Intermetallics 167 (2024) 108212

Intermetallic:

—

Contents lists available at ScienceDirect

Intermetallics

FI. SEVIER

journal homepage: www.elsevier.com/locate/intermet

Fast cooling rate enhances impact toughness in tungsten fiber-reinforced
metallic glass composites

Y.Z. Wu®™!, C.B. Jin™', M.Y. Tan", F.C. Wang”, Y.H. Gao"”, J. Xu", Z.W. Shao, Z. Ren®,

b b, ** b, *x b, *
Y. Zhang ", J.Q. Wang > , J.T. Huo™> , M. Gao”
@ School of Materials Science and Chemical Engineering, Ningbo University, Ningbo, 315211, China
b CAS Key Laboratory of Magnetic Materials and Devices, Zhejiang Province Key Laboratory of Magnetic Materials and Application Technology, Ningbo Institute of
Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo, 315201, China
¢ Ningbo Branch, Ordnance Science Institute of China, Ningbo, 315103, China

ARTICLE INFO ABSTRACT

Keywords:

Metallic glass composite
Tungsten fiber

Suction casting

Cooling rate
Rejuvenation

Impact toughness

Ex-situ second-phase reinforced metallic glass composites (MGCs) hold great promise as damage-tolerant
structural materials for practical applications. However, limitations in fabrication techniques have hindered
significant improvements in MGC toughness. In this study, we introduce a novel experimental approach that
employs suction casting technology with adjustable cooling rates to fabricate tungsten fiber-reinforced MGCs.
The impact toughness of MGCs exhibits a direct correlation with the volume fraction of tungsten fibers, reaching
its peak value of 42J/cm? at a 16 % volume fraction. Notably, MGCs subjected to faster cooling rates demonstrate
superior impact toughness compared to their slow-cooled counterparts. This enhancement can be primarily
attributed to the rejuvenation effect and the resulting increase in fracture toughness within the MG matrix, a
direct consequence of the faster cooling rate. The current research presents an innovative methodology for

enhancing MGC toughness through the rejuvenation of the MG matrix.

1. Introduction

As one typical kind of amorphous materials, metallic glasses (MGs)
are known for their exceptional physical and chemical properties [1-5].
Notably, their remarkable mechanical characteristics, including high
specific strength, substantial elastic strain, and considerable fracture
toughness, have garnered considerable attentions [4,6,7]. However, in
addition to these mechanical properties, practical applications demand
robust dynamic mechanical properties, particularly high impact tough-
ness [7,8]. Unlike fracture toughness, which measures a material’s
resistance to crack propagation, impact toughness assesses its ability to
undergo permanent deformation and absorb plastic deformation energy
during impact events. In crystalline materials, impact toughness is
closely associated with various structural defects, such as point defects,
dislocations, and grain boundaries [9-11]. In contrast, MGs lack these
structural defects. The absence of multiscale structural defects renders
MGs exceptionally strong but relatively-brittle, resulting in lower impact
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toughness compared to their crystalline counterparts [12]. Thus, the
enhancement of impact toughness is pivotal for promoting the practical
applications of MGs.

Plastic deformation in MGs primarily depends on the formation,
interaction, and propagation of shear bands (SBs) [13-15]. The scarcity
of SBs and rapid SB propagation significantly limits intrinsic plastic
deformation capabilities, resulting in reduced ductility and toughness in
most MGs. Recent research has highlighted that the introduction of the
second phase in MGs can enhance plastic deformation capabilities by
activating multiple SBs and constraining SB propagation [16-20]. A
similar experimental strategy based on MG composites (MGCs) has been
employed to improve impact toughness [21-25]. However, the impact
toughness of MGCs still lags significantly behind that of crystalline al-
loys [12]. Tungsten fiber-reinforced Zr-based MGC represents the pio-
neering amorphous matrix composite and has found applications in the
military due to its outstanding self-sharpening properties [21,23]. The
introduction of tungsten fibers, owing to their high hardness and
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density, is considered a promising method to enhance the mechanical
properties of MGCs. However, the conventional preparation method for
tungsten fiber-reinforced MGCs relies on pressure penetration and water
quenching [21-24]. Due to excessively slow cooling rates, this method
usually leads to the crystallization of amorphous matrix and severely
limits improvements in impact toughness of MGCs [12,21-23]. Addi-
tionally, several studies have demonstrated a positive correlation be-
tween fracture toughness and impact toughness in various metallic
materials [26-28]. Hence, enhancing the intrinsic fracture toughness of
the MG matrix stands as a crucial factor in improving the impact
toughness of tungsten fiber-reinforced MGCs.

In this work, we proposed a novel strategy of increasing the cooling
rate during suction casting to enhance the fracture toughness of the MG
matrix and substantially improve the impact toughness of tungsten
fiber-reinforced MGCs. We observed that impact toughness increases
with both the volume fraction of tungsten fibers and the applied cooling
rate. The detailed physical mechanisms behind these enhancements
were systematically discussed.

2. Experimental methods

The nominal composition of ZrgTioCugsAlia (at.%) (ZT1) was
selected as the MG matrix due to its substantial intrinsic fracture
toughness and excellent glass-forming ability [29]. An ingot corre-
sponding to this composition was produced through arc melting a
mixture of 99.99 % pure metals in a high-purity argon atmosphere. To
ensure chemical homogeneity, the ingot underwent at least six remelting
cycles, resulting in a minimal mass loss of less than 0.3 %. The obtained
ingot was then sectioned into smaller pieces. In the subsequent steps,
several tungsten fibers with the diameter of 400 pm and the length of 65
mm were positioned vertically in the center of a copper mold. Before
placing the tungsten fibers, all of the fibers were carefully cleaned. First,
the ultrasonic cleaning within alcohol was applied to remove surface
oils. Then, a series of sandpapers were used to slightly grind and remove
the oxide layer. Finally, the second round of ultrasonic cleaning was
conducted to eliminate any remaining impurities. The ingot pieces were
placed on top of the copper mold, and the molten material was drawn
into the mold through arc melting. Finally, a tungsten fiber-reinforced
MGC cylinder with a 5 mm diameter and a 55 mm length was prepared.

The microstructure and morphology of the MGC samples were
characterized using X-ray diffraction (XRD, Bruker D8), scanning elec-
tron microscopy (SEM, ZEISS EVO18), and energy dispersive X-ray
spectroscopy (EDS, ZEISS EVO18). In accordance with the international
standard GB/T 229-2020, impact tests were conducted using an impact
instrument (Congyue JWB) with a maximum hammer speed of 5.3 m/s
and a maximum impact energy of 450 J. The MGC samples used in the
impact tests were un-notched and had dimensions of 5 mm x 55 mm
(diameter x length). Three samples were tested under identical exper-
imental conditions to determine the average impact toughness and the
corresponding error bars were calculated for each MGC. The fracture
toughness of the MG matrix was primarily determined through nano-
indentation tests using a Bruker TI980 nanoindenter (detailed methods
can be found in the Supplementary Material). The indenter tip employed
was the Berkovich type and the curvature radius was approximately 100
nm. For the nanoindentation tests, the rod samples were firstly cut into
several slices with the thickness of 2 mm. Then, these slices were put into
the rubber molds and the mixture of epoxy resin and hardener was
poured into the molds for an 8h curing process. Subsequently, all of the
mounted samples undergo progressive polishing procedures using pol-
ishing cloths and the particle sizes of the polishing suspensions were 15,
6, 3,1, 0.5, and 0.1 pm, respectively.
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3. Results and discussion

3.1. Characterization of the structure and morphology for tungsten fiber-
reinforced MGCs

Fig. 1(a) illustrates the preparation process of the resulting tungsten
fiber-reinforced MGCs using copper mold suction casting technology.
Fig. 1(b) displays the optical image of one MGC sample. The cooling rate
during MGC casting was controlled by adjusting the cyclic cooling water
temperature ranging between 20 and 30 °C. Specifically, we employed
20 °C for rapid cooling and 30 °C for slow cooling. Due to the superior
thermal conductivity of the copper mold and the effect of cyclic cooling
water, the obtained MG matrix during suction casting retains a
completely amorphous structure, as confirmed by the XRD result in
Fig. 1(c). Consequently, this method offers an improved approach for
achieving a fully amorphous MG matrix in tungsten fiber-reinforced
MGCs compared to the prior method involving pressure penetration
and water quenching [21-24].

It’s worth noting that suction casting is an uncommon method for
preparing MGCs considering that volume shrinkage of the melt during
fast cooling leads to inadequate bonding between tungsten fibers and the
MG matrix. To assess the bonding between the tungsten fibers and MG
matrix, we examined the cross-sectional morphology of an MGC sample
(denoted as ZT1-9.6 %W, where 9.6 % represents the volume fraction of
tungsten fibers within the MGC) in Fig. 2(a). Clearly, there are no
noticeable pores or cracks between the tungsten fibers and the MG
matrix, indicating a strong bonding. What is more, we selected a local
region delineated by a yellow dashed rectangle in Fig. 2(a) for a detailed
quantitative analysis of the tungsten fiber-MG matrix interface, as pre-
sented in Fig. 2(b). Elemental distributions within this region in Fig. 2(c)
reveal tungsten exclusively in the tungsten fibers and there is no evi-
dence of a diffusion reaction between tungsten and the MG matrix.
Furthermore, other elements are homogeneously distributed, indicating
no segregation of chemical elements. Additionally, we conducted EDS
linear scanning along the red dashed line in Fig. 2(b), as shown in Fig. 2
(d). An interface is evident between the tungsten and the MG matrix,
with a spacing of 0.4 pm. The continuous evolution of various elements
along the red dashed line implies the absence of pore formation during
rapid cooling.

3.2. Effect of the volume fraction of tungsten fibers on the impact
toughness of MGCs

To investigate the effect of the volume fraction of tungsten fibers on
the impact toughness of MGCs, we incorporated varying numbers of
tungsten fibers (0, 5, 15, 25, 30) into the MG matrix and a series of MGCs
were prepared. The corresponding volume fractions of tungsten fibers
within MGCs were 0, 3.2 %, 9.6 %, 16 %, and 19.2 %, respectively. We
labeled these MGC samples as ZT1, ZT1-3.2 %W, ZT1-9.6 %W, ZT1-16 %
W, and ZT1-19.2 %W. From Fig. 2, S1(a) and S1(b), when the volume
fraction of tungsten fibers is below 19.2 %, no pores or defects are
observed within the MGCs. However, when the volume fraction reaches
approximately 19.2 %, various pores with different sizes and shapes
appear at the interface between the tungsten fibers and the MG matrix
(see Fig. S1(c)). This result indicates that the melt fails to fill the space
between the tungsten fibers and the copper mold when the volume
fraction of tungsten fibers exceeds a critical value. Consequently, our
current experimental apparatus requires enhancement to mitigate this
limitation, which will be our focus in the subsequent research phase.

Fig. 3(a) illustrates the setup for Charpy no-notch impact tests and
the lower part displays the fixed MGC rod. Following the standard
Charpy impact principle, we can determine the impact work corre-
sponding to the impact fracture of each MGC sample. Detailed impact
toughness values are listed in Table 1 and plotted in Fig. 3(b). Notably,
the impact toughness of MGCs increases with increasing volume fraction
of tungsten fibers. At a volume fraction of approximately 16 %, the
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Fig. 1. (a) Scheme of the preparation procedure for tungsten fiber-reinforced MGCs using suction casting. (b) Optical image of one tungsten fiber-reinforced MGC. (c)

X-ray diffraction pattern of the MG matrix in tungsten fiber-reinforced MGC.
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Fig. 2. (a) SEM image of the cross-section of the tungsten fiber reinforced MGC sample (ZT1-9.6 %W, 9.6 % is the volume fraction of the tungsten fibers within the
MGG, fast cooling rate). (b) Enlarged SEM image of the local region marked by the yellow dashed square in Fig. 1(a). The red dashed line points out the transition
from the tungsten fiber to the MG matrix. (c) EDS images of the spatial distribution for different elements corresponding to the local region marked by the yellow
dashed square in Fig. 1(a). (d) Plot of the concentration evolution of different elements along the red dashed line in Fig. 1(b).

impact toughness peaks at 42 J/cm? Further increasing the volume
fraction from 16 % to 19.2 % results in a decrease in impact toughness to
39 J/em?. Prior research reported that higher volume fractions of
tungsten fibers correspond to higher impact toughness when MGCs
exhibit no pores or defects [12,21-24]. Combining these results with the
SEM findings in Fig. 2 and Fig. S1, the decrease in impact toughness for

the ZT1-19.2 %W sample is primarily attributed to the appearance of
various pores at the interfaces between the tungsten fibers and the MG
matrix. Therefore, it is expected that upgrading the experimental in-
strument to prevent pore formation during suction casting could in-
crease the impact toughness of MGCs based on the current experimental
strategy in this work.
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Fig. 3. (a) Scheme of the applied impact tests on the tungsten fiber reinforced MGC. The blue dashed rectangle gives the detailed setup for the hammer tip and the
sample. (b) Plot of the impact toughness and the volume fraction of the tungsten fibers. The red and blue colors represent the applied fast and slow cooling rates,
respectively. (¢) Comparison histogram of fracture toughness for fast and slow cooled MGCs. The inset shows the positive relationship between the fracture toughness
and the impact toughness. (d) Impact toughness comparison of various materials reported in different years. The red arrow shows the 30 % increase of the impact
toughness for the ZT1-16 %W MGC compared to the previous reported maximum value.

Table 1

Impact toughness and the corresponding volume fraction of the tungsten fibers
for MGCs in this study.

Volume fraction of W fibers (%) Impact toughness ax (J/cm?)

0 2.5
3.2 7.5
9.6 14.3
16 slow cooling 25.5
fast cooling 42
19.2 40

3.3. Effect of cooling rate on the impact toughness of MGCs

The intrinsic toughness of the MG matrix in MGCs significantly af-
fects their impact mechanical properties. Different cooling rates typi-
cally result in MGs with varying toughness properties [30,31]. In this
study, we selected two cooling water temperatures, 20 °C and 30 °C, to
achieve two different cooling rates. Specifically, we prepared the MGC
sample ZT1-16 %W using a slow cooling rate with higher cooling water
temperature. The corresponding impact toughness for ZT1-16 %W with
the slow cooling rate is also presented in Fig. 2(b). Compared to ZT1-16
%W with a fast cooling rate, the impact toughness drops from 42 J/cm?
to 25.5 J/cm?. Thus, there is a positive correlation between the applied
cooling rate and the impact toughness of MGCs.

To investigate how the cooling rate affects the physical properties of
the MG matrix in MGCs, we conducted a series of DSC measurements
and nanoindentation tests on MG matrix subjected to fast and slow
cooling rates. Fig. 4(a) shows two typical heat flow curves for MG matrix
samples. Both of heat flow curves exhibit clear relaxation signals before
the glass transition. However, the overall heats during relaxation (re-
covery enthalpy) before the glass transition under slow and fast cooling
rates are significantly different. The recovery enthalpy for the fast-

cooled MG matrix is 9.83 J/g and is much larger than the 1.12 J/g for
the slow-cooled MG matrix. This result directly implies that the fast-
cooled MG matrix is in a higher energy state compared to the slow-
cooled MG matrix. Nanoindentation tests were also employed to deter-
mine the elastic modulus of the MG matrix and the detailed results were
exhibited in Fig. 4(b). The detailed nanoindentation load and displace-
ment curves were also included in the insertion of Fig. 4(b). Obviously,
the elastic modulus of the fast-cooled MG matrix is smaller than that of
the slow-cooled MG matrix. Based on the free volume model of MGs [1],
the fast-cooled MG matrix possesses more free volumes than the
slow-cooled MG matrix, which is consistent with the higher recovery
enthalpy. Furthermore, the presence of more free volume within the MG
matrix makes MGCs exhibit better plasticity and greater toughness.

Furthermore, we utilized an experimental estimation method based
on nanoindentation to study the effect of cooling rate on the intrinsic
toughness of the MG matrix. The detailed estimation procedure can be
seen in the Supplementary Material. The values of fracture toughness for
the MG matrix under fast and slow cooling rates are shown in Fig. 4(c).
Clearly, the fracture toughness of the MG matrix under the fast cooling
rate, 132 MPa m'/?, is much larger than that of the MG matrix under the
slow cooling rate, 85 MPa m'/2. This finding suggests that faster cooling
rate enhances the intrinsic toughness of the MG matrix. Additionally, a
positive relationship exists between fracture toughness, recovery
enthalpy for the MG matrix, and impact toughness of MGCs, as
demonstrated in Fig. 4(d). It should be noted that a similar positive
relationship between fracture toughness and impact toughness has been
reported in crystalline materials [26-28]. Consequently, our research
suggests that by improving the intrinsic toughness of the MG matrix, the
impact toughness of MGCs can be significantly enhanced.

To compare the impact resistance of the MGCs developed in this
study with other MGCs prepared by ex-situ methods, we summarized the
values of impact toughness for various ex-situ phase reinforced MGCs
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Fig. 4. (a) Heat flow curves for MG matrix within the MGCs by different cooling rates. The green shaded regions give the overall heat of the relaxation before the
glass transition. (b) Modulus comparison for MG matrix within the MGCs by different cooling rates. The inserted plot gives the typical nanoindentation load and
displacement curves for MG matrix within the MGCs by different cooling rates. (¢) Comparison histogram of fracture toughness of MG matrix for fast and slow cooled
MGCs. (d) Plot of the impact toughness for MGCs, the relaxation heat and the fracture toughness for MG matrix with different cooling rates.

[12,32-38] in Table 2 and displayed in Fig. 3(c). As reference materials,
we also included the impact toughness values for several MGs in Fig. 3
(c). Clearly, the impact toughness of ZT1-16 %W MGC with a fast
cooling rate in this study is the highest at 42 J/cm? compared to other
ex-situ phase reinforced MGCs and MGs. For instance, ZT1 MG exhibits a
small impact toughness of only 2.5 J/cm? When tungsten fibers and a
high cooling rate are applied, the impact toughness of ZT1-16 %W MGC
increases by a factor of 16.8. Furthermore, compared to previous
Zr-Fiber web reinforced MGCs, the impact toughness was improved by
65 %. Conversely, for Vit 1, a typical MG with significant practical po-
tential, its impact toughness surpasses that of Vit 1-W fiber reinforced
MGC counterpart prepared by previous method of pressure penetration
and water quenching. The decrease in impact toughness for Vit 1-W fiber
reinforced MGC may be attributed to the low cooling rate during pres-
sure penetration and water quenching. It is expected that the impact
toughness for Vit 1-W fiber reinforced MGC can be improved by
increasing the cooling rate, as demonstrated in our experimental
strategy.

Table 2
Summary of the impact toughness of MGs and MGCs by Ex-situ methods.
System Composition Impact toughness  Reference
ag (J/cmz)
MGs Zrg TioCuysAlyo (ZT1) 2.5 This work
Pd4oCuszoNi;oP2o 7 [31]
ZrsoCusiAlyg 9 [32]
Zr41.2Ti138Cu125NijoBes s (Vit  13.3 [33]
1)
ZresHf; sNbsCuy3Niy Al s (Zr- 12,7 [34]
TM-Al)
(Tig1ZrasBegeNig)o3Cuy (Ti- 6.5 [35]
MG)
MGCs (Ex- Vit 1-W fiber 6.7 [36]
situ Zrg3.36CU14.50Ni10.12Al12-Fiber 14.57 [37]1
method) web
ZT1-16 %W 42 This work

3.4. Comparison analyses of surface and fracture morphology for MGCs
with different cooling rates after impact tests

To elucidate the physical mechanism behind the difference in impact
toughness for tungsten fiber reinforced MGCs subjected to different
cooling rates, we systematically analyzed the corresponding surface and
fracture morphology for two ZT1-16 %W MGCs with fast and slow
cooling rates. As shown in Fig. 5(a) and (b), distinct shear band (SB)
patterns are evident on the surfaces of fast-cooled and slow-cooled MGCs
(inserted optical photos show the post-impact surface morphology). In
the fast-cooled MGC (Fig. 5(a)), multiple SBs form during impact, and
the SB propagation direction exhibits pronounced turning. In contrast,
slow-cooled MGCs display only two primary SBs, with no significant
turning for the SB propagation direction. The presence of multiple SBs
and the change in SB propagation direction align with the larger fracture
toughness of fast-cooled MG matrix, as depicted in Fig. 4(c). In Fig. 5(c)
and (d), the fracture morphology for fast-cooled and slow-cooled MGCs
exhibits similar characteristics. After impacts, cracks and fissures appear
between the tungsten fibers and the MG matrix. The main distinction is
that the fracture surface on the MG matrix for fast-cooled MGCs appears
rougher than that of slow-cooled MGCs. For a detailed examination, we
selected two local regions on the fracture surfaces of fast and slow-
cooled MGCs marked by red dashed rectangles in Fig. 5(c) and (d).
The enlarged SEM images of the marked regions are displayed in Fig. 5
(e) and (f). Both fracture surfaces for fast-cooled and slow-cooled MGCs
exhibit dimple-like patterns, indicative of ductile fracture mechanisms
[39,40]. Notably, the typical size of the dimple structure for fast-cooled
MGCs appears larger than that of slow-cooled MGCs.

For a quantitative characterization of the dimple structures on the
fracture surfaces of fast-cooled and slow-cooled MGCs, the probability
distributions of dimple structure sizes based on Fig. 5(e) and (f), are
shown in Fig. 5(g) and (h). Clearly, the peak size (D,) of dimple struc-
tures for fast-cooled MGCs is 16 um. While D, for slow-cooled MGCs is
approximately 8 pm, representing a two-fold reduction in size. For MGs,
larger dimple structures are typically associated with greater fracture
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Fig. 5. (a) Surface morphology after the impact test for ZT1-16 %W MGCs with fast cooling. (b) Surface morphology after the impact test for ZT1-16 %W MGCs with
slow cooling rate. The inserted optical pictures show the sample condition after the impact tests. The white arrows point out the formed shear bands on the MGC
sample surface. (c) Fracture morphology for ZT1-16 %W MGC with fast cooling. (d) Fracture morphology for ZT1-16 %W MGC with slow cooling. The red dashed
rectangles mark the typical fracture region. (e) Enlarged SEM images for the marked region in Fig. 5(c). (f) Enlarged SEM images for the marked region in Fig. 5(d).
(g) Probability density function for the size of dimple-like structures correspond to Fig. 5(e). (h) Probability density function for the size of dimple-like structures

correspond to Fig. 5(f).

toughness [41]. Hence, the larger average size of dimple structures
suggests greater fracture toughness in the MG matrix of fast-cooled MGC
being consistent with the above results of the estimated fracture
toughness in Fig. 4(c).

Notably, our research demonstrates that faster cooling rates can
significantly enhance the impact toughness of tungsten fiber-reinforced
MGGCs by increasing the fracture toughness of the MG matrix. From the
perspective of the potential energy landscape [42-44], MGs produced
with faster cooling rates occupy higher energy states than those pro-
duced with slower cooling rates. In other words, faster cooling rates can
elevate MGs to higher energy states, representing an experimental
strategy for rejuvenating MGs [45-48]. Consequently, our results imply
that the rejuvenation of the MG matrix by faster cooling rates can
effectively enhance the impact toughness of MGCs. However, due to
limitations in the current suction casting method, the rejuvenation effect
in our study remains constrained and should be further improved
through instrument upgrades. For example, reducing the cooling water
temperature or substituting cooling water with liquid nitrogen may
enhance the rejuvenation effect of the current strategy. Additionally,
other post-processing techniques such as shock compression, cyclic
loading, or non-affine thermal strain may further boost the impact
toughness of MGCs by rejuvenating the MG matrix. It should be noted
that the experimental strategy introduced in this work may be employed
for the fabrication of other metal-matrix composites. For example, fast
cooling rate can refine the microscopic grain structures and obviously
improve the mechanical properties of the high entropy alloys and Al
alloys [49,50]. Thus, by applying the suction casting method to prepare
the composites with the matrix of high entropy alloy or Al alloy, the
obtained composite samples may own the superior mechanical proper-
ties compared to the slow cooled ones. This topic will be included in our
research plan.

4. Conclusions

In conclusion, this study introduces a novel method for preparing
tungsten fiber-reinforced MGCs using suction casting, resulting in crack
and pore-free composites. The systematic investigation into the influ-
ence of tungsten fiber volume fraction and cooling rate on the impact
toughness of the MGCs was conducted. It was found that the impact
toughness of MGCs displays a gradual increase with increasing tungsten
fiber volume fractions. Specifically, when the volume fraction of tung-
sten fibers reaches 16 %, the impact toughness peaks at 42 J/cm?.

However, a further increase in the volume fraction to 19.2 % leads to the
reduced impact toughness due to the formation of pores at the interface
between the tungsten fiber and the MG matrix. What is more, MGCs
subjected to a faster cooling rate exhibit superior impact toughness
compared to their slow-cooled counterparts. This effect can be attrib-
uted to the increased intrinsic fracture toughness of MG matrix under
faster cooling rates, which enables the MGCs to generate multiple shear
bands and resist rapid shear band propagation. These findings not only
shed light on the rejuvenation effect induced by a faster cooling rate on
the toughness of MGs but also offer guidance for enhancing the impact
toughness of MGCs by rejuvenating the MG matrix.
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