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Accelerating structural relaxation of shear band at ambient conditions

through cryogenic thermal-cycling

Yufeng Wei', Jie Pan"*", Yonghao Sun**’, Ning Li!, Cheng Zhang', Weihua Wang>* and Lin Liu""

ABSTRACT Cryogenic thermal-cycling (CTC) is a promising
method for the rejuvenation of metallic glasses (MGs). Al-
though seemingly arbitrary, the direction of energy change in
MGs following CTC sometimes results in relaxation rather
than rejuvenation. By demonstrating enthalpy relaxation in a
shear band (SB) and enthalpy rejuvenation in the metallic-
glass matrix, the current work demonstrates that the initial
state of the specimen matters. Micro-hardness, nano-in-
dentation loading curves, and the shapes of indents all support
the bidirectional trends. Notably, after subjecting the speci-
men to 100 cryogenic thermal-cycles, the enthalpy and hard-
ness tend to converge into an equilibrium value. It is
discovered that CTC can accelerate the structural relaxation of
SB at room temperature, a phenomenon that thermal an-
nealing at the upper temperature (353 K) of CTC cannot
achieve. Additionally, the experimental results have been
elucidated by adapting the free-volume model. The work
provides new insights into the functionalities of CTC and il-
luminates the initial state of the metallic-glass sample upon
reversing the direction of enthalpy change.

Keywords: metallic glasses, cryogenic thermal-cycling, re-
juvenation, relaxation, energy state

INTRODUCTION

Since its first publication in 2015, the cryogenic thermal-cycling
(CTC) technique has received great attention in the field of
metallic glasses (MGs). Simply by submerging the MG ribbons
or rods in liquid nitrogen, then removing them to ambient
conditions, and repeating the process for several tens or hun-
dreds of rounds, structural rejuvenation has been discovered in
various MG compositions [1-4]. Rejuvenation drives MGs
towards higher enthalpy levels, increased structural disordering,
as well as improvements in mechanical performances such as
plasticity [1,5-8] and fracture toughness [9,10], in contrast to
structural relaxation that is associated with energy reduction,
structural ordering, and deterioration of mechanical properties
[11,12]. The CTC technology stands out among other alter-
natives [13-15] for rejuvenating MGs because of its ease of use,
low cost, and non-destructive nature [16]. Many efforts have

been made in recent years to increase the number of thermal
cycles (TCs) to approximately a thousand [17] or to investigate
stress-cycling at ultrasonic frequencies [18].

New questions start arising as a result of more studies pub-
lished on this subject. While many MG compositions exhibit
rejuvenation after CTC, examples like TisyZr,sBeyAls [19] and
FegoPy [20] MGs display relaxation instead. According to Ket-
kaew et al. [10], depending on the chemistry of the alloying
components and the fictive temperature of the glassy structure,
the conditional fracture toughness of as-cast MGs behaves dif-
ferently upon CTC, showing either rejuvenation or relaxation.
Intriguingly, partially-relaxed samples exhibit the strongest
rejuvenation performance, suggesting that the CTC effects may
be influenced by the initial state of the MG sample [21]. Fur-
thermore, it has been suggested that the CTC effects could
disappear after one week due to the anelastic recovery [4]. For
these somewhat contentious observations to be explained, new
theories and tests are urgently needed.

An analogy can be drawn between the energy storage
mechanisms of MGs through thermo-mechanical processing
(TMP) and CTC. The core concept of the TMP theory [22]
revolves around the equilibrium state, represented by either
enthalpy or free volume. The equilibrium state is influenced by
temperature and strain rate, which essentially represents a
competition between creating free volume (or increasing
enthalpy) and annihilating free volume (or decreasing enthalpy).
Rejuvenation happens when the equilibrium state has an energy
higher than the starting state; on the other hand, relaxation
happens when the equilibrium state has an energy lower than
the starting state. However, to the best of our knowledge, no one
has ever systematically examined the validity of TMP theory for
CTC using MG samples starting from varied initial states. The
structural and physical variations of the MG specimens may be a
challenge. The same sample should be used for the CTC treat-
ment in order to improve reproducibility.

In this work, a composite structure with a single shear band
(SB) in the MG matrix was designed [23]. The SB undergoes
substantial plastic deformation, resulting in extensive rejuvena-
tion and a remarkable maximum energy storage capacity of
45] ¢! when the SB width in relation to its specimen thickness
is taken into account [23]. In comparison to the SB, the matrix is
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relatively relaxed, i.e., the matrix has an energy lower than that
of the SB. To investigate how the initially-rejuvenated SB and
initially-relaxed matrix (both contained in one specimen)
respond, such MG composites are treated in CTC. The findings
show that CTC behaves as predicted by the TMP theory and,
intriguingly, that CTC can speed up structural relaxation at
temperatures too low for thermal annealing.

METHODS

Bulk MGs with a nominal composition of Zres sCu1,NiyysAl7 5 (in
atomic % hereafter) were fabricated by arc-melting the con-
stituent elements in a Ti-gettered, high-purity argon atmo-
sphere. Suction casting was used to produce cylindrical rods
with a 2 mm diameter after the master alloy, which was remelted
six times to ensure chemical homogeneity. X-ray diffraction
(XRD, Shimadzu 7000SX) with Cu-Ka radiation and a high-
resolution transmission electron microscope (HRTEM, FEI
Tecnai F20) were used to confirm the amorphicity of the spe-
cimens before and after the CTC (Fig. 1). Differential scanning
calorimetry (DSC, TA Q2000) was employed to measure the
thermal response of the specimens at a heating rate of
20 K min™". The first run was stopped at 800 K, the temperature
at which crystallization ends, and the second run was monitored
under identical conditions to serve as a baseline. The glass
transition temperature Ty is 620 K. The error of the enthalpy
measurement is about 0.3 ] g . The cast rods were cut into
specimens for compression tests with a diameter of 2 mm and a
length of 4 mm, and the ends were carefully polished to guar-
antee parallelism. It was ensured that the direction of force
loading was consistent with the central axis of the sample during
the compression process. The compression test was performed
using a Zwick/Roell 020 compression tester with a strain rate of
2x 10™*s7%. A diamond pyramid indenter was used to conduct
the Vickers hardness test, with a weight of 50 g and a dwell time
of 10s. Under loading-rate control (0.5 mN s™!), nano-inden-
tation was carried out utilizing an Agilent Nano Indenter G200
and a diamond Berkovich indenter. Atomic force microscopy
(AFM, Shimadzu SPM9700) was applied to examine the indent
morphology. Each experiment was conducted at least three
times, with the averaged results being recorded.

By carefully regulating the strain rate of deformation, MG
samples with a single SB were produced. After the total strain
reached 8.5%, compression was manually stopped (Fig. 2a). The
shear step, as indicated in Fig. 2b, was between 30 and 40 pm.
For DSC tests, the regions marking the matrix (without SBs)
were sectioned from the sample bottom, while the regions
containing SBs were sectioned from the sides of the SBs (as
shown in Fig. 2b). As the distribution of enthalpy around the SB
is non-uniform after deformation, the measured enthalpy values
are influenced by the thickness of sample containing SB [23]. To
maintain a constant thickness of the sample containing SB for
calorimetry testing, the specimens before and after CTC were
sectioned to a thickness of about 200 um. For indentation tests,
the whole specimens were sectioned vertically, carefully
polished, and then subjected to indentation testing. The SB was
indented along a line at a 30° angle, and the distance between
adjacent indents was 20 um for microhardness testing (twice the
size of the indents) and 10 um for nano-indentation testing (ten
times the size of the indents). Following the CTC treatment,
further indentations were made on the same specimen along
lines parallel to the first with a spacing of 50 um. The samples
were subjected to CTC treatments by being submerged in liquid
nitrogen (at 77 K) for 1 min, removed, and then inserted into a
furnace that was kept at 353 K (Fig. 2c). The samples were put
through one TC by being submerged again in liquid nitrogen.
TCs ranging from 10 to 100 times were used in our tests.

THEORY

We begin by modeling free-volume creation. The defects in MGs
are often described by the free volume model [24], in which they
are density fluctuations with volume greater than a critical value
v". The defect concentration ¢ is described by

cp = exp[*y‘:*] = exp[*xl], @))

where y is a geometrical factor taking 0.8, and v¢ is the average
free volume per atom. The quantity x = vf/yv" is the reduced
free-volume.

The creation of defects during plastic deformation is induced
by shear, and the rate of which can be described as [25]
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Figure 1  Structural characterization of the as-cast and the CTC-treated ZrgosCu;2Ni; 1 5Al;5 MG samples. (a) XRD patterns. HRTEM images of various parts
of the metallic-glass sample: (b) matrix without CTC; (c) SB without CTC; (d) matrix after 50 TCs; (e) SB after 50 TCs.
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Figure 2 (a) Engineering stress-curve of Zrg sCui,Nij;Al; s MG; (b) the SB and the matrix parts applied for DSC tests; (c) the thermal protocol of CTC, and

the schematic diagrams specifying.
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where k is the Boltzmann constant with a value of
1.38 x 1072 J K™, T is the temperature, 9 is the Poisson’s ratio,
is the shear modulus, f is an attempt frequency, AG™ is the
activation energy, 7 is the shear stress, and Q) is the activation
volume that is close to the atomic volume. Thus, the free-volume
generation rate is [26]

2fkT _AG™ 1
v XP| " |exp|

We now turn to modelling free-volume annihilation. The
annihilation of free volume takes place by a bimolecular process,

and the rate of free-volume annihilation can be described as
[25,27]

de|
dt

Ax = 1l (€)

cosh[

)

_ fexp[ kc;" ]cf(cf Cheq)s 4

where cgeq is the free-volume concentration of the metastable
equilibrium supercooled liquid. For CTC, there are two unique
aspects. The first aspect is cteq that is given by a Fulcher-Vogel
type equation as

B
Creq = eXp[_T—_TO]’ ®)

where B and T, are the fitting constants (T > T,). Cohen and
Turnbull [24] defined T as the ideal glass-transition tempera-
ture, which should be approximately 0.85T, for glasses [28].
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Since the cryogenic temperatures applied to our Zr-based MG
are far below its To, ¢geq can be considered as zero. Therefore,
Equation (4) can be simplified as [25]

deg |
dt

= —fexp[—Ak—(;m]cf g (6)

The second aspect is AG,,. Jin et al. [29] introduced a PAV,,
term to AG,,, making it harder to cross the energy barrier for
free-volume annihilation under pressure (P), where the volu-
metric change AV is about 0.8Q2. Wang et al. [26] introduced a
—0,AV,, term to AG,, in order to lower the energy barrier for
free-volume annihilation under tensile pressure (0.,). Con-
sidering that neither compressive nor tensile pressure would be
expected in CTC, we proposed that 7, which is generated by the
internal deformation of heterogeneities under CTC, leads to
densification or free-volume annihilation at large values of x.
Shear is thought to cause dilation but we argued that it only
works at small values of x. Actually, Pan et al. [5] demonstrated
strain-hardening of a highly-rejuvenated MG whose initial x
must be big, lending credence to this. They specifically showed
that the reciprocal vector of the first diffraction peak g; of the
rejuvenated sample increases with plastic strain. Because () is the
atomic volume and ¢;-Q%** = 9.3 [30], a rise in g, denotes a fall
in Q or densification. In contrast, they also demonstrated that
shear-induced dilatation is likely the cause of q; decreasing with
plastic strain for as-cast starting from a small value of x.
Therefore, using Equations (1 and 6), together with the addition
of AV, to AG,, (also valid for Equation (3)), the free-volume
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annihilation rate is

AXx = —ﬁczexp[—%]exp[—%} ™

Combining Equations (3 and 7), finally, the free-volume rate
Ax is

. 2T _AG™-AV, 1 Q|
Ax = xySv*“Xp[ T ]exp[ ;] cosh[m] 1‘
AG™—AV,, 1
,fxzexp[,T]eXp[,;} ®)
and the reduced free-volume is
t
x=xg+ jo Axdt, )

where ¢ is time or deformation period, and x is the initial x in
the tested MG. This work follows Ref. [26] using exactly the
same fitting parameters of T = 300K, y = 0.15, f =
5415x 10257, Q = 2424x107¥m®, y = 285GPa, v' =
1.939 x 107¥ m’, AG™ = 1x107], and v = 0.377. By illus-
trating how x, affected the changing direction of x, we were able
to study how the initial state of MG influenced rejuvenation and
relaxation.

RESULTS

Calorimetry

By incorporating an SB into an MG rod before CTC treatments,
it is possible to assess the CTC response of a single specimen
with a composite structure made up of both rejuvenated and
relaxed regions in a high-throughput way. The idea is supported
by the DSC results. As seen in Fig. 3, the enclosed region
between the first and second heating runs of the SB section
(without CTC) is noticeably bigger than that of the matrix
(without CTC). The heat of relaxation (AH..), as indicated by
the area of the enclosed region of the SB section, is twice that of

the matrix (10.7 ] g7!/5.5] g™* =~ 2). These results support the
hypothesis that the SB is in a rejuvenated state, whereas the
matrix is in a relatively relaxed state. Although compositional
deviation in the SB is under debate, we argue that the deviation
should be disregarded because the scale of phase separation
(within 10 nm of the SB width) is much smaller than the
dimensions of the materials employed for DSC testing (200 pm
in thickness) and indentation (all indents are concentrated in a
line of 300 pm in length) tests. This viewpoint is consistent with
the synchrotron XRD observation, which claims that despite of a
3% density reduction in SB, its average chemistry is unchanged
[31]. Therefore, the compressed specimen emerges as a pro-
mising candidate for comprehending how CTC treatment affects
the MGs with various initial energy-states.

After being treated by 100 TCs, the SB and matrix sections of
the compressed rods were cut for DSC tests. An increase in AH,
signifies rejuvenation, while a decrease in AH, represents
relaxation. As seen in Fig. 3, the AH, value of the matrix section
after 100 TCs is 6.3 ] g~', which is 14.5% higher than the matrix
without CTC (5.5] g™"). The AH,q value of the SB section after
100 TCs is 7.1] g™", which is 33.6% less than that of the SB
without CTC (10.7 J g!). These results confirm the bidirectional
action of CTC on MG. CTC causes rejuvenation when the
starting state is at lower energy (for example, the matrix), while
it causes relaxation when the initial state is rejuvenated (for
instance, the SB). These findings might help to understand why
the CTC rejuvenates some MGs while relaxes others [10]. Given
that the 6.3 ] g™' of the matrix is not far from the 7.1 ] g™' of the
SB, it appears that the AH, of the matrix and SB tend to con-
verge towards a similar value after undergoing 100 TCs. This
observation suggests that the equilibrium value of AH,., which
might be attained in additional TCs. Besides, it is noteworthy
that during CTC, the matrix absorbs energy from the environ-
ment rather than the SB. According to Fig. 2, the volume of the
SB section (0.27% +/2 = 0.889 mm?) only occupies 7% of the
sample volume (0.251 x 2> x 4 = 12.56 mm?). Since the SB
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Figure 3 DSC heating curves the SB (green) and the matrix (blue) parts before (solid) and after (dashed) 100 TCs. Correspondingly, the heat of relaxation
(AH,q) is calculated from the area enclosed by the heating curves of MG parts and the baseline of the crystallized (red-dashed line).
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section reduces its AH,q by 3.6 ] g™*, the energy that the SB can
provide is 0.3 g™ (3.6 x 7% ~ 0.3 ] g"!) at most. Even if the
matrix completely absorbs all the heat released by the SB, there
would still remain an excess of 0.5] g™ (6.3 — 55 — 0.3 =
0.5] g™!), which is two-thirds of the total heat absorption.

Micro-indentation

Micro-hardness tests were conducted on the vertically sectioned
sample (Fig. 2b). Thirty indents were made, following a line
trace and crossing the SB. Within a width of roughly 160 pm,
significant softening and a V-shaped pattern in the micro-
hardness (Hy) values is seen surrounding the SB (Fig. 4). The
matrix has an averaged Hy of 400 kg mm™, while the SB has an
averaged Hy of 314 kg mm™ near its center. The initial states of
the matrix and the SB center are represented by their Hy dif-
ference of 86 kg mm™.

The gap between the matrix and the SB center begins to
narrow upon CTC. After 30 TCs, the Hy of the SB center
increases to 332 kg mm™, while the averaged Hy of the matrix
decreases to 385 kg mm™2 leaving a gap of 53 kg mm™. After
50 TCs, the increase in Hy of the SB center is obvious since it
adds up to 343 kg mm™2, but the change in Hy of the matrix is
less noticeable, leaving a gap of roughly 42 kg mm™. After
100 TCs, the Hy at the SB center ramps to 362 kg mm™, while
that of the matrix decreases to 376 kg mm™2, narrowing the gap

to 14 kg mm™2. Additionally, the width of the softening zone is
decreased. The width begins at 160 pm, shrinks to 90 um (after
30 TCs), and finally ends at 10 um (after 100 TCs). Although the
central part of the SB has a hardness still lower than the matrix,
the difference is within the margin of measurement error.
Consequently, at least three factors are included in the effects of
CTC: (1) the rejuvenated becoming harder; (2) the relaxed
becoming softer; and (3) the rejuvenated and the relaxed
reaching the same Hy.

To assess the stability of SB relaxation caused by CTC, we
remeasured the Hy of the CTC-treated sample (200 TCs) after
one year. It is possible that the CTC has permanently altered the
structure of SB because there is no decline in the elevated Hv of
the SB (Fig. 5a). For comparison, we also subjected the SB
sample (without CTC) to annealing at room temperature for one
year. The Hv of the SB continues to exhibit the V-shaped dis-
tribution, with only a slight increase in the values (Fig. 5b),
proving that the SB remains relatively stable at room tempera-
ture. Consequently, it can be inferred that the rejuvenation
caused by SBing is not a transient effect. The CTC process
indeed causes permanent structural relaxation of SB.

Nano-indentation
Nano-indentation tests were conducted on another compressed
specimen. Fig. 6a presents the load (F) vs. depth (h) curves
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Figure 4 (a) Microhardness (Hy) profile across the SB of the samples subjected to varying numbers of cycles; (b) microhardness evolution of different

regions under CTC.
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Figure 6 (a) Nanoindentation load (F) vs. depth (h) curves of the matrix (blue) and the SB center (green) before (solid) and after (dashed) CTC. (b) AFM
profiles of typical indents. The AFM scans were made along a line perpendicular to one edge of the Berkovich indent and crossing its vertex outside the edge.

obtained from the nano-indentation test. The maximum # of the
matrix shifts to a higher value when F is 10 mN, while the
maximum / of the SB center shifts to a lower value. The F vs. h
curves of the treated samples (after 50 TCs) collected from the
matrix or the SB center also collapse together. The result sup-
ports the notion that after CTC, an equilibrium will be reached.
Additionally, for the matrix and SB center, respectively, the
remaining depth of the indent (h,) after unloading is 219 and
280 nm. While there is no change in A, on the matrix after
50 TCs, there is a drop in h, on the SB center after 50 TCs. This
suggests that the equilibrium value of , is probably equivalent to
that of the matrix.

The AFM analysis characterizes the morphology change of the
indents (Fig. 6b). The area around the indent is covered in pile-
ups. Prior to the application of CTC, the matrix exhibits a pile-
up height (h*), which refers to the distance between the apex of
the pile-up and the sample surface, measuring 74 nm. After
50 TCs, h* of the matrix decreases to 61 nm. On the other hand,
there are no pile-ups after indenting the SB center before CTC.
Following 50 TCs, h* increases to 38 nm. When materials are
indented, a big h* suggests that they are being pushed hor-
izontally, whereas a small (or zero) h* suggests that the plastic
flow is activated vertically. The depth of the indent center (h™)
shows similar tendencies. The h~ of the SB center is decreased
from 256 to 205 nm after 50 TCs, whereas h~ of the matrix is
increased from 179 to 194 nm. When the indentation is
removed, a small 4~ implies a pronounced elastic re-bounce,
whereas a high h~ suggests a weak elastic re-bounce. The
changes in A~ are highly correlated with changes in h,. Based on
these observations, the SB hardens after CTC, preventing plastic
flow beneath the indent [32], whereas the matrix softens after
CTC, encouraging plastic flow on the sides of the indent.

DISCUSSION

A free-volume model for CTC

The free-volume model is adapted to CTC under the pre-
sumption that CTC causes the MG to deform plastically. It is
believed that the structural heterogeneities in the MG frozen
from its supercooled liquid at the vitrification point are capable
of generating internal shear stress. This internal shear stress is
essential in triggering local plastic deformation to the MG even if

March 2024 | Vol.67 No.3
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no external stress is applied to the specimen during CTC. The
underlying mechanism is thought to be rooted in the non-affine
thermal expansion of the MG heterogeneities, leading to internal
deformation [16], analogous to the shape change of uranium
bars after CTC [33]. Using molecular-dynamics simulation, Lu
et al. [34] demonstrated that the coefficients of non-affine
thermal expansion in the 2nd to 3rd nearest atomic shells of
CusoZrsy can be 100% greater or lower than the coefficients of
affine thermal expansion. Despite the lack of direct evidence, it is
reasonable to assume that CTC can indeed induce plastic
deformation in MGs.

By modifying the calculation of t, the free-volume model can
be adjusted. For plastic deformation, ¢ is the strain (¢) dividing
the strain-rate (¢). For CTC, MGs would experience plastic
deformation for an effective period of t* during each TC. How to
decide " remains a question. The plastic deformation is probably
caused during the temperature-changing periods of cooling and
heating because increasing the holding period at either liquid-
nitrogen or room-temperature did not change the extent of
rejuvenation [1]. Here, we took 60 s, equivalent to half the total
time spent on one TC, as a rough estimation of the temperature-
changing period or t". Consequently, t equals to the number of
cycles (n) times t". In order to simplify calculations, Ax is
assumed to be constant throughout each TC. As a result,
Equation (9) has been modified as follows:

X, =x,  tAxt"

n n

(10)

The determination of x with respect to t is achieved through
iterative calculations.

A shear stress 7 of 50 MPa (approximately 0.1% of the yield
point) is employed in the x calculation. Despite the fact that 7 is
at such a small magnitude, the computed x exhibits qualitatively
similar behavior to the actual results, as shown in Fig. 7. This
behavior effectively illustrates how xo has an impact on rejuve-
nation and relaxation. When the value of x; is set to 0.08, x
increases with increasing n, eventually converging to a steady
state value of 0.09 after approximately 110 cycles. In contrast,
when the value of x, is set to 0.1, x declines with increasing #,
stabilizing at 0.09 after about 80 cycles. Notably, an x, of 0.08
accords well with the reported x values in as-cast MGs from Refs
[35,36], and an x, of 0.1 for the SB is feasible given that Maaf}
[37] reported that the atomic density of the SB is 2%-8% less
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Figure 7 Calculated changes in the reduced free-volume (x) as the number
of cycles (n) increases. Depending on the initial x; and the equilibrium value,
relaxation (decreasing x) or rejuvenation (increasing x) occurs.

than that of the MG matrix. The adapted free-volume model
effectively captures our observed phenomena. In cases where the
initial x, value is small, reflecting the as-cast condition, x
increases after undergoing CTC, increasing the stored enthalpy
while decreasing sample hardness (Figs 3 and 4b). Conversely,
for scenarios where the initial x, value is large, as observed in the
SB, x drops after undergoing CTC, decreasing the stored
enthalpy but increasing sample hardness (Figs 3 and 4b). Finally
reaching an equilibrium value in both directions, x produces a
constant hardness (Fig. 4b).

The modified free-volume model can also effectively describe
a number of other CTC effects. Firstly, CTC appears useless to
well-relaxed MGs. A well-relaxed MG starts from a very small xo,
making its AX too small to allow for the detection of x-rise. For
instance, if an x, of 0.06 is used as the input, Ax of the modeled
MG is only 1.1 x 1077 s7', and saturation of x requires 2.7 x 10°
cycles. Secondly, because |AX| increases as xo goes up, relaxing
from a higher x, requires less # than rejuvenation from a lower
Xo. This observation can be inferred from Fig. 4b of the hardness
measurements because it was discovered that Hy of the MG
matrix needs more than 100 cycles to reach equilibrium, whereas
the SB only needs 70 cycles for its Hy to reach equilibrium. In
addition, it has been demonstrated that 100 cycles are required
to rejuvenate a Pdy3Cup;NijgPy MG, but only 60 cycles are need
to relax it [4]. Thus, the apparent asymmetry of n for rejuve-
nation and relaxation results from x, of the specimen.

CTC facilitates the relaxation

The TMP theory [22] offers predictions that the CTC effects, i.e.,
either rejuvenation or relaxation, depend strongly on the initial
state of MG. In TMP theory [22], the competition between the
temperature and strain rate affects the equilibrium value of
AH,,. While temperature contributes to the reduction of free
volume (reducing AH,y), the strain rate contributes to its
increase (raising AH,1). As a result, if the initial state is above the
equilibrium state, relaxation occurs; whereas, if the initial state is
below the equilibrium state, rejuvenation occurs. The present
work shows that, when CTC is applied to an as-cast MG sample
containing an SB, the AH,, of the SB (occupying a higher initial
state) and the matrix (at a lower initial state) change in the
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opposite directions and likely merge into an equilibrium value
(Fig. 3). Similar trends are also discernible in H, and various
properties related to the indents (Figs 4 and 6). These results
confirm the TMP prediction that the initial state, as well as the
equilibrium state, matters for the direction of energy change.
The starting enthalpy value is a need for rejuvenation; however,
Das et al. [38] made it clear that CTC cannot rejuvenate well-
relaxed MGs. This implies that the TMP theory may be
applicable down to a lower enthalpy-limit of the initial state.

It is still a surprise to witness the fact that CTC can cause the
SB to relax because SB of the Zr-based MG cannot automatically
relax at the temperature range of CTC (from 77 to 353 K). Even
if we assume that the annealing temperature is 300 K, it is still
only 48% of T,, which is substantially lower than the conditions
applied for conventional thermal annealing [39]. We physically
aged compressed specimens, with or without 200 TCs, at 300 K
for one year. The results showed negligible Hy change after
being annealed (Fig. 5), indicating that the rejuvenation of SB is
stable against physical aging at this temperature. Contrary to the
“transient” rejuvenation brought on by CTC [40], which would
naturally relax under ambient conditions without the necessity
for CTC, the high AH,. cannot last for longer than one week [4].
As the elevated AH, may be restored to its previous value with
fewer TCs than it took to elevate it in the first place, additional
TCs added by CTC simply accelerated it [4]. Despite the fact that
a pre-request for SB relaxation is an initial state higher than its
equilibrium state, it is recognized that CTC can both trigger and
facilitate the structural relaxation of SB.

Ketkaew et al. [10] studied four as-cast MGs (including the
Pd-, Pt-, Zr-, and La-based) and showed that the chemistry of
the various alloys had a significant impact on the changes of
conditional fracture toughness (Kq) brought about by CTC. In
order to reduce chemical influence and emphasize the structural
state, the present work analyzed the SB and MG matrix from the
same MG. On the other hand, they also discovered — and this is
relevant to this study — that the fictive temperature (Tf) of MGs
can affect rejuvenation and relaxation. Their AH,q results are
consistent with our findings: after 200 TCs on the Pd-based MG,
AH,, of the high-T¢ sample decreased, but that of the low-T
sample increased. However, Kq of their Pd-based MG behaved
in opposition to the trends we saw, indicating relaxation at a low
T¢ (implying a smaller x;) and rejuvenation at a high T;
(implying a higher x;). In contrast to H,, it seems that merely
providing free volume or x might not be sufficient; instead,
additional information from chemical bonding might be needed
to capture Kq responses to CTC. Since it requires more work
outside the scope of this study, we limit the use of our model to
AH,q and Hy, as supported by our experimental results.

CTC releases the residual strain surrounding the SB

It is interesting to note when the TCs are added, the width of the
softened regions surrounding the SB center narrows (Fig. 4a).
Residual strain leads to softening around the SB, and hence a
narrowing SB width denotes the absence of residual strain. At
least two things about this observation make it significant.
Firstly, it has been suggested that residual strain concentrated at
sample surfaces causes CTC-induced rejuvenation. Our findings
imply that such residual strain, if present, would be unstable in
the presence of CTC. Secondly, stress concentration might cause
cracking, which can lead to major issues including sample fail-
ure. It is anticipated that the as-cast MGs can get toughened by
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CTC if the stress concentrators inside of them are removed,
which may already have occurred [9]. It would be useful to
conduct more research on the subject of how CTC affects the
residual stress of MGs.

According to Hassanpour et al. [41], CTC can slightly increase
the diffusivities of the bulk MGs that have undergone plastic
deformation. Additionally, they discovered that the AH,q of the
severely deformed samples decreased following CTC (Fig. 3).
They therefore imply that while the entire sample is relaxed, the
SB center is kinetically rejuvenated. Their observations on
structural relaxation are consistent with our data, which repor-
ted a decline in AH,q (Fig. 3) and a rebound of H, (Fig. 4a). It is
unclear to us if the SB center relaxes after CTC because the sizes
of the indent, 10 and 1 pm for the micro- and nano-indentation,
respectively, were much bigger than the width of the SB center
(approximately 10 nm [42]). It should be noted that even after
100 TCs (Fig. 4a), the Hy measured at the SB center is still lower
than that of its surroundings, suggesting that the SB center may
not necessarily be relaxed by CTC. The TMP theory, which
predicts relaxation when xo > x.q, a condition that holds for both
the SB center and its surrounding areas, appears to be in conflict
as a result of this. We suggested, however, that contribution
from SB center to the 7 that causes x to shift may not be as severe
as that of the surrounding region. As a result, the “matrix” in the
SB center is probably useless to sustain the flips of too many
heterogeneities and hence not creating 7 because it requires non-
affine deformation between the heterogeneities and the “matrix”
[4]. Thus, it may be concluded that from a kinetic standpoint, 7
dictates whether such changes are conceivable, while from a
thermodynamic perspective, x; controls the direction of relaxa-
tion or rejuvenation.

CONCLUSIONS

The present study examines the effects of initial sample condi-
tions on the directions of energy and property changes of an MG
during CTC. By introducing an SB via compression, the speci-
men is specifically created to comprise both rejuvenated and
relaxed parts. In this unique setup, the matrix experiences
rejuvenation while the SB undergoes relaxation subjected to
CTC, as shown by the heat of relaxation, micro-hardness and
nano-indentation responses. Notably, after subjecting the spe-
cimen to 100 TCs, the enthalpy or property of these two parts
merges into a single value. CTC emerges as a catalyst for the
relaxation of the SB, distinct from the scenario wherein thermal
annealing at the upper limit of the treatment range fails to
induce a similar effect. The findings of this study underscore the
pivotal role played by the initial conditions of MGs in predicting
the propensity for relaxation or rejuvenation as a consequence of
CTC.
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