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The effects of cryogenic thermal cycling on deformation behaviour and structural variation of
{[(Feo5C005)0.75B0.2Si0.05]osND4 }a99Cup; bulk metallic glass (BMG) were studied and compared with Cu-
free [(FepsC005)0.75B02Si00slosNbs BMG. After thermal-cycled treatment between 393 K and cryogenic
temperature, the {[(Feqs5C0q5)0.75B0.2Si0,05]96Nb4}9g.9Clp; BMG obtained a plastic strain of 7.4% combined
with a high yield strength of 4350 MPa. The excellent soft magnetic properties were maintained after

Keywords: CTC treatment. The minor addition of Cu element results in an initial nano-sized heterogeneity in the
Bulk metallic glass matrix, which facilitates the rejuvenation process during thermal cycling, and brings to a low optimal
Plasticity thermal temperature of 393 K, making the {[(FeqsCoqs)o.75B0.2Si0.05]o6ND4}eg9Clp; BMG more attractive

Cryogenic thermal cycling
Rejuvenation
Structural heterogeneity

in industrial application. During thermal cycling, the formation of more soft regions leads to the increase
of structural heterogeneities, which is beneficial to the initiation of shear transition zones and the for-
mation of multiple shear bands, and thus results in the enhancement of plasticity. This study links the
subtle variation of specific structure with macroscopic mechanical properties, and provides a new insight

of composition selection for cryogenic thermal cycling treatment.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

Since the first synthesis of Fe-based bulk metallic glass (BMG)
in 1995 [1], they have attracted intense attention for applications
as structural and functional materials because of their excellent
soft-magnetic properties and ultra-high strength, combined with
low raw material cost [2,3]. However, room-temperature brittle-
ness of most Fe-based BMGs severely restricts their engineering
applications [3,4]. In the past decades, great efforts have been de-
voted to develop ductile Fe-based BMGs. For those BMGs with
large plastic strain, researchers have linked their superior plastic-
ity with distinct nano-scale heterogeneities within the BMG matrix
[5,6]. In principle, the plasticity of metallic glass (MG) is precisely
attributed to the response of the heterogeneous amorphous struc-
ture to external mechanical stimuli. The increase of nano-scale het-
erogeneities in MGs generally results in activation of more shear
transition zones (STZs), and sometimes induces propagation obsta-
cles for shear bands (SBs) during the plastic flow, thus improving
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the plasticity of MGs [6,7]. This recognition sheds some light on
the plastic strain improvement for Fe-based BMGs.

Recently, a new method called cryogenic thermal cycling (CTC)
has been proved effective to improve the plasticity by magnifying
intrinsic structural heterogeneity in MGs [8]. With suitable process
parameters (temperature, cycle index and so on), some MGs can
reach a more rejuvenated state with increased structural hetero-
geneities. Comparing with some mechanical approaches to realize
rejuvenation, such as the high pressure torsion and shot peening,
this thermal approach has no limitation on sample size and works
across the whole sample. Particularly, it is barely detrimental to
the soft-magnetic properties of the Fe-based MGs [9].

Due to the obvious superiority of CTC treatment, a series of
BMGs have been processed using this method. Significant reju-
venation effects on mechanical properties (improved compressive
plasticity, and reversal of annealing-induced embrittlement) have
been achieved in some systems [8-10]. However, some BMGs had
no response and even underwent inferior plasticity after CTC treat-
ment [11] and the reason has not yet been clarified. Besides,
the initial degree of structural heterogeneity before CTC treatment
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seems to play an important role. It has been reported that more
heterogeneous MGs (e.g. MG-matrix composites with dispersed
crystallites [12], MGs containing nano-sized clusters [13], and MGs
with chemical inhomogeneity [14]) are more affected by CTC treat-
ment than homogeneous MGs. However, the atomic-scale mecha-
nism has not been clarified, and it remains unclear whether it is
suitable to different MG systems. To make CTC treatment effec-
tively applied, it is of great importance to clarify the relationship
between subtle structural change and the mechanical response to
CTC treatment. Meanwhile, a correlation between the initial struc-
ture of MGs and the final state after CTC treatment is imperative
to be established.

In previous study, the CTC treatment has been proved an ef-
fective measure to rejuvenate the [(Feps5C0q.5)0.75B0.2Si0.05l05NbD4
(note BAjgo hereafter) BMG samples and significantly improve
its plasticity [15]. Herein, with minor addition of 0.1 at%
Cu, which has a positive enthalpy with Fe element, a rela-
tively more heterogeneous structure can be achieved in the
{[(Feo5C00.5)0.75B0.2Sl0.05lo6ND4}gg.9Cup; (note BAgggCup; here-
after) BMG. The effect of CTC treatment on this BMG has been
carefully studied to explore the influence of initial structure. A
significantly improved plastic strain (ep) of 7.4% combined with a
super-high yield strength (oy) over 4300 MPa were obtained when
the thermal temperature was 393K, far below that for BA;oo BMG.
The excellent soft magnetic properties were maintained after CTC
treatment. The initial nano-scale heterogeneities induced by Cu ad-
dition facilitate the formation of internal stress at a much lower
thermal temperature, leading to a rejuvenated state with increased
amount of loosely packed regions. Besides, it is interesting to find
that some of the preexisting crystal-like orderings (CLOs) were de-
structed after thermal cycling, indicating another disordering pro-
cess.

2. Experimental
2.1. Sample preparation

Alloy ingots with a nominal atomic composition of
{[(Feo5Co0.5)0.75B0.2Sl0.05l06ND4}g9.9Cupy were prepared by in-
duction melting a mixture of high-purity (>99.9 wt.%) constituent
elements in a highly purified argon atmosphere. Cylindrical BMG
samples with a diameter of 1 mm were produced by copper mold
casting. Subsequently, the as-cast BAgggCug; BMG samples were
subjected to CTC treatment for 15 cycles, and each cycle consists
of dipping the sample into liquid nitrogen for 1 min and then
high-temperature silicone oil (Polydimethylsiloxane, supplied by
Dow Corning) for 1 min. The thermal temperatures are 353, 373,
393, 433, and 473 K (0.43-0.58 of the glass transition temperature,
Tg). The as-cast sample and CTC treated samples at different oil
temperatures are denoted as AC, CTC353K, CTC373K, CTC393K,
CTC433K, and CTC473K samples, respectively.

2.2. Sample characterization

The phase compositions of the samples were investigated by
X-ray diffraction (XRD, D8-Discover, Bruker) with Cu-Ko radiation.
Mechanical properties of the samples were measured at room tem-
perature by compression tests using a Sans 5305 electromechan-
ical testing machine with a strain rate of 5 x 1074 s=1. The AC
and CTC treated samples for the compression tests had 2:1 as-
pect ratios (1 mm in diameter and 2 mm in height), and 10 sam-
ples for each condition were conducted to ensure the repeatability.
The lateral surface morphology prior to fracture and morphology
of fracture surface were analyzed by scanning electron microscopy
(SEM, Sirion 200, FEI). The saturation magnetic flux density (Bs)
was measured with a vibrating sample magnetometer (VSM, Lake
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Fig. 1. Representative engineering stress-strain curves of the AC and CTC treated
BAgg 9Cup; BMG samples. Inset shows the values of oy and &, with error bars.

Shore 7410) under an applied field of 400 kA/m, the coercivity
(Hc) was measured with a B-H loop tracer (RIKEN BHS-40) under a
field of 1 kA/m and the effective permeability (ue) was measured
by an impedance analyzer (E4990A) under a field of 1 A/m. The
enthalpy of relaxation (AH,.) was measured by differential scan-
ning calorimeter (DSC, Netzsch 404 F3) to evaluate the degree of
rejuvenation for AC and CTC treated samples. The samples were
heated from 313 K to 973 K (above Tg) at a heating rate of 20
K/min, and then cooled to 313 K, followed by a second cycle us-
ing the same procedure. The AH, is calculated from the area be-
tween the first and second cycle curves, from the onset of relax-
ation to Tg. 5 samples for each condition were tested to assess
the repeatability of AH,,; measurements. Synchrotron XRD anal-
ysis was conducted to examine the total structural change using
the high-energy monochromatic beam with wavelength of 0.6199
A at Sector 15U1 of the Shanghai Synchrotron Radiation Facility.
The two dimensional diffraction images were recorded using a
Perkin-Elmer amorphous silicon detector and integrated using the
Fit2D program to obtain 1D intensity distributions as a function of
the wave vector. High-resolution transmission electron microscopy
(HRTEM) analysis of the bulk rods before and after thermal cy-
cling was carried out on an aberration-corrected FEI Titan 80-300
transmission electronic microscope to observe the subtle micro-
structural changes. The samples for HRTEM analysis were thinned
by ion milling method (Gatan Inc., PIPS-M691) under liquid nitro-
gen cooling condition. The nano-indentation tests were performed
to verify the structure heterogeneity using a NanoTest Vantage (Mi-
cro Materials Ltd) under load control model. The loading and un-
loading rates were 1 mN s~!. The maximum load (Fmax) was 50
mN and the holding time at the Fpnax is 20 s. A diamond spherical
indenter with a tip radius 5 um was used.

3. Results
3.1. Effects of CTC treatment on mechanical behavior

The typical engineering stress-strain curves of the AC and CTC
treated BAgggCug; BMGs are shown in Fig. 1, and the inset is the
variation tendency of oy and ¢ with error bars. Manufacturing
flaws, such as the inclusions and surface irregularities cannot be
avoided during material fabrication. These flaws can serve as facil-
itators to the process of runaway shear failure since BMGs are flaw
sensitive. Besides, the possibly local fluctuations in the chemistry
or density (free volume) of the glass structure itself exert a large
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Fig. 2. SEM images of lateral surface for the deformed (a) AC and (b) CTC393K samples for BAgg9Cug; BMG. Insets in (a) and (b) show fracture surface of the corresponding

samples (scale bars - 100m).

influence on rejuvenation degree [16]. Thus, the error of ¢ is rel-
atively large. Nevertheless, it is obvious that the &, increases with
the CTC temperature increasing from 353 to 393 K, then decreases
with further increasing CTC temperature to 433 and 473 K. After
CTC treatment with different thermal temperatures, the compres-
sive plasticity can be improved to different extent, except that the
CTC473K sample has a plastic strain (¢p = 1.7%) even below that
of AC sample (ep = 2.3%). Despite the ¢p shows variable response
to the different thermal temperatures, the oy remains almost un-
changed and above 4200 MPa. As a result, a FeCo-based BMG with
ep of 7.4% and ultra-high oy of 4350 MPa is achieved through CTC
treatment when the thermal temperature is 393K.

The lateral surface morphology prior to fracture of the AC and
CTC393K samples are shown in Fig. 2, and the morphology of frac-
ture surface are shown in the insets. For the AC sample (Fig. 2(a)),
although there appear to be several shear planes, SBs cross through
the sample with little branching, causing immediate failure. While
for the CTC393K sample (Fig. 2(b)), multiple SBs with all sorts of
directions can be observed, and the intersections of SBs are much
more abundant than that in the AC sample. Generally, the global
plasticity of BMGs is determined predominantly by the amount
of SBs generated during compression test [17]. This explains the
larger ep in CTC393K sample. Besides, in AC sample, most areas
of the fracture surface are glossy and exhibit cleavage-like struc-
ture, combined with river-like cracks. This behavior is usually ob-
served on the fracture surface of brittle BMGs and is associated
with fast fracture because of the rapid propagation of SBs [18]. The
vein pattern morphology is only observed at the edge of the rod,
suggesting that local heating accompanies shear during mechanical
failure [19]. While the CTC393K sample exhibits a well-developed
vein pattern, which is usually observed in the non-ferrous BMGs
with good ductility. The characteristic vein pattern indicating that
the SB has higher stability during its propagation in the CTC393K
sample, which is another evidence of brittle to ductile transforma-
tion.

3.2. Effects of CIC treatment on magnetic properties

The magnetic properties before and after CTC treatment were
measured and shown in Fig. 3. It is worth noting that when we
talk about the magnetic properties of Fe-based MGs, we often refer
to the sample that treated with stress relieving annealing. There-
fore, we annealed the as-cast samples at 755 K (55 K below Tg) for
20 min firstly (noted as 755K), and then treated them with CTC at
393 K (noted as 755K-CTC393K). Afterwards, the Bs, Hc and e of
the annealed samples before and after CTC treatment were mea-
sured. Fig. 3 shows the B-H curves for the two samples with partly
enlarged drawing in the inset. The B is 1.05 T for both the 755K
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Fig. 3. B-H curves of the 755K sample and 755K-CTC393K sample with partly en-
larged drawing in the inset.

and 755K-CTC393K samples, the Hc is 2.0 A/m for the 755K sample
and 1.8 A/m for the 755K-CTC393K sample. Besides, ue at 1 kHz
is 13700 for the 755K sample and 13400 for the 755K-CTC393K
sample. The differences of magnetic properties before and after
CTC treatment are within the range of measurement error. Be-
sides, we also measured the magnetic properties of the AC and
CTC393K samples without stress relieving annealing, and no no-
ticeable difference in the magnetic properties is observed either.
The above results indicate that the excellent soft magnetic proper-
ties are maintained after CTC treatment.

3.3. Effects of CTC treatment on thermal properties

Because the CTC process is generally associated with the change
of stored energy, the relaxation state of the samples before and af-
ter CTC treatment was carefully studied. Fig. 4(a) shows the typi-
cal relaxation spectra of the AC and CTC treated samples, and the
AH, before Ty is represented by the dashed area below the hor-
izontal lines. Fig. 4(b) shows the values of AH,, for the AC and
CTC treated samples, and the error bars are calculated from 5 re-
peated tests. It can be seen that the AH, increases from 0.443 K]
mol~! for the AC sample to 0.618 K] mol~! for the CTC433K sam-
ple, and then decreases to 0.589 KJ mol-! for the CTC473K sam-
ple. The exothermic heat of relaxation is associated with relaxation
state and closely related to total fraction of free volume in MG [20].
In general, a higher AH,,; means a more rejuvenated state and ad-
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Fig. 5. (a) XRD patterns of the AC and CTC treated BAggoCug; BMG samples. (b) Synchrotron XRD patterns of AC, CTC393K, and CTC473K samples. Inset is the magnification

image of the yellow rectangular area.

ditional free volume. The regions containing larger amount of free
volume have lower local stiffness and stability, and are often re-
ferred to as liquid-like regions [21] when structural heterogeneity
is considered. These soft regions provide fertile sites for SB ini-
tiation, leading to a superior plastic deformation capacity in MG
[22]. Nevertheless, after CTC treatment, the value of AH,, demon-
strates an inconsistence with ep. Although the CTC393K sample has
similar AH,, with CTC473K sample, the ¢ of the two samples
are radically different. This behaviour is also found in the BAjgg
BMG and other BMGs that have been reported [10,15]. It maybe
because that the thermodynamic properties predominately reflect
average changes in the structure while the plasticity is predomi-
nantly affected by only a small fraction of atoms undergoing large
re-arrangements [23].

3.4. Effects of CTC treatment on multi-scale structure

The phases of the samples were investigated by XRD mea-
surements and all samples keep amorphous structure after CTC
treatment, as can be seen in Fig. 5(a). Furthermore, a more re-
fined examination for atomic-scale structural changes for the AC,
CTC393K, and CTC473K samples were carried out by Synchrotron
XRD (Fig. 5(b)). The smooth curves without sharp diffraction peaks
confirm the normal XRD results. Besides, it is obvious that the
CTC473K sample shows the strongest normalized intensity, fol-
lowed by the AC, and then the CTC393K sample. The lower in-
tensity in the Synchrotron XRD often indicates a more disordered
structure, which leads to a superior plasticity [24]. The Synchrotron
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XRD result is consistent with the plastic performance of the BMGs.
Furthermore, the encircled part of the diffraction peaks is shown
in the inset for clarity, with the dashed lines denoting their peak
positions (Q). The diffraction peak of the AC sample locates at a Q
value of 3.109 A-1, and that for CTC393K and CTC473K samples is
3.108 A-1 and 3.113 A-1, respectively. Because there is an inverse
correlation between the diffraction peak position Q value and aver-
age interatomic spacing of MG [25], the increase of Q value for the
CTC473K sample indicates a 0.129% decrease in average interatomic
spacing and 0.387% increase in volume density, indicating a more
densely packed structure. For the CTC393K sample, the change is
only 0.096% increase in average interatomic spacing. Even though
the effect of thermal cycling on the local regions might be very
large, the effect on average interatomic spacing is relatively small
due to their small volume fraction.

The nano-scale structural information is examined by
aberration-corrected HRTEM. Fig. 6(a-c) are the HRTEM images for
the AC, CTC393K and CTC473K samples, with the corresponding
selected area electron diffraction (SAED) patterns shown in the
insets. The diffuse halo rings of SAED patterns confirm the amor-
phous structure of the samples before and after thermal cycling,
while the atomic-scale structure of the three samples differs a
lot. As shown in Fig. 6(a), a large amount of CLO structures with
a size around 1 nm can be observed. The lattice fringe spacing
includes 1.99 + 0.05 A for (110) lattice space of «-Fe crystalline
phase, as well as 1.90 + 0.05 A, 2.15 + 0.05 A and 2.09 + 0.05
A (not shown in the picture) for (440), (422) and (511) lattice
spaces of Fe,3Bg crystalline phase. It is worth noting that, the
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Fig. 6. HRTEM images with the corresponding SAED patterns as insets for
BAggoCup; BMG samples of (a) AC, (b) CTC393K, and (c) CTC473K. The white lines
highlight the CLO/NC structures (scale bars - 2 nm).

initial precipitation phase for the BA;gg BMG is Fey3Bg [15,26],
while with minor addition of Cu element, the as-cast BAgggqCug;
BMG possesses two types of CLO structures. The coexistence of
o-(Fe,Co) and (Fe,Co),3Bg microcrystalline grains is also found
in {[(Fep5Co05)0.75B0.2510.05196NPa}99 75Cup 25 bulk glassy alloy
composite [27]. This is because that the mixing enthalpy of
Fe-Cu atomic pair is +13 J/mol, the Cu clusters can form in the
amorphous matrix prior to the onset of crystallization. When Cu
clusters form, Fe atoms are rejected from the Cu clusters and
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would pile-up at the Cu/amorphous matrix interface. Besides,
there are lattice orientation relationships between the Cu particles
and the «-Fe primary crystals, ie., Nishiyama-Wassermann and
Kurdjumov-Sachs orientation relationships [28]. As a result, the
Cu clusters can serve as heterogeneous nucleation sites for «-Fe,
which is beneficial to the precipitation of «w-Fe phase. According
to the quantitative analysis, more than half of the CLOs possess
o-Fe structure. For the CTC393K sample (Fig. 6(b)), it is interesting
to find that most of the CLO structures disappear, leaving a signif-
icantly disordered matrix with only a few CLO structures. This is
consist with the synchrotron XRD result that the CTC393K sample
has a more disordered structure. The remaining ones also have a
size around 1 nm but only have lattice fringe spacing of 1.90 +
0.05 A and 2.09 + 0.05 A, corresponding to the Fe,3Bg crystalline
phase. There are two explanations for this phenomenon. One is
that CLOs with «-Fe structure are all destructed and some CLOs
with Fep3Bg structure remained. Ferromagnetic amorphous alloy
has an Invar effect below Curie temperature (700 K in this paper),
resulting in spontaneous volume magnetostriction and thus a
smaller thermal expansion coefficient compared to its crystalline
phase [29]. Therefore, CLOs with crystal-like structures are affected
more by thermal stress compared to the amorphous structure and
are inclined to be destroyed during the expansion and contraction
process. The destruction of CLOs has also been observed during
annealing in MGs [30], which confirms that the CLO structure is
not very stable. This situation is more applicable to the CLOs with
o-Fe structure because the Fe,3Bg structure is more rigid thus
influenced little to certain thermal stress. Another explanation
of the partly remained CLOs of Fey3Bg structure is that along
with the complete decomposition of pre-existing CLO structures,
some new CLOs with Fe,3Bg structure can form in other regions,
because the internal stress not only brings to disordering but also
local relaxation and even crystallization [13,15]. The existence of
CLOs with a size of ~1 nm has been reported in other BMGs, and
has been considered to be beneficial to plasticity [6,31]. Local
structural heterogeneity increases due to these highly-ordered
clusters, which constitutes the main resistance for plastic flow in
BMGs. For the CTC473K sample (Fig. 6(c)), the CLOs with Fe,3Bg
structure has a size of 2-3 nm, taking up vast space. This may
illustrate the distinct decrease in average interatomic spacing for
the CTC473K sample. The observed larger Fe,3Bg nanocrystals
(NCs) are considered to grow up from the CLOs with Fey3Bg
structure which retained or formed during thermal cycling accord-
ing to the above discussion. And the crystal formation has been
confirmed to be irrelevant to the thermal temperature but the
internal stress because of the wide temperature differential in the
previous study [15]. The growing up Fe,3Bg nanocrystals are hard
and brittle, stress concentration often occurs around these regions,
and numerous STZ clusters generate in a certain narrow belt and
quickly form a macroscopic crack [32]. This may illustrate why the
CTC473K sample possesses an inferior plasticity.

Nano-indentation tests were carried out to investigate the mi-
croscale structural heterogeneities after thermal cycling. In nano-
indentation test, the loading discontinuities can be linked directly
to the initiation of individual SB, thus it helps to reveal the
deformation mechanism [33]. Fig. 7(a) is a representative load-
displacement (P-h) curve for the AC sample, and the initial yield
event (pop-in) is marked by a discrete displacement burst. The first
pop-ins are characterized by the values of initial yield load Fy and
initial yield displacement Ah, and the initial yield pressure Py is
calculated from [34]:

B, = Fy/A = Fy/(2mRhe)

where A is contact area, R is the indenter tip radius, hc is the
contact depth at initial yield calculated according to the reference
[34]. Py stands for the strength required for the initiation of plas-
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tic flow. The cumulative distribution of Py for the AC, CTC393K and

CTC473K samples are compiled from 49 loading curves. By getting

rid of some curves without distinct pop-in behaviour, 44 to 48 data

points are included for each distribution curve (Fig. 7(b)). It is ob-

vious that after thermal cycling, the Py of the samples decreases to

lower values. The median value of Py is 11.82 GPa for AC sample,

10.70 GPa for CTC393K sample and 10.60 GPa for CTC473K sam-

ple. Thus, the initiation of SB is easier in CTC393K and CTC473K
samples than in AC sample, indicating more soft regions are in-

duced after thermal cycling. Besides, the relative width (1st to 9th
decile, relative to the median value) of the Py distribution is 7.6%
for AC sample, 11.3% for CTC393K sample and 9.4% for CTC473K
sample, suggesting that cycling induces greater heterogeneity in
the structure [8]. The hardness H and reduced elastic modulus E;
is determined by the standard Oliver and Pharr method [35]. Sim-
ilar with Py, the cumulative distributions of H and E; for the three
samples are shown in Fig. 7(c) and (d). The AC sample has the
largest H with the median value of 9.60 GPa, followed by 9.04 GPa
for CTC473K sample and 8.99 GPa for CTC393K sample. The rel-
ative width is 3.2% for AC sample, 5.1% for CTC393K sample and
4.5% for CTC473K sample. The E; shows similar behaviour to H. The
median value of E; decreases from 142.25 GPa for the AC sample
to 140.58 GPa for CTC473K sample and 140.02 GPa for CTC393K
sample. After cycling treatment the relative width of the E; dis-
tribution increases from 3.4% for AC sample to 3.8% for CTC473K
sample and 4.4% for CTC393K sample. Because the loosely-packed
regions possess lower modulus and hardness, the reduced H and
E: also prove structural softening after thermal cycling. Besides,
the largest relative width of the CTC393K sample indicates high-
est heterogeneity in the structure. It worth noted that the relative
width of H and E; is much smaller than Py. This is because that

Py is related to the initiation of plastic flow, so that is sensitive
to the local soft regions, while H and E; reflect the matrix of the
MG, thus is less sensitive to the heterogeneous local structure. This
may also illustrate why the CTC473K sample possesses lower Py
but higher H and E; compared with the CTC393K sample. Although
the CTC473K sample has more soft regions indicated by its lower
Py, the increased hard nanocrystals with 2-3 nm leads to higher
hardness and modulus. The loosely-packed regions are easier to be
activated and promote the nucleation of STZs during the redirec-
tion of SBs/microcracks in a percolated network structure, which
contributes to a preferred plastic deformation in the CTC393K sam-
ple. While for the CTC473K sample, although the quantity of soft
regions is larger than the CTC393K sample, the inferior plastic-
ity is mainly attributed to the brittle nanocrystals with a size

of 2-3 nm.

4. Discussion
4.1. Origin of plasticity enhancement after thermal cycling

According to the nano-indentation results, thermal cycling can
induce more soft regions in both CTC393K and CTC473K sam-
ple, which facilitate the activation of STZs and the initiation of
SBs. However, a high temperature during thermal cycling may
also induce local relaxation and ordering, and even crystallization,
for example, in CTC473K sample. It is proposed that amorphous
structure specifically comprises three discernible regions: liquid-
like, transition, and solid-like regions, with different atomic per-
formance to external agitations [36]. The liquid-like regions has
loosely packed local configuration, corresponding to the soft re-
gions, where the anelastic atoms are easier to be activated. The
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Fig. 8. Schematic illustration for atomic response to mechanical agitations before global yielding during compression for (a) AC, (b) CTC393K and (c) CTC473K samples for

BAgg9Cug; BMG.

solid-like regions are composed of densely packed atoms, including
local orderings and even nanocrystals in this case. The transition
regions serve as an intermediary between the contrasting charac-
teristics of the solid-like and liquid-like regions. Fig. 8 (a-c) show
the schematic illustration for different atomic response to mechan-
ical agitations before global yielding during compression for AC,
CTC393K and CTC473K samples because of their different amor-
phous structure. The light blue regions represent transition regions,
the dark blue regions represent liquid-like regions, while the red
regions represent solid-like regions, with CLO/NC (white rectangles
with lines) included. The white spheres denote the locations of
anelastic atoms prior to global yielding under loading. The direc-
tion of arrow denotes the magnitude of compressive stress. In gen-
eral, the localization strain during deformation includes the nucle-
ation and percolation of STZs, followed by the initiation and prop-
agation of SBs [37]. For the AC sample, the proportion of liquid-like
regions is relatively low, revealed by its small AH,, and high Py.
CLOs of Fey3Bg and «-Fe structures with size of 1nm disperse in
the matrix. These CLOs won’t cause significant stress concentra-
tion because of their small size. Instead, they can serve as obsta-
cles to hinder the propagation of primary SBs. However, although
the CLOs may facilitate the branching and intersection of SBs, be-
cause of the limited soft regions, the nucleation and percolation
of STZs tend to be difficult and the total number of SBs pene-
trating through the sample is relatively small, which results in in-
tense degree of strain localization and failure at a smaller plastic
strain. For the CTC393K sample, it has the highest structural disor-
dering because of a large fraction of loosely packed regions. CLOs
of Fep3Bg structure contribute to the solid-like regions. The soft re-
gions are fertile sites for STZs nucleation and SBs initiation. And
the latter propagation of SBs is impeded by the relatively stronger
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transition regions and solid-like regions, leading to a stable shear-
ing process. The massively activated SBs hinder and intersect with
each other during propagation, leading to the formation of mul-
tiple SBs and energy release, thus an improved plasticity. The im-
provement of plasticity of CTC393K sample is considered as a com-
bination effect of CLOs with size of 1 nm and increased soft re-
gions. While for the CTC473K sample, although it has higher AHq
compared to the CTC393K sample, which indicates that the num-
ber of liquid-like regions is larger, the CTC473K sample has much
inferior plasticity, even worse than the AC sample. In this case, the
decreased plasticity probably associates with the 2-3 nm Fe)3Bg
crystalline structures. In some cases, the crystalline reinforcements
are considered as source and sink for the STZs and thus are ben-
eficial to the formation of multiple SBs [6,38]. However, the crys-
talline structures may also deteriorate the macroscopic plasticity
due to their type, distribution, and quantity. For the BAggqCug;
BMG, the large and brittle Fe,3Bg nanocrystals in CTC473K sample
mainly brings stress concentration and leads to a rapid increase
of temperature in the vicinity [39], this may result in drastic lo-
cal shear-softening and critical cavitation. On the intervention of
cavitation, plastic shearing is terminated and mechanical energy is
dissipated through crack extension [40], resulting in rapid shear-
off and failure. Therefore, the stable evolution from SB to crack
and the resistance for shear expansion in the deformation process
for BMG sample is of equal importance. According to the differ-
ent plasticity responses of the three samples to the atomic-scale
structures, it can be concluded that both the rejuvenation degree
and CLOs/NCs play an important role in plasticity. Our results sug-
gest that the effect of thermal cycling on the structure and prop-
erties of BMGs is determined by multiple factors and their relative
contributions.
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4.2. Comparison of CTC treatment on BAjgg and BAggoCug; BMGs

Although the thermal cycling is beneficial to both BA;gy and
BAgg 9Cug; BMGs, the optimal thermal temperature for the two al-
loys differs a lot, 393 K for BAgg9Cug; BMG and 513 K for BAigg
BMG. This makes the former one more attractive for application
when considering energy conservation.

In previous studies, it has been suggested that the rejuvenation
process is caused by local stress during thermal cycling [8,11,13].
Such contribution may potentially be the local variation in thermal
expansion coefficient which can be considered as the amplitude of
the excitation during thermal cycling [41]. In this study, the dis-
appearance of CLOs with «-Fe and Fey3Bg structures confirms this
suggestion. According to the HRTEM results and AH,, calculation
in reference [15], the AC sample of BA;gp BMG possesses a rela-
tively homogeneous amorphous phase with limited amount of CLO
structures and small AH, (0.371 K] mol~1), thus a larger temper-
ature difference is needed to generate atomic rearrangement dur-
ing thermal cycling. On the contrast, the AC sample of BAgg9Cug;
BMG is much more heterogeneous with nano-sized CLO structures
and a larger AH,. (0.443 K] mol~1), which should help inducing
a larger local stress because of the intrinsic difference between
the matrix, CLO structures and soft regions. Meanwhile, because
of the smaller temperature differential, the degree of rejuvenation
obtained for BAgg9Cug; BMG is much lower than BA;pg BMG af-
ter CTC treatment. The difference of AH,, between the AC and
CTC393K sample for BAggoCug; BMG is 0.156 KJ mol~!, while for
BAjgo BMG, the difference of AH, between the AC and CTC513K
sample is up to 0.306 K] mol~!. The changes of average interatomic
spacing also confirmed this conclusion. The variation of average
interatomic spacing is 0.130% for the AC and CTC513K sample for
BAjgo BMG [15] and only 0.096% for the AC and CTC393K sample
for BA99.9CUO'] BMG.

When only considering the degree of rejuvenation after ther-
mal cycling, the AH is 0.599 K] mol~! for CTC393K sample of
BAgggCup; BMG and 0.677 KJ mol~! for CTC513K sample of BAgq
BMG, the Q value is 3.108 A= for CTC393K sample of BAggqClg;
BMG and 3.106 A-! for CTC513K sample of BA;qy BMG, as a result,
the rejuvenation degree of BAgg sample is higher than BAggqCug;
sample. However, after thermal cycling, the plasticity of BAgg9Cug;
BMG (7.4%) is superior to the BA{go BMG (6.1%). This result further
confirms that the rejuvenation degree after thermal cycling is not
the only factor affecting the global plasticity. Even though a net
increase in potential energy is observed, rejuvenation and relax-
ation may occur simultaneously [13,15,41], and the ordered struc-
tures can play an important role in plasticity. Besides, the occur-
rence of rejuvenated regions may be quite different in size, quan-
tity and distribution within the glass. Further studies with more
BMG systems and elaborate structural examination should be car-
ried out to reveal the refined structural variation at atomic-scale
during thermal cycling and establish a relationship with the plas-
ticity of BMGs.

5. Conclusions

In the present study, the {[(Fep5C0g.5)0.75B0.2Si0.05]96ND4}99.9Cuo 1
BMG sample obtained a &, of 7.4%, ultra-high oy of 4350 MPa and
maintained excellent soft magnetic properties after CTC treatment.
Compared with the Cu-free [(Fegs5Co0g5)0.75B0.2Si005l9sNbs BMG,
the optimal thermal temperature decreased sharply from 513 K to
393 K, making the alloy in this study more suitable for industrial
production. The initial nano-sized heterogeneities caused by minor
Cu addition is considered to facilitate the rejuvenation process.
The internal stress caused by the thermal expansion coefficient
difference in the heterogeneous structures leads to the disordering
behaviour including the increased amount of loose-packed regions
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and the destruction of initial ordering in nano-scale. This study
provides a fundamental guideline for composition selection for
thermal cycling. However, the complicated structural variation
and deformation behaviours suggest that a monotonic picture is
incomplete, a more complex structural model with multi-scale
and long temporal evolution should be established to accurately
predict the deformation behaviour of CTC treated BMGs.
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