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Dynamic mechanical relaxation processes, particularly secondary relaxation processes, are closely related to the mechanical and
physical properties of metallic glasses. Here the effect of oscillation strain amplitude on the secondary relaxation of a typical La-
based metallic glass was studied using the dynamic mechanical analysis method. The apparent activation energy of the f
relaxation is shown to increase with the oscillation strain amplitude. When it changes from 0.02% to 0.16%, the activation energy
increases from 0.73 to 0.96 eV. Simultaneously, the intensity of the B relaxation shifts toward high temperature. Additionally, the
apparent  relaxation is found to be sensitive to the physical aging below the glass transition temperature. The findings suggest a
correlation between the inelastic deformation and the relaxation behavior of amorphous metals.
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1 Introduction

Metallic glasses (MGs) are solids with disordered atomic
structures. They belong to a new type of material within the
broad family of glasses. Because of this unique structural
feature, MGs show promising mechanical/physical proper-
ties compared with their crystalline counterparts [1-8]. It is
well known that crystalline “Defects” (i.e., vacancies, in-
terstitials, dislocations, and grain boundaries) control the
mechanical and physical properties of the traditional metallic
materials. However, understanding the link between the
mechanical properties and microstructure of MGs remains a
challenging issue in both condensed matter physics and
materials science [9-12].

Usually, two major relaxation processes occur in the glassy
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materials, namely, the primary relaxation (o relaxation pro-
cess) and the secondary relaxation (B relaxation process)
[13,14]. The a relaxation process of amorphous materials is
generally accepted as a large-scale and irreversible re-
arrangement of atoms or molecules, which is related to the
glass transition phenomenon [15,16]. Conversely, the p re-
laxation process corresponds to the local movement of atoms
or molecules [17]. Unlike the a relaxation process, B re-
laxation is the principal carrier of dynamics in the glassy
state, as relaxation freezes below the glass transition tem-
perature T, [18-21]. The relaxation processes are the key to
the understanding of the diffusion behavior, mechanical
properties (i.e., plasticity), and glass transition phenomenon
of the general amorphous materials [3,6,22-27].

Previous investigations have proven that the  relaxation
process of MGs is sensitive to its chemical composition
[28,29], thermal treatment (i.e., physical aging) [30,31],
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plastic deformation (e.g., cold rolling [32—34]), mechanical
milling [35], and thermomechanical cyclic treatments
[36,37]. A highly stable glassy state can be attained via
physical aging below the glass transition temperature, and
this process reduces the atomic mobility and slows the dy-
namics of glass [38,39]. The atomic hopping rate and the
propensity of cooperative rearrangements are governed by
the magnitude of activation energy. The atomic mobility
decreases when the activation energy increases [40,41].
Moreover, the activation volume of the flow defects is also
important in understanding the atomic or molecular motion
of the glassy materials and their dynamic relaxations [42—
44]. Elastostatic loading imposed on an MG introduces
structural heterogeneity that is associated with structural
shear and dilatation at both short- and medium-range atomic
scales. It is also connected to the concentration of free vo-
lume in a glass sample [45]. For example, by modulating the
amplitude and time of ultrasonic vibration, the ductility of
MG composites can be improved owing to their unique
softening behavior [46].

Based on such observations, the structural evolution of an
amorphous alloy must be experimentally probed, in order
to link structure to the P relaxation. This paper attempts to
offer new physical insight into the structural evolution be-
havior of a prototypical Lag,Al4Ag)34Nijo33C01035 MG, a
material that is featured with a pronounced [ relaxation
process, through strain oscillation loading with different
amplitudes.

2 Experimental procedure

2.1 Sample preparation

A LagAlj4Ag, 34Ni33C01033 MG was chosen as a model
alloy system, as it shows excellent glass-forming ability [47]
and pronounced [ relaxation character. Master alloy ingots
were prepared via arc melting under an argon atmosphere.
The ingot has been remelted five times to ensure chemical
homogeneity. Plates with dimensions of 70 mm (length),
10 mm (width), and 2 mm (thickness) were prepared using a
copper mold suction casting technique. The glass nature of
the model alloy was verified by the X-ray diffraction pattern
(XRD, X’Pert PRO). The broad diffraction peak confirms the
amorphous state of the alloy (as shown in the inset of Figure
1). The thermal properties of the model alloy were measured
using differential scanning calorimetry (DSC) (Netzsch
DSC404). In Figure 1, the DSC curve of the La-based MG
indicates that the glass transition temperature 7,,~443 K. The
onset temperature of crystallization is determined as 473 K.

2.2 Dynamic mechanical analysis

The dynamic mechanical behavior of the La-based MG was
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Figure 1 (Color online) DSC curve of the Lag,Al4Ag, 34Nij035C01038
MG (the heating rate is 20 K/min). The inset is the XRD pattern of the
Lag,Ali4Ag)34Ni1033C010.38 MG.

investigated using the dynamic mechanical analysis (DMA)
in a commercial TA-instruments Q850 apparatus in single
cantilever bending mode. The dimensions of the samples
were 30 mm (length), 2 mm (width), and 1 mm (thickness).
When a sinusoidal stress is applied to the sample, the strain is
measured, providing information about the change in its
mechanical properties with temperature. The strain over time
can be written as follows:

() = yosin(wt), (D
where y, is the driving strain amplitude of oscillation and w is
the angular frequency. Because viscoelasticity is intrinsic in
amorphous solids, the corresponding stress exhibits a phase
lag angle 8 with respect to strain. The former is expressed as
follows:

7(t) = 7osin(wt +0), 2)
where 7 is the stress amplitude. The complex modulus of
materials is defined as follows:

E= % = %exp(i@)
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where E'is the storage modulus, which determines the stored
elastic energy during deformation. £” is the loss modulus
describing the loss of energy transformed into heat because
of the viscous contribution. The relation between strain and
stress shows a stable hysteresis loop whose area is equal to
the dissipated energy, AW, lost as heat during one oscillation
cycle. The internal friction tand=E'/E’, which is closely
correlated with AW. The internal friction is generally used to
describe the damping behavior of materials. In the case of
amorphous solids, internal friction is closely related to the
movement of atoms or molecules.
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3 Results and discussion

3.1 Dynamic mechanical relaxation behaviors

The evolution of the normalized storage modulus and the
loss modulus of the La-based MG with temperature can be
divided into three typical regions, as shown in Figure 2, for
the case of heating rate of 1 K/min and a driving frequency of
3 Hz. Region I: At low temperatures (from room temperature
to 370K), E'/E, is high and nearly constant, while the
viscoelastic component E''/E, is very low. In this tem-
perature region, the mechanical behavior of MG is domi-
nated by elastic deformation. However, when the
temperature reaches ~340 K, a prominent 3 relaxation peak
can be observed. Unlike the La-based MGs, Zr-based MGs
usually show an excess wing in the relaxation curve instead
of a pronounced secondary relaxation. This behavior is
clearly shown in Figure 3. Region II: The loss modulus
reaches its maximum peak at ~448 K. This location is cor-
responding to the primary or a relaxation process. The a
relaxation corresponds to the dynamic glass transition phe-
nomenon, which is linked to the collective motion of atoms
or molecules. Region III: Because of the onset of crystal-
lization, the storage modulus increases and the loss modulus
decreases with increasing temperature [48].

3.2 Effect of oscillation amplitude on p relaxation

Figure 4(a) shows the evolution of the normalized loss
modulus £’/ E,, of the La-based MG as a function of tem-
perature for different driving frequencies (0.5, 1, 2, 4, 8, and
16 Hz) when the strain amplitude of oscillation is 0.08%.
The peak temperature of the B relaxation 7} shifts to higher
temperature, and its intensity increases with increasing
driving frequency. The correlation between 7; and the driv-
ing frequency obeys the Arrhenius equation, which is ex-
pressed as follows [49]:

Ly
f:foexp[m]a 4

where f is the driving frequency, 7; is the absolute tem-
perature at which f relaxation occurs, Eg is the apparent
activation energy of the B relaxation process, kg is Boltz-
mann’s constant, and £, is a characteristic frequency. The
activation energy of P relaxation was readily computed and
shown in the inset of Figure 4(a). The dynamical features of
the B relaxation process are depicted in Figure 4(b) when
applying different strain amplitudes of oscillation. The peak
temperature of the normalized modulus increases con-
siderably with strain amplitude (0.02%, 0.04%, 0.08%, and
0.16%), and its intensity is enhanced when the strain am-
plitude increases. As shown in the inset of Figure 4(b), Eg
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Figure 2 (Color online) Normalized storage modulus and loss modulus

as a function of temperature. The f relaxation and o relaxation features are

indicated by the peaks in the normalized loss modulus at approximately
340 K and 450 K, respectively.
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Figure 3 (Color online) Normalized loss modulus as a function of nor-
malized temperature for La-based (LagAlj4Ag,34Ni 033C01035) and Zr-
based (Zr5oCuypAl;g) MGs.

increases with increasing oscillation strain amplitude.
Therefore, the hysteresis effect increases as strain amplitude
increases. It implies that the internal friction gradually in-
creases.

According to the cooperative shearing model proposed by
Johnson and Samwer [50], the relation between the activa-
tion volume V(T) and the activation energy E., of the ele-
mentary deformation unit in MGs is expressed as follows:

Ecsm

V(T) = g—em
8 Gamee
T

(%)

where G(T) is the temperature-dependent elastic shear
modulus. The critical strain is y, = 0.027, and the correction
factor is & = 3. Considering that the Poisson ratio of the La-
based MG v = 0.32 [6] and E, = Ep, the evolution of the

shear modulus with temperature can be generally expressed
as follows [19]:
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Figure 4 (Color online) (a) Normalized loss modulus as a function of
temperature at different driving frequencies (0.5, 1.0, 2.0, 4.0, 8.0, and
16.0 Hz). The temperature window ranges from room temperature to
390 K. The inset shows an Arrhenius plot of the frequency versus tem-
perature with an oscillation amplitude of 0.08% strain. The solid line is fit
by eq. (4). (b) Evolution of the normalized loss modulus with temperature
at various strain amplitude oscillations (0.02%, 0.04%, 0.08%, and 0.16%).
The inset is the apparent activation energy of the p relaxation process at
different oscillation strains.
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The relation between the flow defect volume and tem-
perature can be calculated, and it is depicted in Figure 5(a)
and (b). Moreover, V' decreases with increasing driving fre-
quency, with a value between 10 and 11 nm’. Additionally,
the disparity in activation volumes corresponds to the dif-
ference in frequency. The activation volume is large when
the temperature is high. The influence of the strain amplitude
of oscillation on V is stronger compared with the effect of
frequency in the entire temperature range of the  relaxation
process. The activation volume increases when the oscilla-
tion strain increases from 0.02% to 0.16%. The characteristic
relaxation time is closely related to the local atomic re-
arrangement of flow defects. The increase in driving fre-
quency decreases the characteristic relaxation time.
However, it increases the deformation applied to the mate-
rial. Since the deformation is in the nonlinear region, so that
it decreases the free energy barrier of P relaxation [51].
Because of the increase in the strain amplitude, the corre-
sponding input energy also increases. This facilitates the
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Figure 5 (Color online) (a) Flow defect volume as a function of tem-
perature at different frequencies during the B process with an oscillation
strain amplitude of 0.08%. (b) Flow defect volume as a function of tem-
perature over different oscillation strain amplitudes at a frequency of 1 Hz
in the range of B relaxation.

local movement of atoms such that the activation volume of
flow defect increases considerably.

3.3 Effect of the strain on the P relaxation process

Mechanical spectroscopy has been widely employed to ex-
tract the fundamental physical parameters of glasses, such as
the storage modulus, loss modulus, and internal friction,
guiding the exploration of the atomic rearrangement me-
chanism during the strain-assisted and thermally activated
processes happens during dynamics of materials [2]. The loss
modulus spectra can be well described by the Havriliak-
Negami (HN) model with input of the P relaxation, which
can be written as follows [52]:

AG

G(w)= ————,
(1+(iwzp)")

(N
where AGy is the relaxation strength, w is the angular fre-
quency, 75 is the characteristic time of j relaxation, and m
and n are shape parameters. The values of these two para-
meters vary from 0 to 1. Notably, when n=1, eq. (7) corre-
sponds to the Cole-Cole equation. Figure 6(a) and (b) show
the curves of the normalized loss modulus £''/ E,, fitted by
the HN model for the Lag,Al;4Ag, 34Ni;33C01035 MG. As
shown in Figure 6(a), when temperature increases, the peak
of the P relaxation shifts toward high frequencies, and its
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Figure 6 (Color online) (a) The frequency spectrum of the normalized loss modulus at different temperatures by DMA experiments. (b) Frequency
spectrum over oscillations with different strain amplitudes. In (a) and (b), the solid lines denote the best fit by the HN model. (c), (d) Parameters m and n of

the HN model as functions of temperature and strain amplitude, respectively.

intensity increases. Moreover, similar behavior is observed
when the oscillation strain increases. Parameter m, re-
presenting the width of the relaxation spectrum, increases
with temperature and decreases with the driving strain.
Meanwhile, parameter n, representing the asymmetric char-
acter of the relaxation peak, remains constant at a value of 1,
as shown in Figure 6(c) and (d). The product of the m and n
parameters, m*n, demonstrates the structural features of an
MG [53-56]. A small value of m*n usually indicates a high
level of heterogeneity. As shown in Figure 6(c) and (d), in-
creasing temperature increases the value of m*n in a given
frequency range, illustrating that the structure of the La-
based MG becomes increasingly homogeneous with in-
creased temperature. Additionally, the structural hetero-
geneity increases when the oscillation strain increases from
0.02% to 0.16%.

The physical origin and evolution of the relaxation dy-
namics of MGs are closely connected with their structural
heterogeneity [2]. Experimental and theoretical fittings de-
monstrate that the peak value of the loss modulus is posi-
tively correlated with the strain amplitude of oscillation
during the B relaxation process. Upon intensifying the me-
chanical stimulus, the atomic mobility also increases, such
that less time is required for the activation of the p relaxation
process. Therefore, the B relaxation time 73 decreases when
the oscillation strain increases. When the oscillation strain
increases from 0.02% to 0.16%, the structural heterogeneity
increases, and the physical and mechanical properties show
various degrees of changes. Therefore, the thermodynamic
features of the MG used herein can be improved by manip-
ulating the oscillation amplitude, even in the nominal elastic
zone of such viscoelastic material.

3.4 Influence of the oscillation strain on the initial state
of the MG

Physical aging is an important way of tuning the mechanical
and physical properties of amorphous solids [30,31]. Figure
7(a) plots the normalized storage modulus and loss modulus
of the La-based MG versus its physical aging time. The
physical aging temperature is 380 K. The storage modulus
increases while the loss modulus decreases when aging
proceeds. The loss factor (or loss modulus) of the amorphous
solids is closely connected to the movement of atoms or
molecules. Physical aging decreases the atomic mobility in
MGs. The evolution of the loss factor with annealing time
can be well described based on the Kohlrausch-Williams-
Watts (KWW) equation, expressed as follows [57]:

'b)KWW
}, ®)

where 4 is the maximum magnitude of the relaxation, and 7 is

_L
T

tand(¢) = tand(¢ = 0) A{l —exp

the characteristic time of the annealing process. f ., 1S the
KWW exponential stretching parameter, which is correlated
to the structural heterogeneity in MGs [58]. In this scenario,
the effect of physical aging can be measured using DMA
following the evolution of the parameter A defined as fol-
lows [57]:

tand(¢) —tand(t = o) )
tand(z = 0) — tand(t =)

The inset of Figure 7(a) shows a double logarithmic plot of
the loss factor tand versus the physical aging time. In addi-

A(t) =

tion, A,y depends on the oscillation strain applied during
the isothermal process when other conditions are fixed. The
various values of g, . (as shown in Figure 7(b)) also
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Figure 7 (Color online) (a) Dynamical behavior of Lag,Al;4Ag, 34Ni;g 35~
Co933 MG during an isothermal procedure at a temperature of 380 K with
an oscillation of strain amplitude of 0.16%. The inset displays the scaling
between the loss factor tand and time. (b) Evolution of loss factor tand with
isothermal time at various oscillation strain amplitudes, i.e., 0.02% and
0.16%.

indicate that the strain oscillation during annealing has a
visible effect on its structural heterogeneity. Figure 8 com-
pares the as-cast and annealed glass samples. When oscil-
lations with various strain amplitudes (0.02%, 0.04%,
0.08%, and 0.16%) are imposed on the annealed MG, the
relaxation process clearly separates from the o relaxation
process, in the case of oscillations with large strain. The peak
temperature of the annealed samples is higher, and the in-
tensity of its B relaxation is weaker compared with those of
the as-cast samples under identical conditions, i.e., heating
rate: 2 K/min, driving frequency: 1 Hz, and strain amplitude
of oscillation: 0.08%.

When the strain amplitude of oscillation gradually in-
creases, it accelerates the local atomic motion in MG.
Moreover, this leads the MG to a relatively more stable
thermodynamic state with larger activation energy for the
dynamic processes. Even in the nominally elastic region,
typical inelastic flow occurs, and the stress-strain hysteresis
loops appear when the sinusoidal strain is applied to an
amorphous alloy during the isothermal annealing process.
With increasing strain amplitude, the activation volume of
flow defects and the apparent activation energy show a
substantial increase owing to the enhancement of structural
relaxation. This process implies that the atomic motion in the
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Figure 8 (Color online) Internal friction tand as a function of temperature
for MGs under various initial conditions.

MG is restricted, and the microstructural homogeneity of the
La-based MG is greatly improved. Moreover, even oscilla-
tion with a small strain amplitude would substantially affect
the microscopic structure of the MG owing to the subtle
changes over a long time.

4 Conclusion

In sum, we find that application of strain oscillation with
different magnitudes on a La-based MG influences its [ re-
laxation process. This nonlinear response to a mechanical
perturbation is found for small strain amplitude within the
nominally elastic region of MG. The increase in the oscil-
lation strain injects substantial energy into the system. The
apparent activation energy of the P relaxation process in-
creases from 0.73 to 0.96 eV when the strain amplitude
changes from 0.02% to 0.16%. This change also implies that
the internal friction increases in this material. Additionally,
the number of activated flow defects increases with in-
creasing oscillation strain, or the frequency applied to the
MG is increased. This observation is in accordance with the
scenario of the cooperative shearing model. With increasing
strain amplitude, the intensity of the B relaxation process is
enhanced, and the B relaxation temperature approaches a
higher value. Moreover, the DMA illustrates that different
states are obtained by applying different strain amplitudes,
when the annealing is also conducted below 7,. The oscil-
lation strain also yields substantially different B relaxation
behaviors, increases atomic mobility and drives MG to re-
latively a more stable thermodynamic state.
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