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Abstract: Metallic glass matrix composites (BMGCs) with compositions of [(Zr0.5Cu0.5)0.925Al0.07Sn0.005]100−xTax (atomic 
fraction, %, x=3, 5, 7) were successfully prepared via dealloying in metallic melt. The reinforcing phase in these alloys 
has core-shell hybrid structure with Ta-rich particles as core and B2-CuZr as shell. In this method, the dealloyed Ta 
from Zr−Ta pre-alloys maintained in solid state and aggregated to form the fine Ta-rich phase in the final products.  
This effectively decreases the size of Ta-rich phase compared with that prepared via conventional arc-melting,    
where the Ta-rich phase was formed through dissolving and precipitation. Among the three compositions, 
[(Zr0.5Cu0.5)0.925Al0.07Sn0.005]95Ta5 showed the highest plastic strain of 11.2%, much higher than that of the arc-melted 
counterparts (4.3%). Such improvement in mechanical properties was related with the refined core-shell hybrid 
reinforcing structure, which could hinder the rapid propagation of main shear band more efficiently and cause them to 
branch and proliferate at the interface. 
Key words: metallic glass matrix composites; core-shell hybrid reinforcement structure; dealloying in metallic melt; 
strength and toughness; B2-CuZr 
                                                                                                             
 
 
1 Introduction 
 

Owing to the long-range disordered atomic 
structure, bulk metallic glasses (BMGs) generally 
exhibit excellent properties, such as high fracture 
strength, large elastic limit, and excellent corrosion 
resistance. These superior properties make BMGs 
one kind of the promising candidates in a wide 
range of applications, including biomedicine, 
aerospace and electronic products [1−5]. However, 
most BMGs suffer from localized deformation 
under external loading, leading to the rapid 
propagation of main shear bands and resulting in 

brittle fracture behavior. To address this challenge, 
researchers have introduced a secondary phase into 
the amorphous matrix through ex-situ external 
addition or in-situ precipitation to fabricate bulk 
metallic glass matrix composites (BMGCs). 
Tailoring the composite structure is one effective 
approach in improving the room-temperature 
plasticity of BMGs [6−11]. Generally, the in-situ 
secondary phase exhibits stronger bonding with the 
amorphous matrix and yields a better mechanical 
performance compared with the ex-situ counterparts. 
However, the strain softening phenomenon after 
yielding for most BMGCs limits their applications. 

To address this issue, PAULY et al [12] and WU 
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et al [13] proposed the transformation-induced 
plasticity (TRIP) effect in BMGCs, where an in-situ 
metastable B2-CuZr phase precipitates in CuZr- 
based BMGCs. The B2-CuZr phase could not only 
induce shear band proliferation to improve the 
plasticity, but also trigger the stress-induced 
martensitic transformations during deformation and 
subsequently lead to the work-hardening behavior 
[14−16]. Nevertheless, the B2-CuZr phase tends to 
aggregate due to the inhomogeneous elemental 
distribution and the different local cooling rates in 
the samples, resulting in non-uniform distributed 
large blocks. Such heterogeneous composite 
structure degrades the mechanical properties of 
these work-hardenable BMGCs [17−19]. 

The introduction of heterogeneous nucleation 
substrate should bring about smaller and more 
homogeneous distributed B2-CuZr phase [6−10,13, 
20,21]. For example, SONG et al [6] investigated 
the influence of TaW refractory particles on the 
dispersion of B2-CuZr. It was observed that larger 
high-melting-point particles promoted the 
nucleation of B2-CuZr and intensified its eutectic 
decomposition reaction. To date, the process 
designed to induce the in-situ nucleation substrates 
for B2-CuZr is still challenging and requires further 
extensive researches. 

The ductile Ta is also one of the common 
reinforcing phases in BMGCs [8,22−25]. For 
example, the Ta-rich phase has been successfully 
introduced in a Zr−Cu−Ni−Al amorphous matrix to 
improve mechanical properties by the concentration 
of shear stress at the interfaces during the plastic 
deformation of Ta-rich phase. The existence of 
ductile Ta-rich phase adjusts the shear stress 
distribution and triggers multiple shear band 
formation. LIAO et al [8] improved the mechanical 
properties of BMGCs by homogenizing the 
distribution of B2-CuZr phases, where the ex-situ 
Ta particles were directly added. However, in their 
case, the fraction of Ta particles was very limited 
and the improvement in the mechanical properties 
is noteless. LIU et al [26] incorporated a small 
amount of Ta into a B2-CuZr phase formable 
CuZr-based BMGCs. Owing to Ta addition, the 
B2-CuZr phase became more uniform that 
significantly improved the mechanical properties. 
They also developed a partial core-shell structure 
with Ta-rich phase as core and B2-CuZr as shell to 
reinforce the CuZr-based BMGCs [27]. This gives a 

good idea for the design of reinforcing phases in 
BMGCs. However, due to the limited Ta content, 
the volume fraction of Ta-rich particles as well as 
the core-shell interface area, is far from enough to 
modify the overall mechanical behavior [27]. Hence, 
a more distinct core-shell reinforcing structure 
should be optimized. 

In 2011, WADA et al [28] introduced the 
concept of liquid metal dealloying (LMD) reactions 
based on the following principle: in a binary (A−B) 
alloy, B can dissolve in C-melt (negative value of 
mixing enthalpy between B and C), while A cannot 
dissolve (positive value of mixing enthalpy between 
A and C). If A−B pre-alloy is immersed in C-melt, 
B will selectively dissolve into C-melt, separated 
from A−B alloy, and the remaining A diffuses and 
connects with pores inside. Meanwhile, the C−B 
melt infiltrates into these pores, promoting the 
continuous dealloying reactions in the inner part of 
A−B alloy. As a result, porous A with C−B filled in 
forms. 

Our previous study [10,20] applied such 
dealloying in metallic melt to prepare the in-situ 
Ti-reinforced Mg-based BMGCs. We have also 
successfully prepared in-situ [(Zr0.5Cu0.5)0.925Al0.07- 
Sn0.005]100−xTax (atomic fraction, x=3, 5, 7) BMGCs 
with a core-shell hybrid reinforcement structure 
(Ta-rich phase as the core and B2-CuZr as the  
shell) [29]. In the present study, we tried to 
introduce the dealloying in metallic melt in the 
preparation of refined core-shell hybrid reinforced 
BMGCs. Based on the relations in mixing enthalpy 
between elements, we designed to induce the 
dealloying by immersing Zr−Ta pre-alloy in a 
Cu−Al−Sn melt, where Zr from the pre-alloy can 
selectively into the Cu−Al−Sn melt and give rise to 
the B2-CuZr formable target Zr−Cu−Al−Sn melt. 
The remaining Ta in Zr−Ta should diffuse and 
collapsed to form Ta-rich reinforcing phase. Due to 
the low content of Ta in Zr−Ta pre-alloy, fine 
Ta-rich phase can be obtained after the collapse of 
ligament from the structure of high porosity. 
Following such theoretical design, we conducted a 
detailed investigation in the microstructure and 
mechanical properties of core-shell hybrid structure 
reinforced BMGCs with different Ta contents. The 
counterparts prepared by conventional arc-melting 
process, where Ta was firstly dissolved and then 
precipitated during solidification, were also 
fabricated for comparison. 
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2 Experimental 
 

The compositions of the BMGCs were 
designed to be [(Zr0.5Cu0.5)0.925Al0.07Sn0.005]100−xTax 
(atomic fraction, x=3, 5, 7). The raw materials of 
Cu, Zr, Al, Sn, and Ta pieces were used with 
purities exceeding 99.99 wt.%. Firstly, arc-melting 
was conducted in a water-cooled copper mold to 
fabricate Zr−Ta and Cu−Al−Sn pre-alloys under  
an argon atmosphere. Subsequently, Zr−Ta 
pre-alloy was mixed with Cu−Al−Sn pre-alloy by 
induction melting in a BN crucible under an   
argon atmosphere (melting/dealloying temperature 
~1473 K for 2 min) to fabricate the master alloy 
ingots. During the induction heating, the dealloying 
reactions in metallic melt occurred. Then, the 
molten alloy was cast into a 30 mm-diameter copper 
mold to fabricate Zr−Cu−Al−Sn−Ta master alloy. 
On the other hand, the conventional arc-melting 
was employed to mix the two pre-alloys to fabricate 
the master alloys. During each arc-melting process, 
the alloy was held at a molten state for 3 to 5 min. 
To ensure the chemical homogeneity, the alloy was 
flipped and melted at least four times. Finally, the 
obtained master alloys were subjected to injection 
copper mold casting to fabricate cylindrical BMGC 
specimens with a diameter of 2 mm and a length  
of 60 mm. The [(Zr0.5Cu0.5)0.925Al0.07Sn0.005]97Ta3, 
[(Zr0.5Cu0.5)0.925Al0.07Sn0.005]95Ta5 and [(Zr0.5- 
Cu0.5)0.925Al0.07Sn0.005]93Ta7 samples prepared using 
the dealloying method were labeled as Ta3-De, 
Ta5-De and Ta7-De, respectively, while those 
prepared through conventional arc-melting process 
as Ta3-Arc, Ta5-Arc and Ta7-Arc, respectively. 

The structures of the samples were examined 
by X-ray diffraction (XRD 6100) with Cu Kα 
radiation. The microscopic morphology and fracture 
surfaces of the samples were observed by scanning 
electron microscope (GeminiSEM300) equipped 
with an energy dispersive X-ray spectrometer (EDS, 
X-Max 50) with an energy resolution better than 
127 eV. The sample for SEM was cut from the 
lower end of the cylindrical specimens, inlaid in 
epoxy resin, and then polished for observation. 
Compression tests were conducted at room 
temperature with universal material testing machine 
(Zwick Z020) at a strain rate of 5×10−4 s−1. The 
compression specimens were cylindrical with a 
diameter of 2 mm and a length of 4 mm, featuring 

with smooth and flat ends. To ensure the 
reproducibility, at least 6 specimens were tested for 
each sample. 
 
3 Results and discussion 
 
3.1 Microstructures of BMGC samples 

Figure 1 shows the XRD patterns of Ta3-Arc, 
Ta3-De, Ta5-Arc, Ta5-De, Ta7-Arc and Ta7-De 
samples. All samples exhibit a prominent board 
 

 
Fig. 1 XRD patterns of samples with different Ta 
contents under two processes 
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peak in the range between 30° and 45°, 
corresponding to their amorphous matrix. 
Diffraction peaks representing the Ta-rich phase 
and B2-CuZr phase can be observed around 38°,  
56° and 70°, respectively. Besides, peaks of some 
unexpected crystalline phases such as B19′-CuZr, 
Cu10Zr7 and CuZr2 are also detected in Ta7-Arc and 
Ta7-De. This should be related with the degraded 
GFA of the matrix with high Ta content. With 
increasing Ta addition, large amount of Ta can be 
dissolved in the matrix to facilitate the precipitation 
of Ta-rich phase. In this case, more and more Al can 
be segregated into the Ta-rich phase due to the 
negative mixing enthalpy between Al and Ta. As a 
result, the concentration of Al decreases in the 
matrix. Such alteration of Ta and Al in the matrix 
reduced its GFA and promoted the precipitation of 
the crystalline phases. Whatever, the XRD results 
demonstrate that the phase constitution of samples 
with the same composition are very similar no 
matter they were prepared via arc melting or 
dealloying method. 

Figures 2(a, c, e) show the BSE (backscattered 
electron) images of Ta3-Arc, Ta5-Arc and Ta7-Arc, 
respectively. A substantial amount of Ta-rich phase 
is distributed on the amorphous matrix with 
B2-CuZr phase precipitating around. The Ta-rich 
phase is equiaxed in Ta3-Arc and Ta5-Arc, but it 
changes to dendritic in Ta7-Arc. In addition, the 
fraction of B2-CuZr phase increases in the sample 
with high Ta content due to the degraded GFA. 
Such high fraction also causes the aggregation of 
B2-CuZr phase. Moreover, B19ʹ-CuZr can be also 
detected in Ta7-Arc. Due to the lower thermal 
conductivity of Ta-rich phase compared with the 
matrix, a residual heat-affected zone forms around 
the interface between them and contributes to the 
generation of B19ʹ-CuZr phase during the cooling 
process. Furthermore, the deep gray Cu10Zr7 phase 
is also observed in Ta7-Arc, which may relate with 
the degraded GFA as discussed above. 

Figures 2(b, d, f) show the BSE images of 
Ta3-De, Ta5-De and Ta7-De, respectively. The most 
noticeable features are the significant refined and 
more uniformly distributed Ta-rich phase compared 
with their arc-melted counterparts. The dendritic 
Ta-rich phase is no longer exists even in the sample 
with high Ta content. This refined Ta-rich phase 
acts as effective heterogeneous nucleation sites for 

the B2-CuZr phase, giving rise to an increased 
number density of core-shell hybrid reinforcing 
structures. In the upper right corner of each image, 
a highly magnified view highlights the core-shell 
hybrid reinforcing structure formed through 
dealloying. This close-up view reveals the detailed 
structures of the core and the shell phases. The core 
phase is distributed in a spherical pattern, while the 
shell phase is evenly distributed around the 
spherical core. Such observation agrees well with 
our design, confirming the expected refinement 
effect of the dealloying method on the core-shell 
hybrid reinforcing structure. Figures 2(g, h) show 
the EDS results for Ta5-Arc and Ta5-De, 
respectively. It can be seen from the embedded 
composition table that Points A−C refer to the 
amorphous matrix, the B2-CuZr phase, and the 
Ta-rich phase, respectively. The unexpected 
crystalline phase is detected, as shown in Point D 
for Ta5-Arc. 

To further analyze the variations of the 
refinement effects in the samples with different Ta 
contents, the average size of Ta-rich phase was 
statistically analyzed using Image-Pro Plus software. 
It is found that as the Ta content increased, the 
Ta-rich phase in samples prepared by arc melting 
exhibited significant coarsening. In Ta7-Arc, the 
average size of the Ta-rich phase was about 
17.9 μm, two times that in Ta3-Arc (~9.1 μm). 
However, the Ta-rich phase did not apparently 
coarsen with increasing Ta content in samples 
prepared by dealloying. In Ta7-De, the average size 
of the Ta-rich phase was about 4.0 μm, which was 
only 25% larger than that in Ta3-De (~3.2 μm). This 
phenomenon is attributed to the low reaction 
temperature (significantly below the melting point 
of Ta) during the dealloying process. As a result, Ta 
did not melt and re-precipitate. Instead, Zr from the 
Zr−Ta pre-alloy was selectively dissolved into the 
melt (dealloying reaction), leaving Ta to aggregate 
together by diffusion. For the low atomic fraction of 
Ta in Zr−Ta pre-alloys, these Ta atoms could not 
form complete pore structures but collapsed into 
fine particles in the melt. Subsequent injection 
casting processes still maintain such low 
temperatures to ensure that the fine Ta-rich phase 
did not dissolve and re-precipitate. As a result, the 
fine Ta-rich phase can be found in the composites 
fabricated by dealloying reaction even at high Ta 
contents. 
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Fig. 2 BSE images of Ta3-Arc (a), Ta3-De (b), Ta5-Arc (c), Ta5-De (d), Ta7-Arc (e) and Ta7-De (f), and corresponding 
EDS results of Ta5-Arc (g) and Ta5-De (h)  
 

The volume fractions of Ta-rich phase in 
Ta3-De, Ta5-De and Ta7-De are found to be 1.3%, 
2.8% and 4.3%, respectively. It is noted that a 
higher Ta content results in a higher volume 
fraction of Ta-rich phase. We also further measured 
the size ratio of the core-shell in these samples. It is 
found that the core-shell size ratios (size of 
B2-CuZr phase to Ta-rich phase) were 1.9 for 

Ta3-De, 2.7 for Ta5-De, and 2.1 for Ta7-De. The 
finest particle of Ta-rich phase in Ta3-De may 
decrease the effective nucleation area for B2-CuZr 
phase, generating a finer B2-CuZr phase. 
Meanwhile, the more dissolved Ta in the matrix for 
Ta7-De degrades the B2-CuZr phase formality. 
Thus, the largest core-shell size ratio is obtained in 
Ta5-De. Moreover, we also calculate the volume 
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fraction of B2-CuZr phase based on the size ratio 
and the volume fraction of Ta-rich phase. It is also 
found that Ta5-De possessed the highest volume 
fraction of B2-CuZr phase (~22%), much higher 
than that of Ta3-De (~1.4%) and Ta7-De (~13.9%). 
However, despite of the refinement of the Ta-rich 
phase via dealloying reaction, the distribution of the 
B2-CuZr phase did not become more uniform in 
Ta7-De. Instead, large amount of B2/B19ʹ phases 
appeared in the center of the sample. Even though 
the influence of residual thermal stress at the 
interface was reduced due to the refinement of 
Ta-rich phase in Ta7-De, the higher Ta content 
causes more Ta to dissolve into the B2-CuZr phase 
and subsequently degrades its thermal stability. 
Thus, the B2-CuZr phase is more likely to 
transform to B19ʹ-CuZr phase. 

From above discussion, the optimal composite 
structure is obtained when Ta content is set to be 
5 at.%. In Ta5-Arc and Ta5-De, unexpected phase is 
hardly formed and the faction of Ta-rich phase is 
relatively high. Thus, we further compared the 
microstructure between Ta5-Arc and Ta5-De to 
clarify the refinement effect of dealloying reactions. 
Figure 3 presents the statistical results and fitted 
curves for the size distribution of Ta-rich phase in 
Ta5-Arc and Ta5-De. The size distribution of 
Ta-rich phase in Ta5-Arc is much broad, ranging 
from a few micrometers to a maximum of 24 μm. In 
contrast, the size distribution of the Ta-rich phase in 
Ta5-De is narrower, indicating better uniformity in 
the sample. Meanwhile, the higher content of 
B2-CuZr phase and larger size ratio of core-shell 
structure in Ta5-De samples will contribute to more 
obvious work hardening and plastic deformation. 
 

 
Fig. 3 Size distribution of Ta-rich phase in Ta5-Arc and 
Ta5-De 

The statistical results further confirm the significant 
effect of the dealloying method in refining and 
making the core-shell hybrid reinforced structure 
uniformly distributed, which is expected to greatly 
improve the mechanical properties of the BMGCs. 
 
3.2 Mechanical properties of BMGC samples 

Figure 4(a) shows the compressive stress− 
strain curves of the BMGCs prepared using 
different methods, and the detailed mechanical  
data are summarized in Table 1. The improved 
mechanical properties from Ta3-Arc to Ta3-De, and  
 

 
Fig. 4 Compressive stress−strain curves of Ta3-Arc, 
Ta3-De, Ta5-Arc, Ta5-De, Ta7-Arc and Ta7-De (a), and 
enlarged curves after yielding for Ta5-Arc (b) and 
Ta5-De (c) 
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Table 1 Mechanical properties (yield strength σy, fracture 
strength σf, fracture strain εf, and plastic strain εp) for 
samples 

Sample σy/MPa σf/MPa εf/% εp/% 

Ta3-Arc 1927±10 2090±10 2.2±0.1 0.7±0.1 

Ta3-De 1904±10 2383±10 6.2±0.1 4.1±0.1 

Ta5-Arc 1718±10 2214±10 5.9±0.1 4.3±0.1 

Ta5-De 1898±10 2439±10 13.5±0.1 11.6±0.1 

Ta7-Arc 1793±10 1793±10 2.1±0.1 − 

Ta7-De 1487±10 2008±10 4.9±0.1 2.2±0.1 

 
from Ta5-Arc to Ta5-De tell the advantages of 
dealloying process due to the refinement of 
core-shell hybrid structure. Ta3-De exhibits an 
ultimate strength of 2383 MPa and a plastic strain 
of 4.1%, higher than those of Ta3-Arc (2090 MPa 
and 0.7%). Ta5-De demonstrates an ultimate 
strength of 2439 MPa and a plastic strain of 11.6%, 
while those of Ta5-Arc are 2214 MPa and 4.3%. In 
contrast, due to the formation of unexpected hard 
phases and the transformed B19ʹ-CuZr from 
B2-CuZr in Ta7-Arc and Ta7-De, the plastic strain 
is largely impaired. 

Figures 4(b) and (c) are the enlarged stress− 
strain curves after yielding for Ta5-Arc and Ta5-De, 
respectively. Both figures show the obvious stress 
drops at the plastic deformation stage. It is noted 

that the stress drop is related with the initiation of 
shear bands, thus the serrated flow corresponds to 
the improved plasticity. Furthermore, the average 
value of such stress drop of Ta5-De is lower than 
that of Ta-Arc, indicating a lower energy barrier to 
initiate the shear bands and subsequent a more 
pronounced plastic deformability. 

Figure 5(a) illustrates the overall side view of 
the fractured Ta5-De, which exhibits a fracture 
angle of 43° and demonstrates a typical shear 
fracture mode of amorphous matrix composite 
materials. Figure 5(b) shows the lateral surface of 
fractured Ta5-De with high magnification, revealing 
multiple shear band features. This phenomenon 
arises due to the obstruction of rapid propagation of 
the primary shear band within the amorphous 
matrix by the dual-phase core-shell reinforcement, 
causing it to halt, branch, and proliferate [12,30,31]. 
The initiated shear bands deflect or proliferate into 
numerous small secondary shear bands at the 
interface between the matrix and the secondary 
phase. The interaction between densely distributed 
shear bands effectively impedes the instability 
transition of the primary shear band towards crack 
initiation. Given that each shear band corresponds 
to a certain amount of plastic deformation, the 
formation of multiple shear bands enhances the 
room temperature plastic deformability of the 
BMGCs [32,33]. 

 

 

Fig. 5 SE images (a−c) and BSE image (d) of fracture surface of Ta5-De: (a, b) Lateral surface; (c, d) Fracture surface 
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Figures 5(c, d) present the secondary electron 
(SE) and the BSE images of the fracture surface, 
respectively. They display the characteristic radial 
patterns and vein patterns of amorphous alloys. 
Additionally, tear-drop-shaped locally melted 
regions and dispersed areas enriched in Ta phase are 
observed. The radial patterns often appear around 
the Ta-rich phase (see Fig. 5(d)), indicating that the 
core-shell hybrid structure with lower hardness 
(compared with the amorphous matrix) may 
undergo yielding and deform prior to the   
BMGCs [34]. This structure dissipates the high 
strain field and stress concentration formed at the 
interface, effectively retarding crack initiation. The 
semi-lunar vein pattern, accompanied by localized 
melting, exhibits a very fine size, signifying the 
inhibition of microcrack propagation. The 
formation of locally melted regions is attributed to 
the accumulation of shear bands in certain regions, 
where the destruction of rupture releases high 
elastic strain energy instantaneously. It leads to a 
rapid increase in the local temperature, causing 
softening and ultimately resulting in the formation 
of locally melted regions. Generally, such fracture 
regions are considered to be a characteristic feature 
of BMGCs with extensive plastic deformation [35]. 

To provide a more detailed explanation of the 
reinforcement mechanism of the present core-shell 
hybrid structure reinforced BMGCs, the 

compression test was performed using Ta5-De with 
side surface polished to mirror end. Figure 6(a) 
shows a low-magnification BSE image near the 
fracture surface, where multiple shear bands are 
observed to undergo various changes in direction 
and proliferation. A significant number of multiple 
shear bands exhibit an intertwined distribution, 
indicating that the core-shell hybrid structure 
effectively impedes the rapid propagation of shear 
bands and the generation of destructive cracking. 
High-magnification SEM observation of the 
fracture morphology reveals that the shear bands 
cannot directly penetrate the B2-CuZr phase and the 
Ta-rich phase. Multiple shear bands are observed at 
the interface between the amorphous phase and the 
B2-CuZr phase, as well as that between the Ta-rich 
phase and the B2-CuZr phase, as illustrated in 
Figs. 6(b, c). Additionally, noticeable deformation 
and even fracture are observed in the Ta-rich phase, 
suggesting that both the core phase (Ta-rich phase) 
and the shell phase (B2-CuZr phase) facilitate shear 
band halting, branching, and proliferation. 
Moreover, such deformation in Ta-rich phase also 
releases the stress concentration at the interface, 
thereby mitigating the strain softening of the 
amorphous matrix. 

Based on the size and volume fraction of the 
core-shell reinforcing structure, the mean interphase 
spacing is determined by 

 

 
Fig. 6 BSE images of lateral surface of fractured polished Ta5-De with different magnifications 
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3
π

6
d

f
λ =                              (1) 
 
where λ is the interphase spacing, d is the size of the 
core-shell structure, and f is the volume fraction of 
the core-shell structure. The calculated results 
indicate that Ta5-De has the smallest interphase 
spacing of ~2.6 μm. This should effectively lower 
the mean free path of shear bands. As a result, a 
more severer interaction between shear bands with 
the reinforcing phases generates, subsequently 
contributing to a more profound shear band 
multiplication. 

Moreover, plate-like martensitic phases can be 
observed around the Ta-rich phase (Fig. 6(d)), 
indicating the stress-induced martensitic trans- 
formation during deformation. Figure 7 gives the 
XRD patterns of the samples before and after 
compression. It can be seen that diffraction peaks 
corresponding to the B19ʹ-CuZr phase appear in the 
fractured sample, accompanied by a decrease in the 
peak intensity of the B2-CuZr phase. This indicates 
that the body-centered cubic B2-CuZr phase 
undergoes a martensitic transformation to form the 
harder B19ʹ-CuZr phase under stress. The phase 
transformation induced hardening compensates for 
the softening of the amorphous matrix, thereby 
improving the overall mechanical properties of  
the BMGCs [36,37]. Simultaneously, the phase 
transformation of B2-CuZr during deformation 
releases the stress concentration in its vicinity   
and restricts the accumulation of free volume, 
further impeding the rapid expansion of shear  
bands. Finally, high stress is required to generate the 
 

 

Fig. 7 XRD patterns of Ta5-De before and after 
compression 

continuous expansion of shear bands, suppressing 
early necking and softening of the BMGCs [8,38]. 

Compared with a monolithic reinforcing phase, 
the core-shell hybrid structure exhibits a unique 
synergy strengthening effect. This is because that 
the differences in the elastic modulus and yield 
strength among the Ta-rich phase, B2-CuZr phase 
and amorphous matrix [16,34] result in 
non-uniform volumetric deformation under stress. 
The yield strength of the Ta-rich phase is relatively 
low [34]. Therefore, the deformation in Ta-rich 
phase should preferentially occur in the early stage 
of strain. This releases the stress concentration at 
the interface between the Ta-rich phase and the 
B2-CuZr phase, slowing down the initiation of 
early microcracks and allowing for the release of 
strain in the shell phase (B2-CuZr phase). As high 
stress is applied, the deformation of the B2-CuZr 
phase or even martensitic transformation leads to 
local volume changes and contributes to the further 
deformation in Ta-rich phase. It can absorb energy 
and facilitate work-hardening behavior. 

The non-uniform volumetric deformation 
among different phases also induces internal 
stresses in the B2-CuZr phase, producing a more 
complete martensitic transformation and dissipating 
energy. It promotes the proliferation and redirection 
of shear bands at the interface between the Ta-rich 
phase and the B2-CuZr phase, delaying the 
generation of microcracks at the interface and 
introducing multiple shear bands, as shown in 
Fig. 6(c). Additionally, it generates a great amount 
of hard B19'-CuZr phase to compensate for the 
softening of the amorphous matrix, thereby 
enhancing the work-hardening effect of the 
composite. 

In summary, the positive synergy effect 
between the Ta-rich phase and the B2-CuZr phase 
introduces a more complex stress field during 
deformation, which helps to dissipate energy and 
release stress concentrations through deformation in 
different stages and promotes the proliferation and 
redirection of shear bands. Additionally, it 
facilitates a more complete martensitic 
transformation in the B2-CuZr phase, resulting in a 
more pronounced work-hardening effect. The 
refined core-shell reinforcing structure obtained via 
dealloying in metallic melt should provide a great 
number of interfaces, which refers to those between 
the amorphous matrix and the B2-CuZr phase and 
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those between the core and shell phase. Such 
improvement in interface areas should further 
enhance the positive synergy effect from the hybrid 
reinforcing structure, making the samples show 
better mechanical performance compared with 
those produced via arc-melting process. 
 
4 Conclusions 
 

(1) The dealloying process refines the Ta-rich 
core effectively and thus decreases the size and 
homogenizes the distribution of the core-shell 
reinforcing phase. 

(2) The refined core-shell hybrid structure 
reinforced BMGCs via dealloying process exhibits 
improved mechanical properties compared with that 
via arc-melting process. Ta5-De shows the highest 
plastic strain (11.6%) among all the samples. The 
advantage is pronounced compared with Ta5-Arc 
(4.3%). 

(3) The refined core-shell hybrid-reinforcement 
structure provides a great area of interfaces, 
effectively hindering the rapid propagation of the 
main shear bands. Compared with the monolithic 
reinforcing structure, it exhibits unique synergy 
strengthening effects by introducing a more 
complex stress field during deformation. 
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摘  要：基于金属熔体中的脱合金反应成功制备成分为[(Zr0.5Cu0.5)0.925Al0.07Sn0.005]100−xTax (原子分数，%，x=3, 5, 7)

的非晶复合材料。该合金体系的增强相是以富 Ta 颗粒为核、B2-CuZr 为壳的核壳混合结构。该方法中，从 Zr−Ta

预合金中通过脱合金形成的 Ta 保持固态并聚集形成最终产物中的细小富 Ta 相。与传统电弧熔炼法通过熔解−沉

淀形成的富 Ta 相相比，该方法可有效减小富 Ta 相尺寸。在 3 种成分中，[(Zr0.5Cu0.5)0.925Al0.07Sn0.005]95Ta5 表现出

最高塑性应变，达到 11.2%，远高于电弧熔炼对应样品的 4.3%。这种力学性能的改善源于细化的核壳混合增强结

构，能更有效地阻碍主剪切带的快速扩展并促使其在界面处分枝增殖。 

关键词：非晶复合材料；核壳混合增强结构；金属熔体中脱合金反应；强韧性；B2-CuZr 
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