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In this work, surface mechanical attrition treatment (SMAT) was employed to rejuvenate ZrCuAINi
bulk metallic glass (BMG) plate. Differential scanning calorimetry (DSC), atomic force microscopy
(AFM) and nanoindentation analyses were carried out to evaluate stored energy and micro-mechanical
properties of treated BMGs. According to DSC results, 10 min SMAT process increased the stored
energy of BMG plates up to 50%. AFM analysis showed that the structural rejuvenation occurred in
the bulk of samples and just a slight rejuvenation gradient was detected from the front to the back
side of BMG plates. Nanoindentation analysis indicated that the structural rejuvenation is consistent
with anelastic strain induced under the SMAT process. It was also found that an optimum treatment
time is needed for maximum rejuvenation in the BMGs. This event is due to the fact that the glassy
structure is able to store a critical anelastic strain, which leads to a saturated condition in rejuvenation.
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1. Introduction

Due to their outstanding mechanical and physical
properties, bulk metallic glasses (BMGs) have received
tremendous research interest for developing novel engineering
structures'. However, practical application of BMGs have
been hindered in many cases, owing to their inhomogeneous
plastic deformation*s. To tackle this challenge, several
methods such as chemical composition tuning, composite
making or rejuvenating processes have been proposed®'°.
Among them, rejuvenation process is an applicative
technique, in which structural atomic excitation occurs and
glassy material moves to higher energy state!'"'°. Thanks
to many rejuvenation processes proposed by researchers,
mechanical treatments in the range of elastic and anelastic
deformation are identified effective methods, in which no
shape changes occur and there is no limit in dimensions of
samples. For example, Zhang et al.'” found that ZrTiBeCu
BMG shows a relaxation-to-rejuvenation under compressive
clastostatic loading. It was also reported that the compressive
loading is effective near the range of yield strength. In the
other works, Samavatian et al.'*?° reported that the tensile
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elastostatic loading at low stress levels can rejuvenate the
atomic structure. Using pair distribution function analysis,
they revealed that the elastostatic loading markedly decreases
short range order (SRO) and medium range order (MRO)
in the atomic configuration. Tong et al.?! determined that
thermo-mechanical creep processes under an anelastic
deformation range enhances the disordering event in BMGs.
Using molecular dynamic (MD) simulation of cyclic loading,
it was found that rejuvenation is correlated with the increase
in nanoscale heterogeneity and, nucleation and distribution of
shear transformation zones?>?. Using shock stress amplitudes,
Ding et al.** successfully rejuvenated Zr,,Cu, Ni_Al, on very
short time scales. In another study, Sohrabi et al.* indicated
that an intense ultrasonic elastic processing may be lead to
the increased atomic mobility and oscillatory energy storage.

Considering to the literature, development of new mechanical
methods is very crucial to enhance structural rejuvenation
and plasticity of BMGs. For this purpose, in this work we
used a mechanical processing, namely surface mechanical
attrition treatment (SMAT), to make more capabilities for
characteristic improvement of a Zr-based BMG plate under
a structural rejuvenation evolution. In SMAT process, a
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severe plastic deformation occurs at high energy, inducing
nano-crystalline phases at surface layer of a crystalline
materials®®. Applying SMAT for BMGs, it was found that
gradient nano-crystalline structure may be formed if the
impact energy becomes much enough?’. Hence, in this work
we tune the impact energy somehow to rejuvenate our BMG
without formation of any crystalline phase in the structure.

2. Materials and Methods

Zr ,Cu, Al Ni, (at. %) ingots were prepared using high
purity elements (>99.98%) under a Ti-gettered Ar atmosphere
arc-melting technique. The real chemical composition after
arc-melting process was Zr,, | ,Cu,, Al Ni, (at. %). The
prepared ingots were then cast into plates with dimensions
of 2x20x20mm’ by a water-cooled copper mold casting
process. After fabrication of plates, the X-ray diffraction
(XRD) analysis with CuKa radiation (1.5418A) was done
to confirm the amorphous nature of BMG. The BMG
samples were then exposed to surface mechanical attrition
treatment (SMAT). For this process, a 15 KHz ultrasonic
transducer was applied at room temperature to excite hard
spherical shots with 1 mm diameter. The spherical shots
impacted on the surface of samples for 5, 10 and 15 min.
To determine the conditions of samples in our study, the
as-cast and treated samples were coded as S0, S5, S10 and
S15, respectively. As given in Figure 1a, it is found that the
BMGs remained amorphous after SMAT process. Moreover,
the structural nature of samples SO and S15 was evaluated
by transmission electron microscopy (TEM- FEI Titan G2).
For this purpose, the samples were prepared in the form of
thin foils using ion milling technique under a liquid-nitrogen
cooling procedure. As illustrated in Figure 1b, the TEM
images appear in a salt-and-pepper contrast for both of the
samples. The diffraction patterns also show diffuse halo
rings, implying on the absence of any crystalline phases in
the as-cast and the treated states.

For measuring enthalpy of structural relaxation (AH, ),
differential scanning calorimetry (DSC) was performed under
argon environment and heating/cooling rate of 20 K/min.
In order to calculate AH__, the samples were slightly heated
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beyond the glass transition temperature®®. The heated
samples were then cooled to the room temperature and again
heated with the same heating rate (20 K/min) to the same
temperature. Subtracting the second thermograph from the
first one, it is possible to obtain the AH,_, which is related to
the area of relaxation under the glass transition temperature.
Three samples were analyzed in the DSC experiment for
each state. Using Bruker atomic force microscope (AFM),
the local dynamic modulus was measured for each sample.
Before performing the experiment, the samples were polished
carefully to obtain a smooth surface with roughness of 2-3 nm.
Tip radius was 5-7 nm and subsequently the maximum
applied force was 250 nN, which is in the range of BMG’s
clastic limit. A surface area of 800 x 800 #m was evaluated for
each sample. Dynamic modulus was calculated according
to the Sneddon cone-on-flat model®. For nanoindentation
evaluation, the experiment was conducted by Anton Paar
NHT instrument under an applied load of 30 mN, loading
rate of 5 mN/mm and holding time of 3 S at the maximum
load. To have statistical evaluation, data of 60 indenting
points were collected for each specimen. The magnitude
of derivative (% 0.5), showing the variations of pop-in
events with respect to applied load (p), was also calculated.
Moreover, scanning electron microscopy (SEM- TESCAN

vega2) was used to detect the propagation of shear bands
in the nanoindentation zone.

3. Results

It is firstly necessary to show that how much SMAT
process affects the enthalpy of structural relaxation in
the Zr-based BMG. Figure 2 illustrates magnified DSC
curves of as-cast and treated samples at the relaxation
region below glass transition temperature (Tg). Moreover,
Table 1 presents the average values of thermal features for
each state. As observed in Figure 2, as-cast sample (S0)
has 4.95 J/g enthalpy of relaxation, while it was measured
about 6.4, 7.3 and 5.3 J/g for samples S5, S10 and S15,
respectively. This result clearly indicates that the SMAT
process leads to the increased stored energy, especially at
the treatment time of 5 and 10 min; however, at the higher
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Figure 1. a) XRD patterns of BMG samples, b) TEM image of SO and S15.
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treatment times (15 min), rejuvenation degree decreases,
which means that an optimum treatment time is needed for
maximum structural rejuvenation in the BMG. Figure 3
shows the statistical variations of dynamic modulus in the
treated samples at the front side (impacted regions) and the
back side. As given in Figure 3a, the SMAT process sharply
decreases the intensification of dynamic modulus and extends

Table 1. Average values of thermal features in each state.

the statistical distribution, which implies that the structural
heterogeneity increases after the treatment. In other words,
when the heterogeneity increases in the material, nanoscale
regions with a wide range of elastic properties appear in the
structure'®. Hence, one can see that statistical distribution
broadens and also a decrease in sharpness of spectrum was
observed, which confirms that the defects, i.e. disordered
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S00 694+2.5 746.4+1 4.94+0.35 104+3
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Figure 2. a) DSC curves of samples and b) magnified relaxation region in DSC curves
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Figure 3. normalized dynamic modulus for BMG samples at a) front side and b) back side. ¢) Violin plot of the normalized dynamic modulus
in the depth of sample S10 from front side into the back side. Dynamic modulus was normalized by the lowest measured value in the test.
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structures such as free volumes, are increased after the SMAT
treatment. Zhu et al.* indicated that the relation between
amorphous structure and its dynamic behavior reveals the
mechanism of B relaxation in the MGs. under the AFM
experiment, no macroscopic deformation happens in the MGs
and the atomic rearrangements restricted to the nanoscale
cooperative motions and short-range diffusion phenomenon,
which is sign of structural relaxation and the change of
relaxation enthalpy in the amorphous alloys. This event is
observed in the form of local frustration-limited domains or
the spatial heterogeneity in the map of energy dissipation'3
or change in the distribution of elastic response of glassy
structure, which is also seen in our work.

Figure 3b indicates dynamic modulus distribution
measured at the back side of BMG plates. As observed, the
trend of results is similar to what measured at the front side
of BMGs. However, a slight discrepancy is seen between
dynamic modulus distribution at the front and back sides.
Totally it is concluded that the SMAT process is not restricted
at the surface of BMGs and the whole body of BMG plate is
affected from the treatment, so that the structural rejuvenation
occurs in the bulk of material. With all these descriptions,
the results suggest that a slight rejuvenation gradient may be
seen in the thickness of BMGs. To have a precise analysis of
rejuvenation gradient in the treated alloy, we performed the
AFM test in the depth of sample S10. For this purpose, the
AFM was carried out at the front side, i.e. 0 mm, 0.5 mm,
Imm, 1.5 mm and the back side, i.e. 2 mm. To reach the
depth of sample for the AFM analysis, a polishing process
was done to decrease the thickness to the certain values. As
given in Figure 3c, the move into the depth of sample S10
from the front side to the back side is accompanied with the
contraction and intensification of E_distribution, indicating
the slight rejuvenation gradient and the change in the rate
of heterogeneity in the glassy structure.

Figure 4a gives the load-displacement curves of BMG
samples. It is detected that the SMAT process leads to the
considerable enhancement of displacement, compared to the
as-cast situation. There are also critical parameters describing
the deformation behavior under the nanoindentation test.
For example, final indentation depth (d,) and maximum
indentation depth (d__) are denoted in Figure 4a. The total
creep displacement at d__of curves shows an increasing
trend under the SMAT process; however, again an optimum
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Figure 4. a) load-displacement curves for BMG samples, b) d/d
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value is measured for the creep displacement at 10 min
SMAT process (inset Figure 4a). In general, the increased
creep is correlated to the anelastic and viscoplastic strains
induced under the indentation. Considering Figure 4b, it is
found that the d/d__rises with the evolution of structural
rejuvenation in our BMG alloy. This means that the rate
of d, enhancement is significantly higher than d___for the
rejuvenated samples. The bigger d. is closely related to this
fact that more anelastic energy is stored in the BMG structure.
Hence, one can concluded that the structural rejuvenation
under SMAT process strongly depends on anelastic strains,
which is also consistent with that was reported in other
works?'®!. As mentioned, an optimum structural rejuvenation
occurs under the SMAT process (S10). So it is derived that
the potential of BMG structure for storing anelastic strain
energy is the main factor defining the rejuvenation level.
In order to understand the total creep variations under the
nanoindentation test, it is required to statistically evaluate
Young’s modulus and hardness of BMGs. Figure 5 shows the
relation between total creep, hardness and Young’s modulus
for the as-cast and treated samples. The results accurately
unveiled that the hardness and Young’s modulus dramatically
decrease after the SMAT process so that the average hardness
and Young’s modulus for sample S10 is 16% and 23% lower
than the as-cast sample (S0), respectively. Moreover, trends
of hardness and Young’s modulus distribution show linear
shapes with negative slopes of -0.15 and -2.81 nm.GPa! and
statistical Pearson correlation coefficient of -0.817 and -0.864
respectively. The similarities in trend of hardness and
Young’s modulus distribution is due to the fact that the
hardness and elastic properties show a linear correlation in
the rejuvenated BMGs*. Compared to sample S0, it is also
manifested that the rejuvenated samples have more extended
statistical distribution, which is due to the induced structural
heterogeneity after the treatment.

Figure 6 illustrates the measured pop-in displacements

(Ah) and the magnitude of derivative (% 0.5), which are
. . P S
obtained from the load-displacement curves. Considering
Figure 6, it is evolved that the small pop-in events generally
tend to show low derivatives, while bigger pop-ins cause
larger derivatives. Furthermore, one can find that rejuvenation
leads to the contraction of data in both plots, which indicates
that the rejuvenated BMG tends to the formation of multiple
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small shear bands under the nanoindentation test®. In
general, the shear bands are resulted from the activation
and percolation of shear transformation zones (STZs) in a
certain orientation®*>, which is related to the applied stress
fields in the system. In a rejuvenated structure, the enthalpy
of relaxation increases which means that the concentration of
flow units enhances in the glassy structure. In this condition,
the structural heterogeneity is intensified and leads to the rise
in fluctuations of stress fields in atomic scales*®. Therefore,
under an external force such as nanoindentation test, numerous
number of shear embryo are activated in the bulk of material
of rejuvenated samples and consequently the shear banding
event occurs in multiple mode. The SEM micrographs with
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high magnification from the nanoindentation zones of SO and
S10 are shown in Figure 7. The images confirmed that the
SMAT process leads to the formation of shear bands with
significantly higher population and smaller sizes, which is
consistent with the nanoindentation results.

4. Discussion

As an energy-level point of view, structural rejuvenation
brings the glassy alloy into higher energy states, where the
defects such as free volumes are excessively induced in the
system?. Moreover, structural rejuvenation is accompanied
with a significant decline in hardness and Young’s modulus and
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Figure 5. distribution of a) hardness and b) Young’s modulus as a function of total creep in BMG samples.
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an increase in relaxation enthalpy®. Here we should establish
a meaningful correlation between our experimental results
to show evolution of rejuvenation under the SMAT process.
In general, at low amplitude cycling or oscillatory
excitations such as dynamic mechanical analysis (DMA),
the induced strain is insignificant and consequently the
glassy alloy shows a linear viscoelastic behavior. On the
other side, the higher intensification of excitation, in which
a considerable anelastic strain is induced into the system,
leads to the nonlinear viscoelastic behavior of BMGs
with a significant deviation from the linear elasticity®. In
SMAT process, the stress level is high enough to induce a
considerable nonlinear viscoelastic energy into the system.
In many rejuvenation cases such as cryogenic cycling or high
pressure torsion, it was found that the stored energy or strain
softening under the rejuvenation treatment has a gradient
behavior in the bulk of material®>32. This event may cause
a sharp gradient of structural characteristics or mechanical
properties over the bulk of BMG alloy. Under the SMAT
process, it was found that an average slight gradient of 8%
for dynamic modulus exists in the thickness of our BMG
plate, which means that the SMAT process is able to induce
structural rejuvenation bulk glassy alloys (see Figure 3).
Considering creep deformation under nanoindentation test
(inset Figure 4), it is observed that the rejuvenated structure
strongly affects the plasticity in the BMGs. Moreover, it
was generally accepted that the plasticity of glassy alloys
inherently relies on relaxation enthalpy?®'<2. Based on the
dynamics of relaxation events, total enthalpy of relaxation
is divided into primary (a) relaxation adjacent to T, and
a secondary (B) relaxation®. The activation energy of
f relaxation is correlated to the activation of STZs, leading
to an anelastic strain with nanoscale local deformation
in the glassy structure. On the other side, the energy of
o relaxation is consistent with the STZ percolation and
large scale irreversible atomic rearrangements®. Due to
merged part of relaxation in DSC curves, separating o and
B relaxation processes are almost impossible in many MG
compositions. However, from final indentation depth (d,)
measurements in the load-displacement curves of samples (see
Figure 4), one can conclude that the structural rejuvenation
is accompanied with larger d, showing the higher stored
anelastic strain energy. Hence, it is found that the structural
rejuvenation under SMAT process is consistent with the
increase in formation and distribution of STZs in the material.
Considering AFM results, one finds that the distribution of
elastic modulus in rejuvenated samples are much higher
than the as-cast one. This result confirms that the structural
heterogeneity under rejuvenation is intensified and nanoscale
regions with different elastic properties are increased. This
event, which is caused by formation and distribution of STZs,
leads to the multiple small shear events and a homogenous
deformation under the nanoindentation process. The last
question should be answered is why the rejuvenation degree
decreases after 10 min SMAT process? Similar to our study,
there are also some works which reported optimum parameters
for maximum rejuvenation degree in the BMGs!7%. To give
some examples, the rejuvenation processes such as cryogenic
cycling or elastostatic loadings are also associated to the
saturated anelastic strain with optimized parameters'”2!.
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In this study, the maximum enthalpy of relaxation was
attained in the sample treated for 10 min, while a decrease
in the enthalpy was seen in the 15-min treated one. This
shows that an optimized concentration of defects, such as
free volumes, are generated in the glassy structure and then
it decreases when the SMAT time increases from a certain
value. In fact, a treatment in a MG alloy includes both of
structural relaxation and rejuvenation'”. When the structural
rejuvenation reaches its maximum rate, a saturation of defect
generation occurs, which is detected in S10. However, with
the increase in SMAT time to 15 min, the rate of structural
relaxation outweighs the rejuvenation, which leads to the
decrease in the stored energy in this sample. Moreover, the
decrease in stored energy of S15 is accompanied with the
contraction of dynamic modulus distribution, compared
with S10. It is also should be noted that the decrease in the
generation of defects and stored energy in S15 leads to the
enhancement of hardness and Young’s modulus than that
analyzed in S10. From these results, it is concluded that the
increase in stored energy in the amorphous solids is directly
related to the rise in structural defects, heterogeneity and
distribution of dynamic modulus, while it has an inverse
correlation with the hardness and Young’s modulus, which
is also reported in other works'®**374, Finally, it should be
noted that the SMAT time was in the range of 0 up to 15 min
with 5-min intervals. Consequently, one can conclude that the
shortening of intervals may lead to the slight change in the
optimization time of SMAT process for reaching maximum
structural rejuvenation in the BMG.

5. Summary

For rejuvenating ZrCuAINi (BMG) plates, SMAT was
applied under different treatment times. The results showed
that the enthalpy of structural relaxation increased from
4.95 J/g to 7.3 J/g after 10 min SMAT process. The AFM
and nanoindentation tests indicated that maximum structural
rejuvenation occurs at an optimum treatment time (10 min)
and with the increase in time, the stored energy in the glassy
structure tends to decrease. It is suggested that the structural
rejuvenation is strongly correlated to the induced anelastic
strain and STZ formation under SMAT process. Therefore, it
is concluded that attaining optimum structural rejuvenation
is consistent with the saturation of anelastic strain in the
BMG. Moreover, it is observed that SMAT process is not
restricted to the surface of material and it is able to induce
rejuvenation into the thickness of BMG.
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