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Dynamic mechanical analysis was performed in two metallic glasses that show markedly distinct 8 re-
laxation features. The confined flow defects of free-volume zones and the inelastic deformation behavior
result into a significant mechanical hysteresis loop in dynamic cyclic loadings, which is described with
a viscoelastic model. Annealing below the glass transition temperature T, decreases the concentration of
free-volume zones. The understanding of the inelastic deformation, which is related to free-volume zones,
is critical and may provide a new avenue into the mechanical properties’ improvement of high entropy

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Metallic glasses (MGs) and high-entropy alloys (HEAs) have
stimulated tremendous research interest in both material science
and condensed matter physics for decades [1-6]. More recently,
high-entropy metallic glasses (HE-MGs) have been developed over-
lapping the definitions of both MGs and HEAs [7-9]. Compared
with the conventional MGs, HE-MGs exhibit unique mechanical
properties (i.e. excellent strength at ambient temperature) [9-12].
As a consequence, HE-MGs provide a new avenue to develop
new materials for functional and structural applications. Large ex-
perimental [13,14], theoretical [5,6,15] and numerical simulation
[13] efforts explored the nature of atomic-scale structures in MGs,
and the connection between these microscopic structures and the
mechanical response of amorphous alloys. However, it is still a
challenging issue to fully understand the link between the atomic-
scale disordered structure and mechanical deformation behavior in
MGs, in analogy to the scenario of crystalline defects in crystals,
especially in the recently emerging HE-MGs [16-18].

It is known that MGs show both elasticity and viscoelasticity
and that fluctuation in the excess free-volume generates the so-
called “soft” spots surrounded by a stiffer elastic matrix [19-21].
However, the mechanical properties of these high free-volume re-
gions are not thoroughly understood up to date. Besides, a compre-
hensive understanding of the interplay between the free-volume
zones and the elastic matrix, as well as the relationship with the
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macroscopic mechanical properties, is still lacking. The comprehen-
sion of such mechanics may provide new tools for the improve-
ment of the mechanical properties of MGs. In the current work,
d PdZOPt20cu20Ni20P20 HE-MG and a LaGONi15A125 MG, with dis-
tinct B relaxation responses, are chosen as model alloys to prove
and quantify the flow defects and inelastic deformation behaviors
under dynamic cyclic loading. An interesting hysteresis loop phe-
nomenon was found and it is rationalized in the framework of a
viscoelastic model.

Due to the extremely high thermal stability and outstanding
glass forming ability (GFA) [22], PdygPtygCuygNiygPyg HE-MG was
selected. LaggNiy5Aly5 is a regular metallic glass with a distinct 8
relaxation. The thermal properties of both alloys were determined
by differential scanning calorimetry (DSC, Netzsch 202). The glass
transition temperature Ty and the onset crystallization temperature
Tx were determined and are shown in Fig. 1(a), respectively.

Dynamic Mechanical Analysis provides a way to investigate
the relaxation processes originated by atomic/molecular rearrange-
ments in glassy solids (e.g. polymers or metallic glasses) [4,23]. The
temperature dependences of the storage modulus E’/E, and the
loss modulus E”/E, of PdygPtyoCuygNiygPyo are shown in Fig. 1(b),
E, being the value of the storage modulus at room tempera-
ture. The following remarkable features can be noticed. (I) The
loss modulus E”/E, shows a shoulder and a distinct peak: the
shoulder at lower temperature (520 K) is identified as S relax-
ation while the distinct peak at higher temperature (580 K) cor-
responds to the « relaxation. (II) The intensity of the shoulder
(B relaxation) is lower than that of the peak of « relaxation. (III)
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Fig. 1. (a) DSC curves of PdyoPtyoCuygNizgPoo and LaggNijsAlys. (b) Normalized stor-
age modulus E’/E, and loss modulus E”/E, of PdyqPtyoCuyoNizgP;o versus temper-
ature. E, is the initial value of the storage modulus at ambient temperature. (c)
The normalized loss modulus E”/E, of both PdyqPtyCuyoNigPyo and LaggNisAlys
against the normalized temperature T/T,.

Compared with the change of loss modulus, E”/E,, the storage
modulus E’/E, shows a large drop at the temperature corre-
sponding to the o relaxation. Previous literature showed that the
o relaxation and B relaxation processes provide important in-
sight into the glass transition behavior, plasticity, and mechan-
ical dynamics of MGs [4,24,25]. The intensity of the S relax-
ations accounts for the microscopic motion of atoms. As shown
in Fig. 1(c), LaggNij5Al5 shows a distinct slow S relaxation peak,
while PdygPtyoCuygNiygPyo exhibits a noticeable shoulder. The «
relaxation links to a thermodynamically irreversible process, cor-
responding to the large-scale collective rearrangement of atoms
above the dynamic glass transition. However, the g relaxation is
a reversible process, which is related to a series of localized flow
defects in free-volume zones, being dispersed in an elastic amor-
phous matrix [19].

The stress-strain curves of PdyoPtygCuygNiygPyy and
LaggNijsAlys at 0.87T; are shown in Fig. 2(a). The ultimate
stress of szoptzocuZoNiZOPZO is ~2.6 times hlgher than that of
LagyNij5Alys. The experimental results of the dynamic cyclic
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loading test on LaggNi;sAlys (only the first four cycles) are shown
in Fig. 2(b). The dynamic cyclic loading tests of ten cycles of
LaGONi15Al15 and szopt20CU20Ni20P20 with maximum stress of
0.70y are further shown in Fig. 2(c) and (d), respectively. It is
noted that the mechanical hysteresis loops reduce largely in suc-
cessive dynamic cycles. Fig. 3 shows the first cycle of the inelastic
deformation of (a) LaﬁoNi15A125 and (b) PdZOPtZOCUZONiZOPZO with
different magnitude of maximum stress. The effect of annealing is
shown in Fig. 3(c) and (d). As the maximum stress increases, the
mechanical hysteresis loops expand strikingly as shown in Fig. 3(a)
and (b). The residual displacements after cyclic loading, shown in
Fig. 3(a)-(d), result from the dynamic response of the inelastic
deformation.

The mechanical hysteresis loops unambiguously confirm that
the flow defects in the soft free-volume zones become activated
even at a stress far less than the yield strength. The atomic mo-
tion dissipates the strain energy during cyclic loading, confirm-
ing that the deformation within the elastic regime of the MGs is
viscoelastic. The activated flow defects in soft free-volume zones
contribute to the mechanical hysteresis loop of the MGs [26-28].
The markedly different viscoelastic behavior under different stress
levels and sample states are shown in Fig. 3(a)-(d). The hystere-
sis loop of Pd,gPtygCuygNiygPyg is obviously larger than that of
LaggNi;sAlys, indicating that the viscosities of the flow defects at
the same relative temperature of 0.87T; are different in the MG
and the HE-MG.

To quantify the loss of energy in each cycle we define AW =
W; —W,, where W;, W, are defined as the area under the stress—
strain curve during the loading and unloading stages, respectively.
Both the residual strain Ae (after a complete loading-unloading
period) and the loss energy factor W = % increase as the max-
imum stress increases in Pd,gPtyoCuygNiygPyg - Fig. 4(a) -, while
those of LaggNijsAlys show little changes - Fig. 4(b) -. This indi-
cates that the increase of the maximum stress enhances very dif-
ferently the inelastic deformation in MGs depending on the alloy.
Furthermore, the hysteresis loop expands conspicuously with the
increase of the maximum stress, as shown by the dynamic cyclic
loading, implying an excellent damping ability of MGs at high tem-
peratures, as derived from their high loss energy factor.

It has long been considered that flow defects in free-volume
zones can be regarded as regions with ‘liquid-like’ atoms [29,30],
thus resulting in structural heterogeneities which can accommo-
date deformation under an applied load. On the basis of the
present results [15,19,31] the flow defects in free-volume zones can
be thought of as loosely packed regions caged in the hard elas-
tic surroundings. Egami et al. reported that the increase in the
number of free-volume zones in MGs is due to the change of the
distribution of atomic level stresses in MGs [32,33]. The “core-
shell” model, consisting of free-volume rich zones in an elastic ma-
trix, describes the basic features of the atomic structure of MG, as
schematically shown in Fig. 3(e). To understand the details of the
activation process of the flow defects and the inelastic behavior of
MGs, a Kelvin-type viscoelastic model is proposed. The model de-
scribes the free-volume zones as a fluid with an effective viscos-
ity nefr, Obeying Newtonian flow, and the elastic surroundings as a
solid with an effective modulus E.g. These elements are shown as
a dashpot and an elastic spring, respectively, connected in parallel
as illustrated in Fig. 3(f). The viscoelastic response of such a system
is expressed as

de
0 = Eegr& + Teff g7 - (1)

where o and & are the applied stress and the observed strain.

The effective relaxation time is defined as 7. = ZL:: which can be
(9

compared to the strain rate & which acts as characteristic deforma-

tion time by defining the dimensionless parameter §qf = Zig - 8.
el
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Fig. 2. (a) The tensile stress-strain curves of Pd;oPtyoCuygNixPy0 and LaggNijsAlys at 0.87T,. (b) The LagoNijsAlys stress and strain values during the loading-unloading
cycles with a maximum stress level of 0.6, (only the first four cycles are shown). Dynamic cyclic loading tests of first, fiftth and tenth cycle of (c) LagoNijsAlis and (d)

Pd3oPty0CuyoNiygPyo with different maximum stress of 0.70, at 0.87T;.

The parameters of the viscoelastic model in Eq. (1) can be com-
puted in an iterative manner by fitting the experimental data.
The results in Fig. 4(c) show that the effective viscosity negs of
Pd5gPtygCuygNipgPyo and LaggNijsAlys increases as the maximum
stress increases. Contrarily, the effective modulus E.; shows lit-
tle change for both MGs, as shown in Fig. 4(d). The obtained
average viscosity neg of PdygPtygCuygNiygPyg is ~12 times higher
than that of LaggNijsAlys, while the average modulus Eg of
PdZOPtZOCUZONiZOPZO is only about twice that of LaeoNi15A125. The
most interesting phenomenon is the behavior of the effective re-
laxation times 7. and the parameter §q5 in Fig. 4(e) and (f). The
relaxation time of Pd;qPtyoCuygNiygPyg is ~7 times higher than that
of LaggNij5Alys due to the sluggish diffusion of HE-MG. More in-
terestingly, 8. has a similar value in both alloys for the low max-
imum applied stresses, but increases largely in the HE-MG while
remains quite constant in the La-based MG. The increase of §q
in the HE-MG is a consequence of the strain hardening observed
as the maximum stress increases, responsible for the increasing
loss energy factor W shown in Fig. 4(b). The lower atomic diffu-
sivity of the HE-MG severely restrains the strain both in the load
and unload phase, being responsible also for the increasing resid-
ual strain - Fig. 4(a) - as the maximum applied stress increases.
The distinct viscosity and relaxation time appear to be responsible
for the obviously different hysteresis loop between the HE-MG and
the MG. As we know, the high mixing entropy of HE-MG is ben-
eficial to reduce the Gibbs free energy [34]. Specifically, the slug-
gish diffusion of HE-MG significantly hinders the atomic mobility
[35].

Due to the difficulty to describe structural features in MGs dur-
ing dynamic cyclic loading, the discussion on the inelastic defor-

mation mechanism of MGs is still under debate. Therefore, the
commonly accepted theoretical description is used here to explain
these mechanistic processes. The distribution of the flow units (or
soft spots) in MGs is affected by the chemical composition and the
glass transition temperature T. The above model should be modi-
fied such that it includes the viscoelastic flow defects with an ef-
fective viscosity 7e¢ and the elastic matrix with an effective modu-
lus E.¢. When dynamic cyclic loading is applied on MGs, a certain
fraction of the flow units is activated in each cycle, and the rest
of the material acts as an elastic matrix. The structures of both
HE-MGs and MGs will be changed after successive cycles. There-
fore, there will be more probability in the next cycles to nucle-
ate new excitation from the vicinity of a previous flow defect, be-
cause the previous one has been rejuvenated and was driven to a
unstable, high-energy level. This scenario is evidenced by the fact
that both the effective modulus E.; and obtained average viscos-
ity neg decrease after successive dynamic cycles, as shown in Fig.
S1 (c) and (d) in Supplementary Materials. This observation is in
agreement with molecular dynamics simulations that cyclic load-
ing induces structural, mechanical, and energetic rejuvenation in
MG [36]. The residual strain Ae accumulated after each cycle in
both szoptz()CUzoNizgpzo HE-MG and LasoNi]5A125 MG, as shown
in Fig. S1 (a) in Supplementary Materials, as a result of this soften-
ing process. De Hosson reported similar results under cycle com-
pression of AlggNigYs MG [21]. The physical explanation for the
residual strain accumulation under dynamic cycles comes from the
visco-elastic component of the constitutive model. The initial elas-
tic deformation of the MG structure becomes irreversible as the
elapsed time becomes comparable to the relaxation time, allowing
the structural excitation or viscoelastic deformation of flow-defect
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Fig. 3. Dynamic cyclic loading tests of first cycle of (a) LagyNijsAlys and (b) Pd,oPtyoCuygNizgPoo with different maximum stress at 0.87T. Evolution of the stress-strain curves
of the as-cast sample and sample annealed at 0.87T; for 60 min of (c) LagoNijsAl,s MG and (d) Pd,oPtyoCuyoNiygPo9 HE-MG. (e) The “core-shell” model of MG consisting of

free-volume zones surrounded by the elastic matrix. (f) A Kelvin-type viscoelastic model.

zones. Therefore, the residual strain accumulates and the softening
occurs in both HE-MGs and MGs.

The mechanical and physical properties of MGs also show a
strong dependence on physical aging below T;. Annealing can tai-
lor the elastic modulus, relaxation enthalpy and other mechan-
ical properties in MGs [3,20]. The dependence of the flow de-
fects in free-volume zones on the annealing time was tested, and
it is shown in Fig. 3(c) and (d). Taking the as-cast state as ref-
erence state, the residual strain Ae decreases after annealing at
the applied stress of 0.50y for Pd,oPtyoCuyNiygPy, as shown in
Fig. 4(g). However, there is almost no change on the residual strain
for LagoNiy5Aly5. Below T, annealing drives MGs towards a more
stable state than the reference state of the as-cast samples [37].
Furthermore, annealing below T; induces a better atomic pack-
ing, shortening the interatomic distances. All these factors con-
tribute to the decrease in the concentration of flow defects in both
HE-MGs and MGs after annealing. This is supported by the pre-
vious findings that the structural homogeneity in both HE-MGs
and MGs increased by annealing below T, [38]. Li et al. reported
that the concentration of flow defects decreases in glass by an-
nealing, which results in the embrittlement of the alloy [18,39].
Furthermore, Brechtl et al. [20] found that annealing after irradia-

tion largely affects the atomic disordering, and causing increase in
hardness and modulus of BMGs. Thus, annealing of both HE-MGs
and MGs leads to the thermal annihilation of flow defects. There-
fore, the loss energy factor W decreases for the annealed samples
of LaggNijsAly5 and PdygPtyCuygNiygPog, such change being larger
for the Pd-based than for the La-based alloy as shown in Fig. 4(h).
The important differences of the aging effects on the cyclic load-
ing behavior between the two alloys could be associated to the
very distinct features of their relaxation spectra in Fig. 1(b) and
(c). The mechanical processing (i.e. inelastic deformation under dy-
namic cyclic loading) of as-cast samples activates a larger amount
of flow defects, leading to an obvious increase of residual strain
and a larger loss energy factor W.

In summary, the residual strain and the loss energy factor of a
high-entropy Pd,qPtyoCuygNiygPoo amorphous alloy and a conven-
tional LaggNijsAl,s MG are characterized by dynamic cyclic load-
ing. An interesting mechanical hysteresis loop phenomenon is re-
vealed. The inelastic deformation behavior of the mechanical hys-
teresis loop is proved and quantified. Annealing below T, increases
the atomic packing density of the atomic structures and decreases
the concentration of flow defects related to free-volume zones. The
experimental hysteresis loop is described in the framework of a
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Fig. 4. (a) The loss energy factor W and (b) the residual strain of both alloys at different maximum stress at 0.877T, of first cycle. (c) The effective viscosity nes and (d) the
effective modulus E. in the viscoelastic model. (e) The effective relaxation time 7. and (f) the dimensionless parameter §q of both alloys. (g) The residual strain and (h)
the loss energy factor W of both alloys with different sample status (as-cast sample or annealing sample) at 0.87T,.

viscoelastic model, revealing strain softening after successive dy-
namic cycles of the HEA alloy. The experimental results provide
insight into the inelastic deformation accommodated by the mo-
tion of flow defects of free-volume zones in both the HE-MG and
the MG. By comparison of the two distinct amorphous alloys, the
role of high mixing entropy in the inelastic deformation of MGs is
discussed by analyzing the hysteresis loop during cyclic loadings.
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