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1 Introduction
Bulk metallic glass matrix composites (BMGMCs) are 
similar to bulk metallic glass materials, and also have 
many advantages, including high elastic strain limit, 
high strength, good conductivity, and high magnetic 
permeability [1-3]. They have been widely used as 
semiconductors, superconductors, transformers, and other 
high magnetic permeability materials [4-6]. However, a 
fatal disadvantage of BMGMCs is poor plasticity, which 
can cause brittle fracture. This weakness has greatly 
limited their application in the field of engineering [7-9]. 
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Therefore, ways to improve the plasticity of BMGMCs 
has become an interesting topic in recent years. 

In the 1970s, Turnbull D revealed that the formation 
of the shear bands meant the occurrence of plastic 
deformation of amorphous alloys, and the deformation 
was concentrated in the local areas around the shear 
bands [10]. By studying the relationship between shear 
band characteristics and the plasticity of BMGMCs [11-13], 
it was found that the plasticity was improved effectively 
as the quantity of shear band increased. It was also 
found that a single shear band would easily lead to 
brittle fracture with very low plasticity, while multiple 
shear bands could enhance the plasticity [14]. Studying 
the effects of shear band spacing on the plasticity 
showed a narrow shear band average spacing in samples 
with good plasticity [15, 16]. There is a general law that 
the BMGMC would have perfect plasticity if the shear 
bands have complex characteristics such as multiple 
shear bands, a high density of shear bands, and narrow 
distances between the shear bands.

Plasticity is not only related to the characteristics 
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of the shear bands, but also to the movements of the shear 
bands. Hays et al. [17] found that crystals with good toughness 
easily initiated the shear bands and promoted the shear bands 
to multiplicity. Qin et al. [18] studied Cu-based BMGMC 
and found that the ductile dendrites deflected the shear band 
propagating direction, resulting in shear band branching, which 
improved plasticity. Larger crystals were also found to affect 
the movements of shear bands, for example, blocking the 
expansion of shear bands, promoting shear band multiplicity, 
intersecting shear bands in different directions, inducing 
the branching of the shear bands, forcing the shear bands to 
bend, and causing the expansion directions to shift [19-23]. The 
relationship between the content of the crystal phase and 
shear bands in BMGMCs showed that as the crystal content 
increased, the shear bands underwent some of the movements 
mentioned above [24]. The toughness of crystals, crystal size, 
and content of crystal play an important role in affecting the 
properties of the shear bands, which in turn affect the plasticity 
of the BMGMCs.    

Based on the fact that semi-solid isothermal treatment could 
greatly improve the plasticity of traditional metal materials, 
this study explored whether this method would have the same 
effect on Ti48Zr27Cu6Nb5Be14 BMGMCs. The characteristics 
and movements of shear bands in different regions of fractured 
samples were observed to study the plasticity of as-cast 
and semi-solid samples. These characteristics were used to 
explore the mechanisms of non-uniform deformation and how 
semi-solid isothermal treatment improved the plasticity of 
BMGMCs.

2 Experimental procedure
Ti, Zr, Nb, Cu, and Be with purity greater than 99.995% were 
mixed and melted in argon atmosphere by arc melting to 
prepare ingots with the composition of Ti48Zr27Cu6Nb5Be14, 
configured according to atomic ratio. The ingots were melted 
4-5 times to ensure chemical homogeneity and then cast into a 
water-cooled copper mold to obtain as-cast Ti48Zr27Cu6Nb5Be14 
samples with a diameter of 4 mm and a length of 70 mm.    

For the semi-solid Ti48Zr27Cu6Nb5Be14 samples, first, the as-
cast Ti48Zr27Cu6Nb5Be14 samples were vacuum encapsulated 
inside quartz tubes to avoid high temperature oxidation. 
Second, an electr ic furnace (YFFG40/13G-YC) was 
heated to 900 °C in advance, and the encapsulated as-cast 
Ti48Zr27Cu6Nb5Be14 samples were put into the electric furnace. 
Lastly, these samples were kept at 900 °C for 10 min, and then 
were water quenched, obtaining the semi-solid samples.     

The phase constitution was tested by X-ray diffraction (XRD) 
with Cu Kα radiation. The microstructure was observed by 
scanning electronic microscopy (SEM), and the compositions 
of the crystals were tested by energy dispersive spectroscopy 
(EDS). Room temperature uniaxial compressive tests were 
completed by an universal mechanical tester (Instron 5582) 
at the rate of 5×10-6 s-1. Compression samples were prepared 
from the middle of as-cast and semi-solid samples, 4 mm in 

diameter and 7 mm in length. The upper and lower surfaces of 
the compression samples were polished to make them parallel 
to each other and perpendicular to the loading direction. 

Image-Pro Plus V6.0 (IPP) software was used to identify the 
crystals and amorphous matrix in the metallographic images 
as different colors. The crystals were recognized according to 
the color. Volume fractions and the number of crystals were 
determined by IPP, and the area of each crystal was measured 
using the IPP program. Then, the average crystal size D was 
calculated according to the following Eq. (1) [25]:

(1)

where Ai is the area of the ith crystal and N is the total number 
of crystals that are counted. 

3 Results
3.1 Microstructure and plasticity
Figure 1 shows the SEM micrographs of the as-cast and semi-
solid samples. The crystal phase volume fractions of as-cast 
and semi-solid samples of Ti48Zr27Cu6Nb5Be14 are 62.3% and 
58.4%, respectively. The numerators of Eq. (1) corresponding 
to the as-cast and semi-solid samples are 1,347.7 μm and 
4,312.8 μm, and the corresponding values of the denominator 
N are 609 and 238, respectively. Therefore, the average grain 
sizes are 2.2 μm and 18.1 μm for the as-cast and semi-solid 
samples, respectively. This means that the crystal sizes are 
greatly increased following the isothermal treatment. The 
crystal shapes change from fine, granular, and dendritic to 
spherical or vermicular. The EDS results of crystal of the 
as-cast and semi-solid samples at the white point in the top 
right corner of the micrographs are shown in Fig. 2. Table 1 
provides the element content of these samples determined by 
EDS. The Ti, Zr, Cu and Nb element content of the as-cast 
crystal is 58.50wt.%, 29.28wt.%, 5.42wt.% and 6.80wt.%, 
respectively, and in the semi-solid crystal is 62.93wt.%, 
26.37wt.%, 2.08wt.% and 8.62wt.%, respectively. Table 1 
shows that the Ti and Nb contents in the crystals increase after 
isothermal treatment, replacing part of the Cu and Zr due to 
atomic diffusion, and Be is not dissolved in the crystals, which 
is consistent with a previous study [26]. XRD spectra (Fig. 3) 
shows that the crystal phases of the as-cast and semi-solid 
samples are both bcc β-Ti phase, indicating that the semi-solid 
isothermal treatment does not cause a phase transition.

Stress-strain curves of the as-cast and semi-solid samples 
obtained by compression testing are shown in Fig. 4. The 
compressive plasticity of as-cast and semi-solid samples at 
ambient temperature, εas-cast and εsemi-solid, is 5.31% and 10.23%, 
respectively. This means that the plasticity is improved by 
92.66% after isothermal treatment, and also shows that the 
isothermal treatment contributes to improving the plasticity of 
Ti48Zr27Cu6Nb5Be14.
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Fig. 3:	XRD spectra of as-cast and semi-solid 
Ti48Zr27Cu6Nb5Be14 samples

Fig. 4:	Compressive stress-strain curves of as-cast 
and semi-solid Ti48Zr27Cu6Nb5Be14 samples

Fig. 1: Structure characteristics of Ti48Zr27Cu6Nb5Be14: (a) as-cast sample; (b) semi-solid sample

Fig. 2:	Results of EDS corresponding to scanning white points shown in top right corner micrographs: 
(a) EDS of as-cast crystal; (b) EDS of semi-solid crystal

Table 2: Element contents of as-cast and semi-solid crystals, 
corresponding to EDS measurements in Figs. 2(a) 
and 2(b) (wt.%)

Sample Ti Zr Cu Nb

As-cast 58.50 29.28 5.42 6.80

Semi-solid 62.93 26.37 2.08 8.62

(b)(a)

3.2 Shear band characteristics 
Figure 5 shows a schematic of shear band observation area on 
the side surface of the compression fracture Ti48Zr27Cu6Nb5Be14 
specimens. As-cast and semi-solid samples are shown in blue 
and yellow, respectively. In Fig. 5, the side surface regions 
a-d and A-D of the as-cast and semi-solid fracture samples 
are selected to observe the shear bands respectively, and the 
plasticity of as-cast and semi-solid samples was studied.

As-cast Semi-solid

10 μm 20 μm

(b)(a)
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Fig. 5:	Schematic of shear band observation area on side 
surface of compression fracture specimens

stress direction and shear bands expanding straightly through 
the crystals and amorphous matrix. The length of shear band 
expansion is great, as shown in Fig. 6(a). The shear bands 
penetrate the crystals along a straight line, as shown in Fig. 6(I), 
which is a local enlarged image of the red boxed area I in 
Fig. 6(a). Compared with Area a, Area b has fewer shear 
bands and the visibility of shear bands is weakened, as 
shown in Fig. 6(b). The shear bands of Area c are unapparent. 
In addition, the quantity of shear bands is less than in either 
Areas a or b, as shown in Fig. 6(c). There are nearly no shear 
bands in Area d, as shown in Fig. 6(d). As the as-cast sample, 
when the local area is far away from the fracture surface (i.e., 
from Area a to Area d), it can be inferred that the shear bands 
spacing enlarges by degree, shear band length decreases 
gradually, and the shear band gradually becomes unobvious 
and eventually disappears.

Fig. 6:	Side surface shear band morphology of a fractured as-cast Ti48Zr27Cu6Nb5Be14 sample, 
(a), (b), (c), and (d) represent Areas a, b, c, and d shown in Fig. 5, respectively

(d)

(c)(b)

(I)(a)

a A

d
c
b

D
C
B

F

Fracture

Fracture

F

As-cast Semi-
solid

Compression test

Figure 6 shows SEM micrographs of the side surface 
morphology (corresponding to a-d areas in Fig. 5) of fractured 
as-cast Ti48Zr27Cu6Nb5Be14 sample. In Area a, there are very 
clear approximately parallel shear bands along the shear 
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Fig. 7:	Lateral surface shear band morphology of a fractured semi-solid Ti48Zr27Cu6Nb5Be14 sample, 
(a), (b), (c), and (d) represent Areas A, B, C, and D shown in Fig. 5, respectively

Figure 7 shows SEM micrographs of the lateral morphology 
(corresponding to Areas A-D in Fig. 5) of a semi-solid 
Ti48Zr27Cu6Nb5Be14 sample. As shown in Fig. 7(a), the shear 
bands have more distinct features, such as a very large number 
of shear bands, high density, and narrow shear band spacing 
inside the crystals compared with the amorphous matrix. The 
expansions of shear bands are blocked and terminated within 
the crystals, so that the lengths of shear bands are short, and  
the expansion directions of shear band are shifted. The shear 
bands are multiplied and bent. The shear bands are found along 
different directions and some of them even cross, as shown 
by the blue and white arrows in Fig. 7(I), which is a partial 
enlargement of the red boxed area in Fig. 7(a).

There are also a large number of shear bands in Area B, 
corresponding to Fig. 7(b). Some of the shear bands along 
different directions cross, similar to Area A. However, the 
number of shear bands noticeably decreases compared with 
Area A, and the shear band spacing is larger than that in Area A. 

Movements of the shear bands including bending, intersecting 
of shear bands in different directions, and multiplying, are 
present in Area B, but are not as obvious as in Area A.  

Figure 7(c) shows that the shear bands of Area C only exist 
in the crystals and the distribution is sparse. The number of 
shear bands is further reduced, comparing with Figs. 7(a) and 
(b). The biggest feature of Area C is that no shear band is 
found in the amorphous matrix. This suggests that the shear 
bands firstly form in the crystals and then extend into the 
amorphous matrix. In Area D, no shear bands are observed 
in either the crystals or the amorphous matrix, as shown in 
Fig. 7(d). In all, for the semi-solid sample, from Areas A to D, 
the shear band characteristics show three main changes: (1) the 
number of shear bands gradually reduces to almost zero; (2) 
the offset of the expansion direction of shear bands becomes 
less and less obvious; (3) multiplying, bending, branching and 
intersecting of shear bands become weaker and then almost 
disappear.

(d)

(c)(b)

(I)(a)
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4 Discussion and analysis   
4.1 Local strain and stress
Since the characteristics of shear bands can reflect plasticity, 
and the plasticity is the comprehensive reflection of countless 
local plasticity, the local plasticity was analyzed in combination 
with the change characteristics of these shear bands from Areas 
a-d or A-D mentioned in Section 3 to obtain the relationship 
between shear bands and plasticity. 

εa, εb, εc and εd are defined as the local plastic strain of Areas 
a, b, c, and d in the as-cast samples, respectively. In the same 
way, εA, εB, εC, and εD are defined as the local plastic strain of 
Areas A, B, C, and D in the semi-solid samples, respectively. 
εas-cast and εsemi-solid are defined as the global plastic strains of 
as-cast and semi-solid samples, respectively. According to 
the shear band characteristics, it could be inferred that εa > 
εb > εc > εd and εA > εB > εC > εD. This shows that the plastic 
deformation of the as-cast and semi-solid samples is non-
uniform. Similarly, the relationship of the plastic strains in 
local regions corresponding to as-cast and semi-solid samples 
is εA > εa, εB> εb and εC > εc, which shows why the global 
plastic strain εsemi-solid > εas-cast.

The shear band characteristics in different areas of the 
fracture sample are different, and the generation of shear band 
is related to stress. Therefore, it is necessary to explore the 
relationship between stress and shear bands. The generation of  
shear bands is a significant manifestation of plastic strain and 
also marks the yield strength of the local area. The crystals and 
amorphous matrix are different phases, so it is logical that their 
yield strengths are different. 

For the semi-solid samples, σcrystal is defined as the yield 
strength of the crystal phase and σmatrix is the yield strength of 
the amorphous matrix. σ is defined as the stress in the process 
of compression loading. First, suppose σmatrix < σcrystal. During 
compression loading, the stress σ increases gradually. When 
σmatrix < σ < σcrystal, the amorphous matrix yields first, and the 
shear bands form in the amorphous matrix. However, Figure 7(c) 
shows that the amorphous matrix has no shear bands, while 
the crystals have shear bands. It could be deduced that the 
amorphous matrix does not yield and it is still in the elastic 
deformation stage, while the crystal has already yielded, 
resulting in plastic deformation. This means that the crystals 
are easier and earlier to yield than the amorphous matrix. The 
supposition is contrary to the actual result, so the relationship 
is actually σcrystal < σmatrix.

When the local stress σ < σcrystal, it is implied that no shear 
bands are formed in either the crystal or the amorphous matrix, 
in accordance with Fig. 7(d). When σcrystal < σ < σmatrix, shear 
bands form in the crystals, and no shear bands in the amorphous 
matrix, consistent with Fig. 7(c). When σ > σmatrix, shear bands 
are generated in both the crystal and amorphous matrix, 
reflected in Fig. 7(b). When σ >> σmatrix, the shear bands are 
observed both in the crystals and amorphous matrix, and the 
shear band characteristics and movements are very complex, 
as shown in Fig. 7(a). If σA, σB, σC and σD are defined as local 

stresses of Areas A, B, C and D, respectively, the relationship 
between the local stress and yield strengths is σA > σB > 
σmatrix > σC > σcrystal > σD. From the above analysis, Area A of 
the semi-solid samples, which is closest to the fracture area, 
has greater stress and its plastic deformation is greater than 
other areas.

For as-cast samples, σa, σb, σc and σd are defined as local 
stress of Areas a, b, c and d, respectively. Their shear bands 
characteristics are simple and the relationship between σmatrix 
and σcrystal of the as-cast samples could not be inferred. But 
the relationship σa > σb > σc > σd could be still determined 
according to shear band characteristics. This shows that the 
local stresses of as-cast and semi-solid samples are uneven 
distributions.  

4.2 Analysis of shear band expansion
The expansion ability of the shear band is related to its own 
energy, and high energy means strong expansion ability. 
Usually, the energy is mainly estimated by the temperature of 
the shear bands, as shown in Eq. (2) [27]:

(2)

where ΔH is the energy contained in the shear band, ΔTcentre is 
the difference between the core temperature of a single shear 
band and the ambient temperature, ρ is the material density, c 
is the specific heat, α is the thermal diffusion coefficient, and t 
is the shearing duration time. The chemical compositions of the 
as-cast and semi-solid samples are similar, so the parameters 
are unchanged, except for ΔTcentre. As the number of shear 
bands in the as-cast sample is far less than that of the semi-
solid sample, and when the total temperature rise of the sample 
is constant during compression, the temperature rise (ΔTcentre) 
of each shear band in the as-cast sample is much greater than 
that of the semi-solid sample, which means that the ΔH of 
Area A is less than in Area a for a shear band. Therefore, the 
single shear band in the as-cast samples has stronger expansion 
ability due to having more energy than those in the semi-solid 
samples, so that the former could expand a longer length than 
the latter. This is one of the reasons why the shear bands of as-
cast samples expand larger lengths than semi-solid samples. In 
addition to expansion ability, the extension lengths of the shear 
bands are also related to the crystal sizes and spacing, and 
their effects on the extension lengths of the shear bands will be 
discussed next. 

In the semi-solid samples, the crystal sizes are large, and the 
shear bands cannot bypass these crystals to expand. So, when 
these crystals are inevitably passed through, the expansion 
would encounter great obstacles, causing the expansion to be 
forced to stop in these crystals. Thus the extension lengths 
of the shear band are small. Another point is that, for the as-
cast samples, the crystals can't hinder the expansion of shear 
bands and are passed through, as shown by the blue arrows 
in Fig. 8(a), and fine crystals are bypassed along their edges, 
as shown by the white arrows in Fig. 8(b) (I, II, III, IV) in the 
corresponding red boxed areas (I, II, III and IV) in Fig. 8(a). 
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This indicates that the expansion lengths of the shear bands 
are large because the crystals cannot actively prevent the 
expansion of the shear bands. 

In order to learn more about the relationship between 
the lengths of the shear bands in the as-cast and semi-solid 
samples, Figure 9 was created.  Figure 9 is a schematic diagram 
of shear bands passing through large crystals and bypassing 
fine crystals. Red lines represent the shear bands, blue circles 
represent the large crystals of semi-solid samples and yellow 
circles represent the crystals of as-cast samples. D and d are 
defined as the average crystal sizes of the as-cast sample and 
the semi-solid samples, respectively. γ is defined as the average 
crystal spacing.

Fig. 8:	Lateral surface shear band morphology of Area a (a), and enlarged views (I, II, III, IV) (b) of red boxed areas 
in (a), which show that shear bands could bypass fine crystals and continue to expand

Fig. 9:	Schematic diagram of shear bands passing through 
large crystals and bypassing fine crystals

As the crystals of the Ti48Zr27Cu6Nb5Be14 are bcc β-Ti before 
and after the semi-solid isothermal treatment, it is proposed 
that the energy consumed by the extension of the shear bands 
through the unit length of the semi-solid crystals is approximate 
to that of the as-cast crystals. The energy consumption of 
the shear bands mainly depends on crystal size and quantity. 
According to the average crystal size, one crystal of the semi-
solid sample is equivalent to eight crystals of the as-cast 
sample. The amorphous matrix is a brittle phase and consumes 
only a tiny bit of energy when the shear bands pass though the 

matrix. This explains why there is unlimited extension of the 
shear bands in the amorphous matrix. The energy consumed by 
the extension of the shear bands in the amorphous matrix can 
be ignored.

The relationship between the shear band lengths of as-cast 
and semi-solid samples was also analyzed. L1 and L2 are defined 
as the lengths of the shear bands, which pass through one large 
crystal of the semi-solid sample and eight crystals of the as-cast 
sample, respectively. L1 = D ≈ 8d.

The parameter γ represents average crystal spacing of as-cast 
samples and n represents the number of fine crystals. When 
there are no fine crystals, L2 = 8d + 7γ, as shown in the top row 
in Fig. 9. When there is one fine crystal, L2 = 8d + 8γ (second 
row in Fig. 9). When there are two fine crystals, L2 = 8d + 9γ 
(third row in Fig. 9). When there are n fine crystals, L2 = 8d + (7 
+ n)γ ≈ L1 + (7 + n)γ (last row in Fig. 9). These examples show 
that L2 > L1 and when n is very large, L2 >> L1. 

In summary, the shear bands of as-cast samples expand 
along straight lines by passing through crystals and bypassing 
fine crystals, so that extension lengths are fairly long. These 
factors easily result in the infinite expansion of the shear 
bands, which eventually lead to brittle fracture in the as-cast 
samples. This reveals the mechanism behind the poor plasticity 
of as-cast BMGMCs. Another point is that the initiation of 
shear bands in the crystals is mainly attributed to dislocations 
because dislocations transform into shear bands under stress [28]. 
When the dislocation density is the same, the large crystals of 
semi-solid samples have a greater number of dislocations than 
the crystals of as-cast samples, so the large crystals could form 
a greater number of shear bands than general crystals. A great 
number of shear bands are one of the reasons for the increase 
of plasticity. In addition, the large crystals affect the shear 
band movements, such as hindering the expansion to promote 
the shear bands multiplication, branching and bending. These 
several factors indicate that semi-solid samples have better 
plasticity because of the large crystals. Accordingly, it reveals 
that the mechanism behind increasing the plasticity of the 
semi-solid isothermal treatment is to form large crystals.

(a) (b)
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5 Conclusions
(1) The average grain sizes of the as-cast and semi-solid 

samples are 2.2 μm and 18.1 μm, respectively. The semi-solid 
isothermal treatment does not cause a phase transition, the 
crystal phases of the as-cast and semi-solid samples are both 
bcc β-Ti phase .

(2) Shear band characteristics in different areas reveal the 
mechanisms of inhomogeneous deformation and uneven stress 
distribution in Ti48Zr27Cu6Nb5Be14 during compression. As 
the distance from the fracture point increases, local stress and 
plastic deformation gradually decrease. 

(3) Shear bands of the as-cast samples pass through or 
bypass the crystals, and the crystals cannnot actively block the 
expansion of the shear bands, which leads the shear bands to 
have the characteristics of small number, instability expansion, 
long length and expansion along straight line, and so on, 
resulting in brittle fracture, and the plasticity is only 5.31%.

(4) Semi-solid isothermal treatment substantially enhances 
the plasticity, up to 10.23%, of BMGMCs by forming large 
crystals, which play an important role in creating abundant 
shear band characteristics, such as large number, multiplicity, 
bend, branch, and intersection of shear bands.   
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