
����������
�������

Citation: Cui, J.; Luo, Q.; Di, S.;

Zhang, Z.; Shen, B.

Rejuvenation-to-Relaxation

Transition Induced by Elastostatic

Compression and Its Effect on

Deformation Behavior in a Zr-Based

Bulk Metallic Glass. Metals 2022, 12,

282. https://doi.org/10.3390/

met12020282

Academic Editor: Golden Kumar

Received: 1 January 2022

Accepted: 31 January 2022

Published: 4 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Rejuvenation-to-Relaxation Transition Induced by Elastostatic
Compression and Its Effect on Deformation Behavior in a
Zr-Based Bulk Metallic Glass
Jingxian Cui 1, Qiang Luo 1,*, Siyi Di 1, Zhengguo Zhang 1 and Baolong Shen 1,2,*

1 Jiangsu Key Laboratory for Advanced Metallic Materials, School of Materials Science and Engineering,
Southeast University, Nanjing 211189, China; 230208257@seu.edu.cn (J.C.); 230189814@seu.edu.cn (S.D.);
zzg@seu.edu.cn (Z.Z.)

2 Institute of Massive Amorphous Metal Science, China University of Mining and Technology,
Xuzhou 221116, China

* Correspondence: q.luo@seu.edu.cn (Q.L.); blshen@seu.edu.cn (B.S.)

Abstract: The effect of uniaxial elastostatic compression on the deformation behavior of the Zr41.2Ti13.8

Cu12.5Ni10Be22.5 (Vit1) bulk metallic glass (BMG) was reported. The as-cast alloy was pre-compressed
under various time (20, 40 and 60 h) at a preloading level of 87% of its yield strength. It was found
that elastostatic compression can lead to structural rejuvenation or relaxation depending on the
pre-compression time. Elastostatic compression, for 40 h, increased the free volume and improved
the plasticity of the BMGs from 1.4% to 3.4%, but preloading for 60 h decreased the free volume and
worsened the plasticity. In addition, the heterogeneous structure evolution during creep deformation
has been analyzed by the Maxwell-Voigt model with two Kelvin units, revealing that more (less)
defects with larger size are activated after elastostatic compression treatment for 40 h (60 h). This work
sheds new light on the correlation between heterogeneous structure and plasticity/creep behaviors
of Zr-based BMGs.

Keywords: bulk metallic glasses; mechanical performance; elastostatic compression; heterogeneous
structure; creep deformation

1. Introduction

Cooling a glass-forming metallic liquid to room temperature results in a metallic glass.
Compared with traditional alloys, bulk metallic glasses (BMGs) are fascinating structural
and functional materials which attract considerable attention all over the world, owing to
their outstanding magnetic, chemical and mechanical properties, such as excellent soft mag-
netic properties, high strength, large elastic limit and high Young’s modulus [1–4]. However,
their poor plasticity at room temperature severely restricts the structural application [5]. It
has been well accepted that the poor plasticity is attributed to the formation of highly local-
ized narrow (~10 nm) shear bands (SBs) [1,6] and shear softening at room temperature [7].
The interplay between shear localization and strain softening has a profound effect on
the macroscopic deformation and fracture, i.e., a shear band can easily become runaway,
leading to the catastrophic failure or brittle fracture of BMGs [8].

To improve the plasticity of BMGs at room temperature, three types of general strate-
gies have been developed as follows:

1. modifying compositions of BMGs;
2. producing composite structure that comprises amorphous matrix and second phase

particles or dendrites [9–11];
3. introducing structural heterogeneity in BMGs [12,13].

Compared with the former two strategies, the third strategy has the advantage of easy
utilization and independence of the composition of BMGs. Techniques including high-
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pressure treatment [14], cold rolling [15], cryogenic thermal cycling (CTC) treatment [16–19]
and elastostatic compression [20,21] have been widely used. Among them, elastostatic
compression is one of the effective methods inducing irreversible structural disordering
into the materials without producing shear bands or changing the shape and dimensions
of BMGs.

In 2008, Lee et al. reported that compressive loading of a Cu65Zr35 bulk metallic glass
at 90% of macroscopic yield stress for 12 h led to rejuvenation and improvement of the
plastic strain from zero to 5.2% [22]. Following this work, numerous efforts were made
to explore the effect of elastostatic compression conditions on the deformation behavior
of various BMG systems [6,23–26]. For example, Tong et al. reported that a threshold
stress should be applied for rejuvenation in thermos-mechanical creep [27]. Majid et al.
studied the effects of cryothermal cycling and tensile elastostatic loading of Zr-based
BMGs and found that the application of both processes leads to a considerable increase in
stored energy [28]. The elastic loading was done to change the mechanical properties and
investigate structural evolution of a Ti-based BMGs. It was reported that the relaxation
enthalpy increases with increasing stress levels, indicating the increase of free volume
contents [29]. Majid et al. also studied the effects of rejuvenation on atomic-level stresses
and nanoscale spatial heterogeneity of a Zr-based BMG and indicated that the increase
in loading value leads to the structural disordering [30]. Zhang et al. showed that aged
Zr-based BMGs could easily rejuvenated by elastostatic pre-loading and, hence, improve
the plasticity [31].

Although there were plenty of studies regarding how the elastostatic compression
can change the energy state and tune the plasticity of BMGs, it remains elusive about the
relationship between evolution of heterogeneous structure at different length scales during
elastostatic compression and deformation. To shed further light onto this correlation, the
effects of elastostatic compression time with the same compression stress on the energy
state and plastic behavior of Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1) BMG samples were system-
atically investigated in this paper. Moreover, the effect of elastostatic compression on creep
deformation was explored in virtue of nanoindentation techniques for the first time.

The Maxwell-Voigt model with two Kelvin units was utilized to analyze the defect
activation during creep deformation of Vit1 BMGs at room temperature. It was found
that the free volume variation, defect activation during creep deformation and plastic
deformation are correlated with each other.

2. Experimental Methods

Copper mold casting method was used to fabricate cylindrical rods with a diameter
of 3 mm of the Vit1 BMG samples. The rods were cut into short rods with length slightly
longer than 6 mm using a low-speed diamond saw. The two ends of each short rod were
carefully polished to acquired rod geometry with a length to diameter ratio of 2:1.

The critical stress of the transition from mechanical rejuvenation-to-relaxation may
vary for different BMGs, depending on the chemical elements and aspects of their amor-
phous structures. In current Vit1 BMG samples, the elastostatic compression stress was
selected after trying different parameters (such as 87%, 92% of their yield strength) to find
whether such a transition really exists. Prior to the compression tests, the rod samples were
elastostatic compressed under stress at a preloading level of 87% of the yield strength at
room temperature for 20 h, 40 h and 60 h using a Sans 5305 testing machine (Sans, Shenzhen,
China) with a strain rate of 1 × 10−4 s−1. The as-cast sample and elastostatic compression
treated samples for 20 h, 40 h and 60 h are denoted as AC, T20, T40 and T60 samples,
respectively. All the preloaded samples were left at room temperature for specific time to
recover the anelastic strain components created during the elastostatic compression and
subsequently compressed until failure. Hardened tool steel with the hardness and strength
higher than those of the BMGs was used to make anvils that prevent the deformation of
anvils during the deformation processes.
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Samples for nanoindentation were selected randomly in the whole horizontal plane
and were polished to acquire a mirror-like surface. The nanoindentation test was performed
on a NanoTest Vantage (Micro Materials Ltd., Wrexham, UK) with a standard Berkovich
diamond indenter. A standard fused silica sample was utilized for nanoindentation tests
with the machine compliance calibration for the transducer-tip configuration and tip area
functional calibration before each measurement. The load and displacement resolutions are
750 nN and 0.3 nm, respectively. Creep measurements were conducted according to the
following sequence: tests at constant loading rates of 0.5, 10 and 50 mN/s were conducted
to the maximum load of 50 mN followed by a holding period of 120 s to monitor the creep
displacement and then unloaded at the same loading rates. At least five independent
measurements were carried out under each condition to discard the biased results that are
significantly against the others. The surface morphologies of the fractured samples were
observed by field emission scanning electron microscope (Sirion 200, FEI, Shanghai, China).
The thermal analysis of samples was carried out by differential scanning calorimeter (DSC,
Netzsch 404 F3, Shanghai, China) at a heating rate of 20 K/min. In order to measure the
relaxation enthalpy (∆Hrel), a second run using the same experimental procedure was
carried out right after the first heating process and used as a baseline to be subtracted from
the first DSC curve.

3. Results and Discussions
3.1. Mechanical Performance

Figure 1 shows the representative engineering stress-strain curves of the AC and
elastostatic compression treated samples. It is obvious that the plasticity increases with
the elastostatic compression duration increasing from 20 h to 40 h, then decreases with
further increasing to 60 h. The plasticity of the AC sample was 1.4%. Applying the
elastostatic compression for 20 and 40 h led to the increase of plasticity to 2.1% and
3.4%, respectively. Further increasing the preloaded time to 60 h resulted in substantial
decrease of the ductility to 1.1%, even below that of AC sample. Despite the plasticity
varies with different elastostatic compression durations, all the AC and pre-compression
treated samples have the similar strength of the AC sample, which is consistent with the
former report [32].

Figure 1. The representative engineering stress-strain curves of the AC (as-cast) and pre-compression
treated (T20, T40, T60) Vit1 BMG samples.
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It is well known that a failure occurring in BMGs was caused by the formation of
shear bands upon loading. The plastic deformation achieved by BMGs depending on the
density of shear bands is virtually confined in narrow regions near shear bands [19]. The
different fracture behaviors of the AC and elastostatic compression treated samples may
be attributed to the density number and shape of shear bands. To further understand the
deformation behavior related to the elastostatic compression duration, SEM (Sirion 200, FEI,
Shanghai, China) observation was conducted on the fractured samples. Figure 2 displays
the fracture morphologies of the AC and samples after elastostatic compression treatment
for different durations. Fracture surface of each alloy has typical vein patterns that extent
towards the shear stress direction. Vein patterns are characteristics of most metallic glasses,
which can be attributed to melting within the main shear band induced by the elastic
energy release during the instantaneous fracture. The mechanism of vein patterns is still
controversial. At present, it is most widely accepted that the Taylors meniscus zone is
responsible for the formation of vein patterns [19,33,34]. According to the model, the tensile
fracture of metallic glass is just like two solid planes with a layer of viscous fluid. During
the crack process, the contact interface between the fluid and air is subjected to negative
pressure, which leads to fluid meniscus instability (Taylor instability) and, finally, forms
vein patterns.

Figure 2. SEM images of the fracture samples of (a) AC, (b) T20, (c) T40 and (d) T60 Vit1 BMG
samples, which were compressed to failure.

The density of vein patterns has an important effect on the plasticity of amorphous
alloy. Denser vein patterns mean comparatively good plasticity of BMGs [35]. As shown in
Figure 2c, it is worthy to notice that the fracture surface of the T40 sample possess more
developed and denser vein patterns compared to the other samples, indicating a better
plasticity for this alloy. In contrast, the T60 sample exhibits the morphology containing
a large number of smooth zones without vein patterns which is the reflection of the
low plasticity as illustrated in Figure 2d. Therefore, the result of the fracture morphology
variation is consistent with that of the representative stress-strain curve in terms of plasticity.
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3.2. Differential Scanning Calorimetry Measurement

It has been known that elastostatic compression can lead to irreversible structural
change, create excess free volume in BMGs and significantly affect the plasticity [36]. In
addition, the increase of free volume is associated with an increase of the concentration of
flow defects, corresponding to increased structural heterogeneities [37]. The change of free
volume can be reflected by the variation of relaxation enthalpy (∆Hrel) in BMGs. Hence, it
is possible to evaluate the effect of elastostatic compression on the free volume through
measuring the variation of ∆Hrel using DSC analysis.

Figure 3a compares the DSC traces of the as-cast and elastostatic compression treated
Vit1 samples. It is clearly seen from Figure 3a that all samples have the same glass transition
temperature (Tg) at 623 K and the same crystallization onset temperatures. Figure 3b shows
the relaxation enthalpy of AC and pre-compression treated Vit1 samples derived from DSC
measurements. The values of the ∆Hrel are calculated from the shaded area upper the
horizontal dashed line in the figure. Compared to that of the AC sample, the ∆Hrel increases
with the duration increasing from 20 h to 40 h, followed by decreasing sharply for the
T60 sample. The increased ∆Hrel is a sign of rejuvenation, during which the BMG evolves
into a state of higher energy and more disordered structure. Therefore, the variation of
∆Hrel in Figure 3b implies that the free volume increased via elastostatic compression with
duration of 20 h and 40 h, while decreased via elastostatic compression with duration
of 60 h. Park et al. indicated that excess free volume is created as a result of shear-
induced atomic dilation even under a deformation below the yield stress and the amount
of free volume reaches saturation after long-time loading [32]. In addition, free volume
induced by appropriate elastostatic compression promotes atom arrangement, leading
to improvement of structural heterogeneity, which is responsible for the enhancement of
plasticity [36]. This does well agree with the variation of free volume and plasticity during
elastostatic compression in present work. In addition, it was reported that free volume
may decrease during inhomogeneous plastic deformation [38]. The coalescence of the
excess free volume could condense into nanovoids, also resulting in the decreased amount
of free volume [39,40]. Therefore, the lowest free volume content for the T60 sample is
due to the occurrence of the structural inhomogeneous plastic deformation under the
longest elastostatic compression duration. This explains our observation that a very long
compression duration may reduce the free volume.

Figure 3. (a) DSC traces corresponding to the AC and T20, T40 and T60 Vit1 BMG samples (Tg—
glass transition temperature; Tx,1, Tx,2, Tx,3—crystallization onset temperatures). (b) The relaxation
enthalpy for the AC and T20, T40 and T60 Vit1 BMG samples.
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3.3. Nanoindentation Creep Deformation

To further comprehend the effect of preloading time on creep deformation behavior
and heterogeneous structural arrangements, nanoindentation experiments were conducted.
The samples were firstly loaded to 50 mN, holding for 120 s, then completely unloaded
to zero at the same rate as the loading rate. Typical load-displacement (P-h) curves of the
AC and elastostatic compression treated Vit1 samples at the loading rates of 0.5, 10 and
50 mN/s are shown in Figure 4a–d. The obvious serration behavior is observed in all
the samples at a constant loading rate lower than 50 mN/s. Previous studies show that
the serrated flow strongly depends on the strain rate of the BMGs during deformation,
which relates closely to the formation and propagation of shear bands [41,42]. Serrated flow
almost disappears at the loading rate of 50 mN/s, which can be ascribed to the improved
atomic motion with the rise of loading rate. In this case, the multiple shear bands can be
generated at the same time, resulting in a more uniform plastic deformation along with the
disappearance of serrated flow. In addition, the maximum creep displacement of the T40
sample increases from 15 to 27 nm with increasing loading rate from 0.5 to 50 mN/s. These
creep displacement values are similar to those of other BMGs [43]. The creep displacement
of BMGs is affected by both internal factors (free volume) and external factors (loading
rate). In addition, for a given sample, the creep displacement varies at different positions
due to heterogeneous nature of metallic glasses. The maximum creep displacement of
T60 is slightly higher than that of AC sample at the same loading rate. In our experiment,
at least five independent measurements were carried out under each condition for each
sample. In addition, we find that the difference of the average creep displacement between
the two samples was comparable to the error.

Figure 4. The typical load-displacement (P-h) curves of (a) AC, (b)T20, (c) T40 and (d) T60 Vit1 BMG
samples at different loading rates under a maximum load of 50 mN.
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The creep displacement in the nanoindentation process is analyzed using the Maxwell-
Voigt model that contains Maxwell units and Kelvin units as illustrated in Figure 5a [44].
BMG systems are structurally heterogeneous at the sub-nano to nanoscale and considered
to contain liquid-like and solid-like regions. The two-phase model as proposed in BMGs
can be characterized by the two relaxation processes during the creeping process with
different relaxation time [45]. Here, two Kelvin units with a Maxwell unit were chosen
to analyze the creep displacement of the studied BMGs. After assuming that the sudden
elastic strain before the first stage of anelastic deformation is zero, the creep displacement
can be described by [43]:

H(t)= h1

(
1 − e−t/τ1

)
+h2

(
1 − e−t/τ2

)
+t/µ0 (1)

where t is the holding time, hi the indentation depth and τi the characteristic relaxation
time of the i-th anelastic Kelvin unit and µ0 the viscoplastic constant of the Maxwell
dashpot (proportional to the viscosity coefficient). Figure 5b shows the experimental and
fitted creep curves of AC sample as a function of loading rate. The creep curves of AC
sample can be fitted very well with Equation (1), which show a loading rate dependent
behavior of the primary elastic and secondary viscous components of creep deformation.
The fitting parameters for the creep displacement-holding time of AC and pre-compression
treated samples at different loading rates are listed in Table 1. At room temperature,
the µ0

−1 that represents the viscoplastic deformation ability of BMGs almost keeps a
constant, independent of loading rates, which is in good agreements with previous research
results [46]. The displacements h1 and h2 of two Kelvin units during primary and secondary
relaxation processes increases significantly with increasing loading rate from 0.5 mN/s
to 10 mN/s, followed by a decrease with the loading rate increases subsequently. The
relaxation time τ1 and τ2 show the same tendency.

In addition, the creep processes can be analyzed in terms of isothermal relaxation time
spectra by using the following equation [47]:

L(τ) =
[
∑

(
1+

t
τi

)
hi
τi

e−
t
τi

]
A0

P0hin
t|t = 2τ (2)

where L presents the spectrum intensity, hin the maximum indentation depth and A0/P0
the inverse of hardness. The relaxation spectrum is a statistical result of the relaxation
process of two different characteristic time in the system, corresponding to each peak as
marked in Figure 6. Figure 6a shows the typical relaxation spectra of AC sample obtained
at loading rates of 0.5, 10 and 50 mN/s. The higher the peak intensity, the more the
relaxation processes of the characteristic time involved, i.e., more defects are activated. It
can be seen clearly that both the intensity and characteristic time of first and secondary
peaks of AC sample increases when the loading rate increases from 0.5 to 10 mN/s. Thus,
more defects with longer relaxation time can be activated at a larger loading rate, which is
according with that observed in other BMGs [44]. Similar loading rate dependent behavior
has been observed in the pre-compression treated samples as indicated in Figure 6b,c. Two
characteristic relaxation peaks have also been found in the relaxation spectrum of many
other BMGs such as Fe- [44,47], Zr-based BMGs [48], which is in good agreement with
present study. Based on the core-shell model [45], the defects with more free volume are
able to dissipate the stress concentrates in the elastic matrix by consuming a long relaxation
time. In addition, the variation of the secondary relaxation peak in the studied BMGs is
more pronounced compared with the primary relaxation peak with increasing loading
rate. It indicates that the defects with longer relaxation times tend to be activated at higher
loading rate. However, further increasing the loading rate to 50 mN/s, the intensity of
the relaxation spectra decreases. These abnormal behaviors may arise from the saturation
effect of the activated defects at a loading rate of 50 mN/s.
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Figure 5. (a) The Maxwell-Voigt model used for analyzing creep curves. (b) The typically fitting
creep curve of AC Vit1 BMG samples at different loading rates under a maximum load of 50 mN
(R2—correlation coefficient).

Table 1. The fitting parameters of creep displacement curves of Vit1 BMG samples using the Maxwell-
Voigt model at different loading rates.

Sample Loading Rate
(mN/s)

h1
(nm)

τ1
(s)

h2
(nm)

τ2
(s)

µ0−1

(nm/s)

AC
0.5 1.54 ± 0.18 0.30 ± 0.23 2.88 ± 0.17 11.36 ± 1.39 0.03
10 4.83 ± 0.20 1.76 ± 0.18 8.06 ± 0.46 30.13 ± 3.20 0.06
50 3.68 ± 0.27 1.62 ± 0.24 7.34 ± 0.21 17.56 ± 1.24 0.083

T20
0.5 2.38 ± 0.21 8.28 ± 1.12 1.24 ± 0.23 0.62 ± 0.33 0.04
10 12.59 ± 0.15 18.43 ± 0.59 3.81 ± 0.17 1.06 ± 0.14 0.18
50 5.42 ± 0.20 1.41 ± 0.13 12.92 ± 0.19 20.61 ± 0.82 0.15

T40
0.5 0.69 ± 0.17 0.52 ± 0.50 3.14 ± 0.15 11.89 ± 1.17 0.02
10 5.06 ± 0.17 1.45 ± 0.14 14.34 ± 0.51 32.09 ± 1.89 0.05
50 3.70 ± 0.17 1.15 ± 0.15 10.13 ± 0.18 21.28 ± 0.98 0.05

T60
0.5 1.05 ± 0.15 0.24 ± 0.31 2.59 ± 0.14 11.87 ± 1.38 0.07
10 14.28 ± 0.25 24.87 ± 0.92 5.07 ± 0.15 1.10 ± 0.10 0.12
50 6.05 ± 0.20 1.30 ± 0.12 12.35 ± 0.24 23.10 ± 1.11 0.15
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Figure 6. The relaxation spectrum of the (a) AC, (b) T20, (c) T40 Vit1 BMG samples measured at
different loading rates with a maximum load of 50 mN, (d) the relaxation spectrum of the AC and
pre-compressed samples measured under the loading rate of 0.5 mN/s based on the anelastic part of
the creep displacement curves.

Compared with the AC sample, the relaxation time spectrum of the pre-compression
treated samples is more sensitive to the loading rate. As shown in Figure 6d, a remarkable
increase of the intensity of the secondary relaxation peaks at the loading rate of 0.5 mN/s
is observed in the T40 sample. It implies more defects with longer relaxation time are
activated upon pre-compression duration of 40 h. In addition, a significant increase of
relaxation time (corresponding to the first relaxation peaks) is observed in T40, suggesting
that defects with longer relaxation time in glass are more likely to be stimulated after
elastostatic compression. In contrast, the intensity of the first and secondary relaxation
peaks of T60 sample is lower than that of AC sample. This indicates that less defects
are activated during creep deformation after long-time pre-compression in T60 sample,
corresponding to a deteriorative plasticity.
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4. Conclusions

The plastic and creep deformation behaviors of the AC and pre-loaded Vit1 BMG were
thoroughly investigated. We found that elastostatic compression at a given stress level of
87% of the yield strength can lead to a rejuvenation-to-relaxation transition of the BMG.
Through adjusting the pre-loading duration, the T40 sample exhibits an improved plasticity
of 3.4% due to the increased local excess free volume induced by the elastostatic compres-
sion. However, the T60 sample shows a deteriorative plasticity owing to the relaxation
caused by its longer elastostatic compression. By using nanoindentation technique, it is
found that the evolution of creep displacement varies with the loading rate and can be well
described by the Maxwell-Voigt model with two Kelvin units. A remarkable increase of the
intensity of the relaxation time spectrum is observed in the T40 sample. Meanwhile, the
characteristic relaxation time shifts to a longer time region. It implies the more defects with
larger size are activated after appropriate pre-compression duration. These results shed
light on the correlation between structure heterogeneity and plasticity/creep deformation,
which would be helpful for the development of BMGs with superior properties.
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