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Abstract: The compressive deformation behaviors and microstructures of CugsZrsgAlyNbz bulk
metallic glass composites with diameters of 3, 2, and 1 mm were investigated systematically. It was
found that the smallest sample showed the highest yield strength and compressive plasticity. The yield
strength of the samples was found to depend on the fraction of their crystalline phases in the glassy
matrix. The smaller samples showed larger free volumes, which is favorable for plastic deformation.
The deformation behavior of the samples was found to depend on their size. The results obtained in
this study will be helpful for investigating the mechanical behavior of metallic glass composites.
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1. Introduction

Due to their high strength, low elastic modulus, and good wear resistance, bulk metallic glasses
(BMGs) have gained significant attention for practical applications. However, the inadequate plastic
deformation of BMGs at room temperature limits their practical applications [1-4]. In recent years,
various efforts have been made to overcome this limitation. It has been reported that the formation
of BMG composites (BMGCs) is an effective approach to improve the room-temperature plasticity
of BMGs [5-7]. CuZr-based BMGs exhibit excellent glass-forming ability. The addition of Ta and
Nb to BMGs can result in the formation of BMGCs [8-13]. Such BMGCs show optimum plasticity
at room temperature, as evidenced by their typical stress—strain curves with serration flows [14-17].
It has been reported that the microstructure and mechanical properties of BMGs depend significantly
on their sample-sizes. Wu et al. [18] investigated the effect of the sample-size on the failure mode
and compressive plasticity of different BMGs. They found that the plasticity of the samples was
significantly affected by their cooling rate and sample-size. Xiao et al. [19] reported that a decrease in
the sample-size of TiZrCuNi BMGs increased their cooling rate and compressive plasticity. However,
the effect of the cooling rate on the compressive properties of BMGCs is still unclear. Hence, the cooling
rate of BMGCs should be adjusted in order to further improve their compressive plasticity. In this study,
we successfully fabricated CuysZrsg Al4Nbs BMGC samples with diameters of 3, 2, and 1 mm and
investigated the effect of sample-size on their microstructures and compressive deformation behaviors.
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2. Experimental Procedure

The CuysZryg Al4Nbs BMGCs were fabricated by electric arc melting the raw materials (purity
> 99.9%) in a Ti-gettered argon atmosphere. The ingots were re-melted five times in order to ensure
compositional homogeneity. Cylindrical samples with a length of 50 mm and different diameters of 1,
2, and 3 mm were prepared using a copper mold via the suction-casting method. The phase structures
of the test specimens were examined by x-ray diffraction (XRD) with Cu-K« radiation (A = 1.5405 A,
20 = 20°-80°, step size of 0.02°). The XRD specimens were cut from the cylindrical sample by wire
cutting and then the cross-section was ground with abrasive paper. The thermal analysis of the test
specimens was carried out using differential scanning calorimetry (DSC, Netzsch STA449-F3) at a
heating rate of 0.33 K/s. The microstructures of the cast samples were analyzed using an optical
microscope (OM, Carl Zeiss, Shanghai, China) and transmission electron microscopy (TEM, JEM-2010F).
The TEM samples were prepared by mechanically grinding and electrolytic double spraying in a mixed
solution of perchloric acid and methanol (the current of double spraying was 4.5 A). Compression
samples with the diameters of 1, 2, and 3 mm and heights of 2, 4, and 6 mm were prepared. Quasi-static
compression tests were carried out on a testing machine (Product model INSTRON-5569, Canton, OH,
USA,)) at room temperature at a constant strain rate of 3 x 10~*s7L. Each compression experiment was
repeated six times. The surfaces of the fractured specimens were examined by scanning electronic
microscopy (SEM, MX2600FE, Leoben, Austria).

3. Results and Discussion

Figure 1 shows the XRD patterns of the CuysZr43Al4Nbs BMGC samples with the diameters of 1, 2,
and 3 mm. The XRD patterns of the samples exhibited only one broad diffraction peak, indicating that
the samples showed a glassy structure. The higher diffraction peak intensity means a larger number of
glassy structure. Compared with the 2 mm and 1 mm samples, a small diffraction peak intensity was
observed on the 3 mm sample, which means that the 3 mm sample may have some crystalline particles.
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Figure 1. X-ray diffraction (XRD) patterns of the Cuy5ZrygAl;Nbs BMGC samples with the diameters
of 3 mm, 2 mm, and 1 mm.

The DSC curves of the BMGC samples with the diameters of 1, 2, and 3 mm are shown in
Figure 2. Figure 2a shows that the glass transition of the samples was followed by an exothermic
crystallization heat event. The 3 mm sample exhibited the smallest heat release region among all the
samples. This indicates that the 3 mm sample exhibited the largest crystalline phase fraction among
all the samples. As can be observed from Figure 2b, the enthalpy release (AH) values of the 1, 2,
and 3 mm samples were 2.3, 1.6, and 1.1 J/g, respectively. The enthalpy release of the samples was
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linearly proportional to their free volume contents [20]. This indicates that the 1 mm sample showed
the largest free volume. The previous study reported that the enthalpy release of the samples can
reflect the content of crystalline phase in the specimen. The smaller the enthalpy release, the higher the
content crystalline phase in the specimens [20]. Therefore, compared with the 1 mm sample, the 3 mm
sample contained some crystalline particles. The cooling rates of the samples were calculated using
the following equation: T (K/s) = 10/R? (cm) [21], where T is the achieved cooling rate and R is the
radius of the as-cast samples. The cooling rates of the 1, 2, and 3 mm samples were calculated to be
4000, 1000, and 444 K/s, respectively. Hence, the cooling rates of the samples depended on their as-cast
diameters. An increase in the cooling rate can increase the free volume of BMGCs [22]. Hence, the
1 mm sample exhibited higher free volume than the other two samples.
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Figure 2. Differential scanning calorimetry (DSC) curves of the CuysZr 3 Al4Nbs BMGC samples with
different diameters, (a) in the temperature range of 600-800 K, (b) is the magnified view of (a).

Figure 3 shows the OM images of the cross-sectional microstructures of the Cuy5Zr43Al4Nb3
BMGC samples with different diameters. The 1 mm sample exhibited an almost glassy microstructure
with few crystalline phases. The 2 and 3 mm samples exhibited a few spherical grains with different
sizes. This indicates that the samples showed different microstructures during the rapid solidification
process. The content of crystalline phase was roughly estimated by DSC. However, in order to precisely
describe this, further experiments are needed to confirm this [23,24].

Figure 4 shows the compressive strain-stress curves of the three CuysZrs3Al4Nbs BMGC samples
with different diameters. The three samples exhibited considerable plastic deformation during the
quasi-static compression process (Figure 4a). The 1 mm sample exhibited higher yield strength
and plastic strain (1720 + 60 MPa and 6.7%) than the 2 mm (1625 + 60 MPa and 1.2%) and 3 mm
(1610 + 60 MPa and 0.8%) samples. In contrast, the 1 mm sample also exhibited lower value of
elastic modulus (88.0 + 0.5 GPa) than the 2 mm (93.2 + 0.4 GPa) and 3 mm (93.7 + 0.5 GPa) samples.
The modulus of the amorphous phase was lower compared with the crystalline one [2,3]. The results
suggest that the 3 mm sample had the largest number of crystalline fraction, which is consistent with
the DSC results obtained in this study. Hence, the smallest sample showed the highest yield strength
and plasticity with serrated flow. The serrated flow behavior of the sample can be attributed to the
formation of shear bands. The serrated flow of the samples increased with a decrease in their diameter
(Figure 4b). The serration event included the accumulation of elastic energy and the consumption of
elastic energy, which led to the production of the shear band [25]. As shown in the inset of Figure 4b,
larger stress-drop implied higher elastic energy released, resulting in more shear bands. The 1 mm
sample showed the largest serrated flow among all the samples, indicating that it formed the largest
number of shear bands among all the samples before compression fracture. Zhang et al. reported
that the serrated flow behavior of BMGCs significantly depended on their free volume [26]. This is
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consistent with the DSC and OM results obtained in this study. The results suggest that the yield
strength and plastic deformation of the samples were affected by their diameter.
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Figure 3. Optical microscopy (OM) images of the cross-sectional microstructures of the CuysZrsg Al Nbj
BMGC samples with different diameters, (a) 1, (b) 2, (¢) 3 mm.
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Figure 4. Compression stress—stain curves of the CuysZrsg Al Nbs BMGC samples with different
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diameters (a), (b) is the magnified view of (a), and the value of the stress-drop is shown in the inset of
Figure (b).

The side views and surface morphologies of the compressive fractured CuysZrsg Al;Nbs BMGC
samples with different diameters are shown in Figure 5. It can be observed from the figure that shear
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fracture was the dominant fracture mode of the samples. Figure 5a—c show that the shear angle of the
samples decreased from 49 to 45° with an increase in the sample diameter from 1 to 3 mm. Multiple
shear bands were observed on the lateral surface of the 1 mm sample (insets of Figure 5a). The 2 mm
and 3 mm samples showed few shear bands (insets of Figure 5b,c). Vein-like structures were visible on
the fracture surfaces and some melting regions were formed, as shown in Figure 5a—c. In addition, the
sizes and shapes of the vein-like structures observed on the 1 mm sample were completely different
from those observed on the other two samples. Typical vein-like patterns appeared on the fracture
surfaces of the three samples because of the local viscous flow occurring during the shear deformation
process. The vein-like structure was caused by shear band obstruction. Unlike the 1 mm sample, the 2
and 3 mm samples showed few vein-like structures and smooth surfaces and hence poor compressive
plasticity [27]. The tear edges and drop patterns can be observed on the fracture surfaces of the 2 mm
and 3 mm samples. The vein pattern size of the 1, 2, and 3 mm samples was approximately 13, 18, and
23 um, respectively. The previous study reported that the vein pattern density was connected to the
changes of the strength and the plasticity of the specimen, where the larger vein pattern density would
lead to a higher strength and plasticity of the specimens. The toughness of the 1, 2, and 3 mm samples
was estimated to be 70, 50, and 41 MPa m1/2, respectively [2,9].

Figure 5. Scanning electron microscopy (SEM) images of the Cuy5Zr4gAl4Nbz bulk metallic glass
composite (BMGC) fracture samples with the diameters of 1 mm (a), 2 mm (b), 3 mm (c).

The TEM images of the 3 mm sample are shown in Figure 6. The sample showed some
nano-sized crystalline phases on the glassy matrix. These nanocrystalline phases efficiently prevent
the discontinuous propagation and branching of the primary shear bands during the compression
deformation process. Ning et al. [2] investigated the nanocrystal embedded in the Cuyq 3Zr4g Al4Nbs 7
alloys, which was confirmed to the B2-CuZr crystals. This implies that the propagation of the shear
band may be hindered by the martensite particles in the glassy matrix, as the B2 phase has a positive
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impact to prevent the propagation of the shear band. In contrast, the micro-sized crystalline phases
present in the 3 mm sample were inefficient for prohibiting the propagation of the shear bands.
Kim et al. [28] demonstrated that the crystalline phase fraction of BMGCs is closely related to their
yield strength. The yield strength (o) of the composites was calculated using Equation (1):

O composite = f amorphousOamorphous + fcrystullinegcrystulline (1)

where f is the crystalline fraction of the samples. The strength of the amorphous matrix was significantly
higher than that of the crystalline phases [29]. The micro-sized crystalline phase content of the 3 mm
sample was larger than those of the 1 and 2 mm samples. Hence, the 3 mm sample showed lower yield
strength than the other two samples. Another reason for the low yield strength of the 3 mm sample was
its strain incompatibility, which appeared between the glassy matrix and the crystalline phase during
the plastic flow process and weakened the interface of the sample, leading to its failure [30]. The free
volume of an alloy facilitates the migration of atoms in it upon deformation by force [20]. In addition,
the free volume acts as the nucleation site for shear bands [31]. Hence, a higher free volume results
in easier nucleation and the multiple distribution of shear bands [32]. Thus, it can be stated that the
free volume content of the 1 mm sample affected its shear band propagation significantly, as shown
in Figure 5a. The presence of a larger number of shear bands in the 1 mm sample (due to its large
free volume) improved its compressive plasticity. Hence, the 1 mm BMGCs sample showed larger
plasticity than the 3 mm sample.

(a) (b)

Figure 6. Transmission electron microscopy (TEM) images of the Cuy5Zr g Al4Nbs BMGC sample with
the diameter of 3 mm (a,b), the inset plot is an diffraction pattern of (b).

It is also known that compression tests may be affected by various factors, and the size of the
sample may impact the result. Xie et al. [33] believed that when the specimen was tested for compressive
mechanical properties, both the system and the specimen would deform elastically. For large-sized
specimens, the load on the specimen before breaking was much greater than that on the small-sized
specimen, and the amount of elastic deformation of the system and the specimen was also much
greater than that of the small-sized specimen. Hence, when a small amount of plastic deformation
occurred on the large-sized specimens, the elastic deformation of the system and the specimen would
recover, causing additional displacement and strain on the specimen and lead to the rapid instability of
the shear band, where the specimen would be severely softened and suddenly broken, showing poor
plasticity. Consequently, the plasticity increased with decreasing specimen size in the amorphous alloy,
where the results could be attributed to the amount of free volume and the effect of geometric size.
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4. Conclusions

The compressive plasticity and yield strength of the 1 mm Cuys5Zr4g Al4Nbs BMGC sample were
higher than those of the 2 and 3 mm samples at room temperature. The larger yield strength of the
1 mm sample can be attributed to the presence of a few microsized crystalline phases during the rapid
solidification process. This sample exhibited a large free volume and hence higher compressive plasticity.
The compression deformation behaviors of the CuysZrsgAl4Nbz BMGC samples were size-dependent.
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