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a  b  s  t  r  a  c  t

Dynamic  relaxation  processes  are  fundamental  to understand  the  mechanical  and  physical  properties  of
metallic  glasses.  In the  current  work,  mechanical  relaxations  in  a La30Ce30Al15Co25 bulk  metallic  glass
were  probed  by  dynamic  mechanical  analysis.  In  contrast  to many  metallic  glasses,  La30Ce30Al15Co25

metallic  glass  shows  a pronounced  slow  � relaxation  peak.  Physical  aging  below  the  glass  transition  tem-
perature  Tg leads  to an  increase  of  the  apparent  activation  energy  and  a decrease  of  the  slow  � relaxation
eywords:
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magnitude.  The  correlation  between  the  slow  � relaxation  and  the  main  � relaxation  is  discussed.
© 2019  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &

Technology.
hysical aging

. Introduction

Dynamic kinetics is an important issue to better understand
he glass transition, diffusion behavior, mechanical properties and
hysical properties in glass forming liquids (i.e., metallic glasses,
morphous polymers, oxide glasses and other non-crystalline
olids) [1–4]. In general, there are two relaxation processes in glass
orming materials: (i) the primary (also called �) relaxation that is
vident around the glass transition temperature (Tg); and (ii) the
econdary (�) process which is smaller in amplitude and is evident
elow Tg. The � relaxation and � relaxation modes for amorphous
aterial has been observed based on the dielectric or mechanical

pectroscopy. While the temperature dependence of the � process
s complex, usually the secondary � relaxation obeys an Arrhe-
ius temperature dependence. The � relaxation is connected to the

ocalized atomic or molecular motion [3,5], while the � relaxation
orresponds to more complex and correlated movements of atoms
r molecules.

As a newcomer of glassy materials, bulk metallic glasses have

roused considerable interest in the past decades due to their spe-
ial combination of structural and functional properties, such as
igher strength, larger elasticity, lower elastic modulus and excel-
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005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
lent corrosion resistance [6–11]. Specifically, compared with the
amorphous polymers, metallic glasses exhibit relative dense atomic
packing structure [12,13]. As a consequence, metallic glasses are
excellent candidates to investigate the mechanical dynamics, espe-
cially to understand some of the important physical phenomena in
metallic glasses such as: the origin of the plasticity, the correlation
between mechanical relaxations and mechanical properties or the
connection between � and � relaxations [14]. Recently, the relation
between the � relaxations (fast and slow) and intrinsic plasticity
in metallic glasses has been established [3,14]. In parallel, it has
been reported that the activation energy of the slow � relaxation
and shear transformation zones (STZs) are almost equal in metal-
lic glasses [15]. In addition, the origin of slow � relaxation may
be associated with diffusion of the smallest atoms in the metallic
glasses [16]. It is believed that the slow � relaxation in metal-
lic glasses is closely associated with the structural heterogeneity
[17,18]. However, despite extensive experimental and theoretical
efforts to clarify the physical properties of the � relaxation, up till
now, the physical origin of slow � relaxation is still not clear and
requires further study [19,20].

In previous investigations using mechanical spectroscopy, it was
found that some La-based metallic glasses present an evident slow
� relaxation peak [19,21], Pd-based metallic glasses show a “shoul-

der” [22,23], and many metallic glasses show only a submerged �
peak or “excess wing” [24].
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Fig. 2. Temperature dependence of peak values of main � relaxation and secondary
�  relaxation in a La30Ce30Al15Co25 bulk metallic glass. The � relaxation was fitted
by  VFT function and the slow � relaxation was  fitted by Arrhenius equation. Inset
figure is the normalized loss modulus as a function of the temperature with various
ig. 1. Evolution of the storage modulus E’ and loss modulus E” with temperature
n  La30Ce30Al15Co25 bulk metallic glass.

For amorphous polymers, there are many studies in the liter-
tures on the pressure effect and physical aging on the slow �
elaxation [25–27]. Unfortunately, the information on the influ-
nce of physical aging on the slow � relaxation in metallic glasses
s limited [28,29]. In the previous research [22], it was  found that
hysical aging below the glass transition temperature Tg leads to

 decrease of the magnitude of the slow � relaxation in Pd-based
etallic glasses. Since La30Ce30Al15Co25 metallic glass presents a
ell-resolved slow � relaxation process, it provides an interesting

ase to investigate the effect of aging on the dynamics of glassy
aterials.

. Experimental procedure

A La30Ce30Al15Co25 (at.%) bulk metallic glass was prepared by
opper mold suction casting technique, as described in a previ-
us work [30]. The glassy nature of the model alloy has been
onfirmed by X-ray diffraction (D8, Bruker AXS Gmbh, Germany).
ynamic mechanical tests of La30Ce30Al15Co25 metallic glass were
erformed using a commercial dynamic mechanical analysis appa-
atus (DMA, TA instruments Q800) with single-cantilever bending
ode. Samples for DMA  measurements with the dimensions of

0 mm (length) × 2 mm (width) × 1 mm (thickness) were carried
ut in a nitrogen-flushed atmosphere. In the framework of the
MA  technique, the isothermal spectra, storage modulus E’ and

oss modulus E” E’’ of materials can be obtain both in isothermal
r isochronal modes.

. Results and discussion

The dynamic mechanical behavior of the glass-forming liquids
r metallic glass matrix composite depends on both temperature
nd frequency [31]. Isochronal experiments were carried out at

 given driving frequency (0.1 Hz) with a constant heating rate
3 K/min) during continuous heating from 173 K to 600 K. Fig. 1
resents the evolution of E’ and E” E’’ with the temperature in this
a30Ce30Al15Co25 bulk metallic glass. As described in other based
ulk metallic glasses, there are four different temperature regions
4,32,33]: (i) at low temperature regime (from 173 K to 250 K), the
a30Ce30Al15Co25 bulk metallic glass stays in amorphous state, the
torage modulus E’ remains nearly constant at a high value around
7 GPa, whereas the loss modulus E” is relatively low at about
00–300 MPa. Thus, the La30Ce30Al15Co25 bulk metallic glass in this
emperature range behaves as an elastic solid with a high modulus.
ii) in the temperature range from 250 K to 400 K, E’ drops slightly

’
nd E” E ’ shows a distinct peak around 350 K. This peak corre-
ponds to the slow � relaxation process. Therefore, the presence of

 well resolved � process in La30Ce30Al15Co25 bulk metallic glass
akes this system ideal for probing the glassy dynamic. (iii) the
driving frequencies (heating rate is 3 K/min). Eu is assumed equals to the storage
modulus E’ at room temperature.

main � relaxation region (from 400 K to 510 K), which corresponds
to the supercooled liquid region (SLR). Remarkably, we found that
E’ decreases drastically and loss E” E’’ reaches the maximum peak.
This is associated to a drastic decrease in the viscosity. In the glass
transition range, the � relaxation is present in all the bulk metal-
lic glasses, which is associated with the dynamic glass transition
phenomenon. For La30Ce30Al15Co25 the amplitude of the slow �
relaxation is approximately 10% of that of the main � relaxation in
metallic glasses, which is in good accordance with the other metal-
lic glasses [21,34]. (iv) in the high temperature regime (temperature
above 510 K), a dramatic increase of both E’ and E” E’’ is observed,
which is linked to the formation of crystalline phases (Fig. 2).

To determine the temperature effect to the � and slow � pro-
cess, isochronal measurements of La30Ce30Al15Co25 were carried
out at different driving frequencies (1, 2, 4, 8, 16 and 32 Hz), from
which the dependence of the peak temperature of the two relax-
ations as a function of frequency was determined. The secondary �
relaxation follows an Arrhenius behavior (activation energy of the
secondary relaxation is 1.06 eV) while the temperature dependence
of the main � relaxation can be described by the Vogel-Fulcher-
Tamman (VFT) equation: f=f0exp[-B/(T-T0)]. Here f represents the
peak frequency, f0 is a pre-factor expressing the high temperature
limit, B and T0 are the fitting parameters. In the current work, the
values of these parameters are fitted as follows: f0 = 1.6 × 1015 Hz,
B = 4748.8 and T0 = 340.5 K. Clearly, the crossover temperature Tc

of the main � relaxation and slow � relaxation in La30Ce30Al15Co25
bulk metallic glass is around 556 K. The results indicates that the
slow � relaxation decouples from the main � relaxation at around
556 K.

During the rapid solidification process, energy (and free vol-
ume  or enthalpy) are trapped in the metallic glass. Therefore, the
glassy system stays in a non-equilibrium state. With the help of the
physical aging below Tg, the glassy system equilibrates towards a
more stable state or even equilibrium state if the aging time is long
enough.

Fig. 3 illustrates the influence of annealing below the glass
transition temperature Tg on the slow � relaxation and main �
relaxation in La30Ce30Al15Co25 bulk metallic glass (the aging tem-
perature is 398 K and aging time is 24 h). The amorphous nature
of the aged sample at 398 K with 24 h has been verified by XRD
prior to DMA  testing. As demonstrated in the figure, the ampli-

tude of the slow � relaxation is reduced by aging below Tg. In
addition, compared with the as-cast state, the peak position of the
slow � relaxation moves to higher temperature. This phenomenon
will lead to a change of the activation energy during the physi-
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Fig. 4. Normalized loss modulus in La30Ce30Al15Co25 bulk metallic glass as a func-
tion of frequency at different temperatures (315–318–321–324-327. . .381 K, the
interval temperature is 3 K): (a) as-cast state and (b) annealed sample (the sample
is annealed at 380 K with annealing time 24 h).
ig. 3. Evolution of the loss modulus E” with the temperature in La30Ce30Al15Co25

ulk metallic glass. (1) As-cast state, (2) annealed sample (annealing temperature:
98  K with annealing time: 24 h).

al aging. In contrast, the magnitude ant the temperature of the
ain � relaxation are almost independent of the physical aging. The

urrent experimental results are in good agreement with the pre-
ious investigations. There are many models developed to describe
he structural heterogeneity (“defects”) based on the experimen-
al, computational and theoretical analysis, such as liquid-like site
35], flow units [36], quasi-point defects [37] and interstitial defects
38] et al. According to the decrease of the loss modulus E” in Fig. 3,
hysical aging below Tg leads to annihilation of “defects” in metallic
lasses. Physical aging induces structural arrangements of atoms, as

 result, the density and elastic modulus increase. Atomic mobil-
ty in metallic glasses is closely linked to the “defects”. To some
xtent, the atomic mobility in metallic glasses corresponds to the
oncentration of the “defects”. These results imply that the concen-
ration of both local “defects” and the atomic mobility of metallic
lass decrease during physical aging process. In contrast, the plastic
eformation (i.e. cold-rolling [39]) and cryothermal cycling treat-
ent [40–42] can rejuvenate the glassy materials. Rejuvenation of
etallic glasses can improve the plasticity at ambient temperature.
The dynamic mechanical properties in glass-forming liquids are

ensitive to the temperature as well as the driving frequency..
uring the heating process, microstructure in amorphous materi-
ls evolves. Therefore, isothermal measurements were performed
isothermal temperature ranges from to 315 to 381 K, the inter-
al temperature is 3 K) to probe the slow � relaxation in the
a30Ce30Al15Co25 bulk metallic glass. Fig. 4 shows the loss mod-
lus E” of as-cast state and annealed glassy sample (the sample
as annealed at 380 K with aging time 24 h). These measurements

vidence that the peak maximum of the slow � relaxation moves
o higher frequency by increasing the isothermal temperature. The
ctivation energy of the slow � relaxation can be determined using
n Arrhenius equation. As shown in Fig. 5, the apparent activation
nergy of the slow � relaxation in as-cast state is 0.86 eV, while the
pparent activation energy of the annealed sample is 0.97 eV. The
lass transition temperature Tg is 459 K [43]. Many investigations
ave documented that the activation energy of the slow  ̌ relax-
tion Eˇ in glass-forming liquids at as-cast or received state can
e described as: E� ≈ 24 (±2) RTg [15,44]. The current work shows
ood agreement with the empirical relation of the glassy materials.

The kinetics of the physical aging for glass-forming liquids can
e well described by the Kohlrausch-Williams-Watts (KWW)  relax-
tion equation applied to the loss factor tan ı = E” /E’:

anı (ta) − tanı (ta = 0) = A{1 − exp[−(ta/�)ˇaging ]} (1)
here A is the maximum magnitude of the mechanical relaxation.�
s the characteristic relaxation time, �aging is the KWW  exponent

ith values between 0 and 1. According to Eq. (1), the best fits of
Fig. 5. Correlation between the frequency (f) and the peak value of the slow � relax-
ation in La30Ce30Al15Co25 bulk metallic glass with different states (as-cast state and
after annealed at 380 K with 24 h).

KWW  equation to the time dependence of the loss factor at different
aging temperatures are shown in Fig. 6. It is noted that the value
ˇaging = 0.561 can well capture the experimental data. Based on the
stress relaxation in metallic glasses, Wang et al. [45] reported that
the ˇKWW remains constant below Tg in La60Ni15Al25bulk metallic
glass. They found that when the temperature surpasses the slow �
relaxation and below Tg, the parameter ˇKWW keeps around 0.5. It
suggests that many flow units start to move in a cooperative modes.

In order to understand the effect of physical aging on the slow
� relaxation in La30Ce30Al15Co25 bulk metallic glass, the annealed
samples were also heated from room temperature to 623 K again
(Fig. 7). It can be seen that by increasing the annealing temperature,
the amplitude of the slow � relaxation decreases due to the glassy

system shifts to more stable state.

In order to investigate the dynamic mechanical relaxation
behaviors in the La30Ce30Al15Co25 bulk metallic glass, the loss
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Fig. 6. Evolution of the loss factor tan � with aging time of La30Ce30Al15Co25 bulk
metallic glass at different temperatures, i.e., 340, 350, 360 and 370 K, respectively.
Prior to the isothermal aging, the La30Ce30Al15Co25 metallic glass was heated to the
aging temperature with 1 Hz at a heating rate of 3 K/min. The solid lines are the best
fits  by Eq. (1).

Fig. 7. The normalized loss modulus E”/Eu as a function of temperature in
La30Ce30Al15Co25 bulk metallic glass at different states. The arrow shows the direc-
tion  of increased aging temperature going from as-cast state, and samples after
annealing at 340, 350, 360 and 370 K for 24 h, respectively.

Fig. 8. Normalized loss modulus as a function of temperature with different fre-
quencies at a given heating rate (1 K/min). Inset is the correlation between lnf and
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odulus for the as cast sample as a function of temperature was
easured with different driving frequencies (shown in Fig. 8). The

nset of Fig. 8 shows the activation energy of the main � relaxation,
rst and second crystallization processes in the LaCe-based metallic

lass. We  found that the activation energy of the main � relaxation
� is around 3.61 eV. It can be seen that the activation energy of the
ain � relaxation in La30Ce30Al15Co25 bulk metallic glass is about
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4 times of the slow � relaxation. The current results are in good
accordance with the previous investigations in other metallic glass
system [46]. This suggests that the slow � relaxation is related to
the movements of local atoms while the main � relaxation corre-
sponds to cooperative motions of atoms. As reported in the previous
literature, the slow � relaxation is closely associated with the diffu-
sion behavior of the smallest constituent atom in metallic glasses
[47]. However, compared with the slow � and main � relaxation
processes, the crystallization behavior of metallic glass is linked to
atomic arrangement to a great extent. As a consequence, the acti-
vation energy of crystallization behavior corresponds to a higher
value.

4. Conclusion

Mechanical relaxation dynamical modes of La30Ce30Al15Co25
bulk metallic glass have been investigated by DMA. Compared with
other metallic glasses, La30Ce30Al15Co25 metallic glass presents an
evident slow � relaxation. Physical aging below the glass transi-
tion temperature Tg reduces the concentration of local “defects”
in metallic glasses and causes a decrease of the intensity for the
� process. The activation energy of slow � relaxation increases
and amplitude of slow � relaxation decreases during physical aging
below Tg. The well resolved � process in La30Ce30Al15Co25 makes it
an ideal glass system to probe the mechanical relaxation behaviors
in metallic glass.
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