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Abstract This paper aims to show the effects of primary
stored energy in high entropy bulk metallic glasses (HE-
BMGs) on their relaxation behavior after elastostatic
loading process. For this purpose, three HE-BMGs with
different chemical compositions and primary stored energy
were fabricated. Differential scanning calorimetry and
nanoindentation tests were carried out to evaluate the
relaxation enthalpy and microscopic mechanical charac-
terization of alloys. The results showed that increase in the
number of element types in the alloying composition leads
to the increment of stored energy and structural hetero-
geneity in the primary alloys. Moreover, the elastostatic
loading rejuvenates the primary alloys; however, an opti-
mum heterogeneity is needed for the maximum structural
heterogeneity and stored energy in the glassy alloy. The
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hardness measurements also indicate that the elastostatic
loading intensifies the hardness variations in the alloys,
which may be due to the increased structural heterogeneity.
Keywords High entropy metallic glass - Relaxation -
Stored energy - Rejuvenation

1 Introduction

Due to their unique structural characteristics at angstrom-
scale arrangements, metallic glasses (MGs) show out-
standing physical behavior and excellent mechanical
properties [1—4]. On the other side, recently another clas-
sification of metallic materials has been developed, namely
high entropy alloys, with several equally elemental con-
stitutes and single solid solution phase leading to a broad
range of individual properties [5-9]. In recent years, the
experimental results have shown that the strategy for
development and fabrication of the high entropy, when
employed with care, works efficiently in the design of new
BMG materials with excellent properties such as better
glass forming ability (GFA) and higher mechanical
behaviors compared to the conventional BMGs [10].
Merging inherent traits of BMG and high entropy systems,
researchers have recently shown that it is possible to design
and produce high entropy alloys with one monolithic
amorphous structure [11-13]. This combination of mate-
rials characteristics has led to the production of novel
materials, i.e., high entropy BMG (HE-BMG), with
promising functional and mechanical properties [14—17].
For instance, Wang et al. [18] showed that the thermo-
plastic formability of TiZrHfNiCuBe alloy strongly
depends on Newtonian flow and it can be improved by
vibrational loading. Yin et al. [19] proposed a cryogenic
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method evaluation facilitating the analysis of low temper-
ature magnetocaloric effect of high entropy metallic glas-
ses. In another work, Huo et al. [20] developed a denary
alloy possessing large magnetic entropy variations over a
broad range of temperature and has a large refrigerant
capacity. In another work, Feyq;C0567Nizg6SigB;; HE-
BMG was fabricated and the corresponding studies indi-
cated that the alloy proposes a good bending ductility and
superior soft magnetic properties [21]. Wang et al. [22]
reported that the HE-BMGs are also capable to tolerate the
harmful ion irradiation effects and exhibit a favorable
response to high levels of helium implantation. Tong et al.
[23] investigated the effects of aspect ratio on serrated flow
dynamic and plasticity of TiZrHfCuNiBe HE-BMG and
found that the plasticity and serration size are not mono-
tonic correlated. The tensile creep evaluation of Alyg
Ce,glasgNisg Yoo HE-BMG also reveals that the extension
and retardation of smaller defects in the structure lead to
the significant increase in activation energy of tensile creep
[24]. Gu et al. [25] correlated the structural heterogeneity
in HE-BMG to the stored energy level and reported that the
cryogenic treatment extraordinarily improves the stored
energy in the structure. Duan et al. [26] linked the shear
modulus to the enthalpy variations of high entropy alloy
and found that the thermal flow and shear softening rely on
anharmonicity of interatomic potential.

As described, the HE-BMG alloys are promising mate-
rials for various applications with different physical and
mechanical features. However, the perception of their
structural characteristics and relaxation behavior is a
common challenge for any application. In this work, we
have developed new HE-BMG compositions with different
primary stored energy and performed a subsequent elas-
tostatic treatment to show that how the structural hetero-
geneity, which links to the primary stored energy, induces
the energy intensification in the material.

2 Experimental Procedure

Three alloys with nominal compositions of TiygZryoBeyg
Hfzocuzo, Ti20Zr20Beonf20Cu10Ni|0 and Ti202r20B620
Hf,9Cu;oNisYs were cast by arc-melting technique under
Ti-gettered argon environment. The prepared alloys were
then fabricated in the form of 2 mm-diameter rods using
copper mold casting method. The primary samples, i.e.,
TiztozoBCz()HfzoCllzo, TizozrzoBeonfzoculoNil() and
TiygZryoBegHf50Cu oNisY'5, were coded as S1, S2 and S3
in the paper, respectively. X-ray diffraction (XRD) analysis
was performed to ensure the amorphousness of prepared
alloys. Elastostatic loading, as a rejuvenation treatment
[27, 28], was then carried out to affect the stored energy in
the amorphous alloys. The treatment was done for 24 h at
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room temperature under 98% yield strength of the alloys.
Similar to their codes for their primary situations, the
rejuvenated samples were coded as S11, S22 and S33,
respectively. For elastostatic loading process, the samples
were cut from the reference rods with the length of 4 mm.
The sample cross sections were carefully polished to avoid
any experimental error. After the treatment, differential
scanning calorimeter (DSC) test with heating rate of 20 K/
min under argon atmosphere was employed to evaluate the
relaxation enthalpy changes in the HE-BMGs. For each
sample, we did DSC experiment three times to ensure the
reproducibility. Moreover, nanoindentation experiment
was considered for studying micromechanical characteris-
tics and structural heterogeneity. The experiment was done
with samples taken from the cross sections at the center
region. The maximum load was 15 mN and the load rate
was set as 0.5 mN/s. To obtain cumulative curves, the 90
indentation points were considered. To evaluate the
anelasticity, high-rate nanoindentation test was done with
holding time, loading time and unloading time of 0.05 S,
0.005 S and 0.05 S, respectively. Using Mitutoyo HM
tester, microhardness measurements were also carried out
at the cross section from the center to the edges with 10 S
load time and load of 40 gr.

s1
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Fig. 1 XRD patterns of as-cast and rejuvenated samples
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3 Results and Discussion

At the first step, it is important to affirm the amorphousness
of HE-BMG samples. According to the XRD results
(Fig. 1), there are no sharp peaks in the patterns, which
confirm the lack of crystalline phases in the microstructure.
Figure 2a illustrates the relaxation region of HE-BMG
samples located under the glass transition temperature (7).
The exothermic heat release in the relaxation region defines
the value of stored energy in the amorphous structure. The
results show that the elastostatic loading leads to the
increase in the stored energy of all the samples. The
increment in stored energy is related to the excitation of
atomic configurations and intensification of disordered
structures in the amorphous material [29, 30]. Figure 2b
presents the relaxation enthalpy values, as indicator of
stored energy, for all the samples. As observed, the primary
stored energy in the HE-BMG alloys strongly depends on
the chemical composition so that with the addition of more
element types into the alloy composition, the primary
stored energy significantly increases. Accordingly, it is
derived that the increase in the number of element types in
the alloying compositions leads to the improvement of
elemental heterogeneity in the material and consequently,
intensifies the nano-scale defects such as free volumes in
the atomic structure. The measured relaxation enthalpy for
S1, S2 and S3 is 4.9, 5.7 and 6.1 J/g, respectively, which
indicates the elemental heterogeneity effects on the pri-
mary stored energy. On the other side, the elastostatic

<--- Exothermic (a.u.)

425 475 525 575 625 675
Temperature(K)

loaded samples show a different trend so that the measured
relaxation enthalpy for S11, S22 and S33 is 5.5, 7.1 and
6.7 J/g, respectively. This result indicates that primary
elemental heterogeneity markedly influences the subse-
quent relaxation enthalpy increment, achieved from the
elastostatic loading. In fact, an optimum heterogeneity is
needed for the maximum stored energy in the atomic
structure.

To evaluate the microscopic mechanical properties, the
cast samples along with their rejuvenated states were tested
by nanoindentation technique. Using Oliver and Pharr
method, the nanohardness trend was also extracted from
the unloading curves. According to load—displacement
curves given in Fig. 3a, the intensification of curves slope
relies on the chemical composition and the subsequent
stored energy during the elastostatic loading. The maxi-
mum detected displacement for sample S22 indicates that
the rejuvenation process is potentially optimum for the
primary samples and correlates to the primary stored
energy in the material. As observed in Fig. 3b, c, the
improvement in plasticity is accompanied with the
decrease in the young modulus and hardness. In other
words, the enhanced ductility under elastostatic loading
comes at the expense of hardness of material. Figure 3
apparently indicates the effects of elastostatic loading on
the microscopic mechanical properties of samples. One can
see that the measured features have linear trends for the
primary samples, while the feature variations for elasto-
static loaded samples show a peak/valley trend. This result

(b)
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Fig. 2 a Relaxation enthalpy region in DSC curves of samples, b relaxation enthalpy values for the samples
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Fig. 3 a Load-displacement curves of samples in nanoindentation test, and cumulative distribution of b Young’s modulus, ¢ hardness

confirms that the primary chemical heterogeneity, which is
related to the number of element types, plays the most
important role in the rejuvenation. To better understand the
role of heterogeneity, the nanoindentation test with high
strain rate was performed. As reported in previous works,
the nanoscale compositional changes along with the local
density variations are indicators of structural heterogeneity
in the BMG alloys [31, 32]. In other words, the heteroge-
neous elemental distribution in the amorphous structure is
related to the random formation of dense packing regions,
namely short and medium range orders, and embedded
loose packing regions such as free volumes [33, 34].
Considering this explanation, when an external dynamic
force is applied on the sample, the high density structures
respond in an elastic manner, while the loose packing
regions experience an anelastic deformation. Under the
high-rate indenting process, the hysteresis loop of loading
and unloading curve introduces the range of anelasticity in
the material. The following equation correlates the
nanoindentation curve to the viscoelastic model [25]:
h(t)3/2 _ 3-p@)-(1-v)
8GiR'/?

- 3P(11_V)G2't° [1—eXp<—i)] (1)
8GiR: - (G1 + G») le

In which R and v are the tip radius and poisson’s ratio,
respectively. P’ is the loading rate, . defines the relaxation
time and, G, and G, introduce the modulus of dense- and
loose-packing  structures, respectively. Fitting the
mentioned equation and the load-displacement curve, it
is possible to attain G| and G, data and subsequently, the

volume fraction of loose packing structures can be
achieved as follows [35]:

@ Springer
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loosepackingfraction = ——————
packingfraction% G 16)

(2)

According to Fig. 4, the fraction volume of loose
packing structures for S1, S2 and S3 is 9.9%, 12.9% and
13.4%, respectively. Previous works showed that the
fraction volume of loose structure for conventional
metallic glasses is in the range of 20-25%, which is
much higher than our results [35, 36]. It is suggested that
when an element is dominant in the atomic structure and
several minor added elements are in the chemical
compositions, the disordering phenomenon can be
intensified in the microstructure. This means that variety
of short range order clusters with different symmetries and
sizes increases, and therefore the nanoscale defects, i.e.,
loose structures get enhanced in the material. On the other
side, HE-BMGs have several elements with equal contents
leading to the formation of short range scale clusters with
close symmetries and sizes. As a result, the atomic
structure tends to form a backbone with a low possible
defects. As observed, when the minor addition increases in
the chemical compositions from S1 to S3, the glassy
material induces more loose packing structures. Another
point should be noted is the trend of loose structure fraction
after the elastostatic loading. According to the results, an
optimum loose structure in the primary structure of sample
is needed to obtain the maximum stored energy or
uppermost heterogeneity after elastostatic loading. When
the structure is more homogeneous (S1), the short and
medium range orders are dominant and the defects are
isolated. Under this condition, the glassy alloy has strong
bonds and consequently, the force during the elastostatic
loading is not enough to break down the ordered structure
and induce more heterogeneity. Hence, one can see that the
stored energy or loose-structure fraction show a minor
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Fig. 4 a Load—displacement curves of samples under high-rate nanoindentation test, b volume fraction of loose packing structures

increase in sample S11. On the other side, the sample S3
with the highest primary heterogeneity is not able to
produce the highest stored energy or loose-structure
fraction (S33). It is believed that the high primary
structural heterogeneity in S3 has excessive defects, i.e.,
free volume, in the glassy configuration. Hence, when the
elastostatic loading is applied to this sample, the excessive
weak bonds in free volume regions relax the stress domains
and prevent the formation of new defects in the
microstructure. With all these descriptions, sample S2
with optimum primary stored energy induces more
structural heterogeneity and nanoscale defects after
elastostatic loading (S22).

Figure 5 illustrates the distribution of hardness from
center to the edges of samples. As clear, the hardness
distribution also has a similar trend with the nanoindenta-
tion and DSC results so that the hardness disposition is
reversely correlated to the stored energy in the glassy
structure. However, the detailed study of hardness shows
that the rejuvenation process leads to intensified variations
in the samples. In other words, the primary samples have a
stable hardness distribution from the center to edges;
however, a slight decrease is observed at the edges led by
the faster cooling rate during the solidification. The faster
cooling rate at the edges induces more free volume and
disordered arrangement, which are the reason for hardness

decrement. On the other side, there is no sign of increasing
or decreasing trend in the hardness evolution, which means
that the elastostatic loading significantly affects the whole
atomic structure of samples and induce rejuvenation in the
glassy material. However, the intensified variations of
hardness in the different sites of sample, from center to
edge, confirm the severe structural heterogeneity in HE-
BMG alloys.

4 Conclusion

In this study, the effects of primary stored energy of HE-
BMGs on the subsequent influence of elastostatic loading
treatment were evaluated. According to the results, the
minor addition of elements into the base alloying compo-
sition of HE-BMG, i.e., TiygZryoBe,oHf>0Cu,, led to the
increase in the structural heterogeneity and stored energy.
On the other side, an optimum primary stored energy was
identified for obtaining maximum structural heterogeneity
after the elastostatic loading. It was concluded that the rate
of rejuvenation in HE-BMGs strongly depended on the free
volume distribution and local elemental variations in the
microstructure so that the low free volume distribution led
to the increase in strength of backbone. Hence, an inter-
stitial primary structural heterogeneity is needed for the
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Fig. 5 Hardness distribution
from center to edges for all the
samples
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maximum rejuvenation during elastostatic treatment in the
HE-BMGs.
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