finally, the Newtonian viscosity 7, can be
written as:
_ 2V3ksT ®)
=3y

According to eq. (3) and eq. (5), Newtonian viscosity xy can be
determined as 1.05 x 10'3, 4.10 x 10'2, 1.61 x 10'2 Pa-s for T = 330,
350 and 370 K, respectively. In addition, correlation between the
Newtonian viscosity 7, and temperature T follows the Arrhenius equa-

tion: 7y = nyexp <%), where 7, is a viscosity constant and Qgp, is the
apparent activation energy of viscous flow. As shown in the inset of
Fig. 3(b), the apparent activation energy during creep for
La56_16Ce14_04Ni19,8A110 MG obtained from Arrhenius equation is Qapp =
0.49 + 0.02eV. This value is much smaller than that of some MG sys-
tems, such as ZrssCusgNisAljg (5.1 eV) [27] and Zr4; 2Tii38Cuios.
NijoBesa s (4.8 eV) [50]. It is also probably related to the fact that given
the inhomogeneous microstructure inside the Lasg16Ce14.04Nij9.8Al10
MG with pronounced f relaxation, a comparatively lower energy is
demanded to start the creep process at temperatures far below Tg. This is
probably an evidence that creep in the considered temperature range is
driven by g relaxation, the latter originates from the structural in-
homogeneity in glass.

To deepen into the creep mechanisms, the relaxation spectrum of the
creep process, which directly reflects the dynamic heterogeneity, was
computed. The creep strain curves were fitted to a sum of Kelvin-Voigt
units of increasing relaxation times:
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N

e(t)="> e[l —exp(~t /)], 6)

i=1

with 15 < 7; < 10'% s and N = 40. The fitting procedure was chosen to
enhance the maximum likelihood of the determined relaxation times.
Fig. 4 shows the intensities of the fitted relaxation times as a function of
both applied stress and temperature in the studied range. It can be seen
that the relaxation modes remain the same in the studied range, showing
no dependence in temperature. This result, combined with the observed
increase of the activation volume for creep as temperature increases
supports the picture that the flow units being activated by creep are
similar in the examined temperature range. Therefore, no coalescence
between flow units is found in the studied temperature range, which is
compatible with the hypothesis that creep is mediated by f relaxation.
This is also coherent with the reported fact that glasses having notice-
able p relaxation show better plasticity. In fact, the apparent creep
activation energy of Lase 16Ce14.04Ni19.8Al1¢ is lower than the activation
energy of the g relaxation as found in other MGs [24], which reinforces
the hypothesis that glasses showing large f relaxation show also better
plasticity.

4. Conclusions

In summary, DMA, stress relaxation and creep experiments were
launched within a wide range of temperature to investigate the defor-
mation mechanism and the evolution of microstructural heterogeneity
of the Lasg 16Ce14.04Ni19.8Al10 MG under various forms of mechanical
stimuli. Several theoretical approaches have been used to investigate the
evolution of the microstructural heterogeneity with temperature of
LaCe-based MG. These theoretical approaches allow us to go further
than the pure macroscopic description and obtain numerous physical
quantities which can give an insight on the micro-structure information.
However, these theoretical methods are sometimes phenomenological
without explicit physical input. Besides, one is required to pay more
attention to the temperature range or other restrictions when using
them, owing to the fact that these models are constructed by assuming
homogeneous deformation of the material. An apparent § relaxation
activation energy E; of 0.762 eV has been calculated. A relatively high
value of the stress relaxation activation volume of about 0.43 nm® has
been stimulated, implying a high defect concentration and a largely
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Fig. 4. Heat map plot of the intensity of the relaxation times in creep of Lasg 16Ce14.04Ni19.8Al10 MG at different applied stresses as a function of temperature. The

color bar denotes the magnitude of relative intensity.
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inhomogeneous microstructure. The fitted parameter fgyy shows an
increasing tendency as the temperature approaches the glass transition,
which corresponds to the emergence of a more homogeneous micro-
structure at higher temperature. Moreover, a correlation was found
between the bulk modulus of the glass and the main relaxation time 7,
revealing the common plasticity mechanism. The activation enthalpy of
stress relaxation is 0.46 eV, while the activation energy during creep
process is 0.55 eV, and the creep mechanism at low temperatures ap-
pears to be controlled by p relaxation. Our results reveal that
Lasg.16Ce14.04Ni19 8Al1g MG shows a similar deformation mechanism
under various forms of external stimuli, which links the slow f relaxa-
tion, plastic deformation, as well as structural heterogeneity in MGs.
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