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Abstract: The microstructures and mechanical properties of (Cuo.sZro.s)100-xZnx (x = 0, 1.5,
2.5, 4.5, 7, 10, and 14 at. %) bulk metallic glass (BMG) composites were studied. CuZr
martensitic crystals together with minor B2 CuZr and amorphous phases dominate the
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microstructures of the as-quenched samples with low Zn additions (x = 0, 1.5, and
2.5 at. %), while B2 CuZr and amorphous phases being accompanied with minor
martensitic crystals form at a higher Zn content (x = 4.5, 7, 10, and 14 at. %). The
fabricated Cu-Zr-Zn BMG composites exhibit macroscopically appreciable compressive
plastic strain and obvious work-hardening due to the formation of multiple shear bands and
the deformation-induced martensitic transformation (MT) within B2 crystals. The present
BMG composites could be a good candidate as high-performance structural materials.

Keywords: metallic glasses; composites; rapid solidification; martensitic transformation

1. Introduction

Although bulk metallic glasses (BMGs) exhibit attractive mechanical properties, such as high
strength, high hardness, and a large elastic strain limit, they usually fail in an apparently brittle manner
during deformation at room temperature [1-6]. A poor ductility, caused by shear localization and
strain/thermal softening, severely restricts their practical applications as structural and functional
materials [1-6]. In order to circumvent this shortcoming, BMG composites with ductile crystals
precipitating in the glassy matrix have been developed in various alloy systems by in situ and ex situ
fabrication methods [5-9]. It has been reported that improved toughness, and even tensile ductility, can
be observed in such BMG composites by properly adjusting compositions, microstructures, and casting
methods [5-18]. During deformation at room temperature, ductile crystals can effectively suppress the
rapid propagation of the main shear bands and induce the formation of multiple shear bands in the
glassy matrix [5-18]. However, these ductile crystals during deformation cannot provide sufficient
work-hardening to eliminate the work-softening effect induced by the formation of shear bands in the
glassy matrix, resulting in the microscopic strain-softening of BMG composites [10-18].

Recently, it has been found that, by introducing a shape memory ductile phase into the glassy
matrix, the fabricated BMG composites show not only a pronounced tensile ductility but also a
macroscopic work-hardening capability during deformation at room temperature [19-27]. Upon
loading, besides the formation of multiple shear bands in the glassy matrix, ductile shape memory
crystals experience the martensitic transformation (MT) from a cubic phase to monoclinic
phases [19-27], which can provide the pronounced work hardening. Hence, the weakness of the
work-softening effect during deformation of BMG composites can be effectively overcome.

Until now, CuZr- and TiNiCu-based alloy systems with different compositions have been fabricated
into BMG composites [19-28]. For example, CuZr-based BMG composites with different sample sizes
containing minor element additions such as Al, Ti, Ag, Ni, Co, Y, Er, V, W, or Ta have been
successfully fabricated [20-25,29-37]. Two key requirements should be satisfied for the fabrication of
CuZr-based BMG composites: (1) maintaining sufficiently high glass-forming ability (GFA) in order
to fabricate large-sized BMG composites [20-25,29-37]; and (2) stabilization of metastable B2 CuZr
phase in order to suppress its decomposition into equilibrium phases (EPs) [29-34]. Previous
results [22,38] demonstrated that minor Co addition to CuZr alloys can dramatically enhance the
thermal stability of the B2 CuZr phase but gravely deteriorate the GFA of CuZr-based alloys. Our
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recent work [39] has shown that minor Zn addition to binary CuZr alloys can not only improve their
GFA but also effectively stabilize the B2 CuZr phase to low temperatures. Additionally, as a rule of
thumb, Zn is much cheaper than Co, Al, Ag, Ti, Hf, or rare earth metals. Therefore, it is beneficial to
fabricate Cu-Zr-Zn BMG composites and further investigate the correlation between microstructures
and mechanical properties of Cu-Zr-Zn BMG composites. In this paper, the microstructures and
mechanical properties of (CuosZros)iooxZnx (x = 0, 2.5, 4.5, 7, 10, and 14 at. %) BMG composites
were investigated. Furthermore, the corresponding deformation mechanism at room temperature of
Cu-Zr-Zn BMG composites was also discussed.

2. Experimental Section

CusoZrso master alloys were prepared by arc-melting appropriate amounts of the constituting
elements (at least purity 99.9%) under a Ti-gettered argon atmosphere. Each ingot was remelted at
least three times in order to achieve chemical homogeneity. Afterwards, master alloys with nominal
compositions of (Cuo.sZros)i00xZnx (X = 0, 1.5, 2.5, 4.5, 7, 10, and 14 at. %) were melted using a high
frequency furnace under an argon atmosphere. They were then cast into rods with a diameter of 2 mm
using an injection casting machine. The microstructures of the as-cast samples were characterized
using an optical microscope (OM, Olympus, Tokyo, Japan) and X-ray diffraction (XRD) in reflection
geometry (Rigaku D/max-rB). The XRD measurements were performed on longitudinal sections of
four polished rods with a final dimension of about 2 mm x 5 mm x 0.7 mm. Room-temperature
compression tests were performed on specimens with a diameter of about @2 mm and a height of
4 mm using an electronic universal testing machine (New SANS, MTS System Corporation (China),
Shenzhen, China) at an initial strain rate of 2.5 x 10*-s™%. The microstructures of the as-cast rods after
deformation were checked using a scanning electron microscope (SEM) and XRD, respectively.

3. Results and Discussion
3.1. Phase Formation in the As-Cast Cu-Zr-Zn Rods

Figure 1 shows XRD patterns of the as-cast (CuosZros)iooxZnx (x = 0, 1.5, 2.5, 4.5, 7, 10, and
14 at. %) rods. For the samples with low Zn contents of 0, 1.5, and 2.5 at. %, the dominating phase is
CuZr martensite, being similar to previous reports [19-27]. Additionally, a small quantity of B2 CuZr
phase being accompanied with minor CuioZr7 crystals can be observed in the matrix. With Zn content
increasing to 4.5 and 7 at. %, the volume fractions of CuZr martensitic crystals decrease quickly, while
a large number of B2 CuZr crystals (Pm-3m) precipitate [40-42]. However, it is difficult to conclude
on the existence of amorphous phase due to much higher peak intensities of crystals than those of the
amorphous phase for the as-cast (Cuo.sZros)100xZnx (X = 0, 1.5, and 2.5 at. %) samples. Meanwhile, for
the Cu-Zr-Zn samples with 10 and 14 at.% Zn additions, a broad diffraction hump around 26 = 38.5° in
the XRD patterns corresponding with amorphous phase is clearly seen together with crystalline
reflexes of B2 CuZr and martensitic crystals in Figure 1. These observations reveal that minor Zn
addition effectively improves the GFA of CuZr-based alloys. Recently, by using in situ high-accuracy
X-ray diffraction analysis on CusoZrso MG, Kalay et al. found that only the B2 CuZr phase is observed
at 1045 K while at 1002 K a mixture of B2 CuZr, CuioZrz, and CuZr2 crystals appear [43]. With
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decreasing temperature to 789 K, CuioZrz and CuZrz crystals can be found, which further confirms
previous ex situ experimental results [30,31,34]. Therefore, during quenching of Cu-Zr-Zn melts, the
B2 CuZr phase should be kept to room temperature. However, MT would be induced within some
B2 CuZr crystals due to the thermal stress originating from rapid quenching [29,41], resulting in the
precipitation of monoclinic martensitic crystals. It has been shown that monoclinic martensitic
phases consist of two kinds of structures, i.e., basic structure (B19’, P2:/m) and superstructures
(B33, Cm) [40-42]. In our case, since Zn addition can also stabilize B2 CuZr phase to low
temperatures [39], a larger number of B2 CuZr crystals could be obtained with Zn content increasing.
On the other hand, the eutectoid decomposition of the B2 CuZr phase into other EPs can also be
inhibited to some extent [39] since the thermal stability of the B2 CuZr phase is enhanced with the
addition of Zn. That would result in the decrease of the volume fraction of CuioZr7 crystals in the
matrix with Zn content increasing from 0 at. % to 14 at. %. As a result, martensitic crystals, B2 CuZr
phase, amorphous phase, and/or a little CuioZrz crystals can be obtained during solidification,
ultimately resulting in the formation of Cu-Zr-Zn BMG composites.
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Figure 1. XRD patterns of the as-cast (Cuo.sZros)i00-xZnx (x = 0, 1.5, 2.5, 4.5, 7, 10, and
14 at. %) rods with a diameter of 2 mm.

In order to further illustrate the phase formation in the as-quenched CuZr-based alloys with Zn
additions, the corresponding OM pictures are presented in Figure 2. In the (CuosZros)100-xZnx (X = 0,
1.5, and 2.5 at. %) samples, obvious martensitic plates were found in the matrix (marked by the red
arrows in Figure 2a—c). Additionally, a little amorphous phase appears around the outer regions of the
as-cast rods (marked by the blue dotted arrows in Figure 2a—c) due to a relatively higher cooling rate.
For the as-cast Cua7.25Zr47.2sZn4s sample, a large volume fraction of the B2 CuZr phase within the
glassy matrix can be observed (see the red dot-dashed arrows in Figure 2d). Moreover, as it is seen in the
insets in Figure 2d, some martensitic plates also appear within the B2 CuZr crystals. With increasing
Zn content from 7 at. % to 10 at. %, the volume fraction of the B2 CuZr phase decreases while that of
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the amorphous phase gradually increases (Figure 2e,f). As it is shown in Figure 2f,g, the bottom and
top parts of the CussZrasZnio rod consist of amorphous and crystalline phases. The corresponding
volume fractions of the crystals at the bottom parts of the as-cast rods were less than those of the top
parts due to somewhat different cooling rates. Furthermore, for the Cu4sZrasZnis rod, the XRD pattern
of the middle and top parts show a nature of BMG composites (Figure 1) while the bottom parts are
fully amorphous from the OM images shown in Figure 2h. The differences for the volume fractions of
amorphous phase between CuassZrasZnio and CussZrasZnis rods should be contributed to the increase of
GFA with Zn content increasing. In order to further ascertain heterogeneous distributions of the B2
CuZr crystals in the glassy matrix, OM measurements were performed on the longitudinal
cross-sections of the as-cast Cuas.7sZras7sZn2.5 rod. As shown in Figure 3a,b, almost fully crystalline
microstructures are observed at the top parts of the investigated sample, whereas the bottom parts
(Figure 3c,d) contain a larger fraction of the amorphous phase. Nevertheless, the changes of the
volume fraction of the amorphous phase for the top part to bottom part in same rods reveal that the
differences in the applied cooling rates may induce either vitrification or precipitation of crystals.
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Figure 2. OM pictures of the as-cast (CuosZros)iooxZnx (X = (a) 0; (b) 1.5 at. %;
(c) 2.5 at. %; (d) 4.5 at. %; (e) 7 at. %; (f,g) 10 at. %; and (h) 14 at. %) rods with a
diameter of 2 mm [39]; Inset: martensitic plates within B2 CuZr crystals.
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Figure 3. OM pictures of the longitudinal cross-sections cut from the top parts (a,b) to
from the bottom parts (c,d) of the as-cast Cuss7sZrss7sZnzs rod; The neighboring
microstructures from the top parts and the bottom parts from a same rod were shown in
Figure 3a,b and Figure 3c,d, respectively.

3.2. Mechanical Properties of the As-Cast Cu-Zr-Zn Samples

Figure 4 exhibits the strain-stress curves measured upon uniaxial compression at room temperature
for the as-cast Cu-Zr-Zn rods. It has been reported that the yield stresses of the B2 CuZr phase and
CuZr martensitic crystals are lower than 500 MPa while these of CuZr-based BMGs are higher than
1700 MPa [13,17,20-27]. Hence, with increasing volume fraction of the amorphous phase, as shown in
Figure 4, the yield stress increases gradually. As shown in Figure 4a, the as-cast (Cuo.sZro.5)100-xZNx
(x = 0 and 2.5 at. %) rods show a similar compressive curves to CuZr martensites [21,24] since
martensitic crystals dominate their microstructures. Their average yield stress is 819 + 60 MPa and
839 + 200 MPa, while their fracture strength is 1821 + 75 MPa and 1772 + 120 MPa, respectively
(Figure 4a and Table 1). Furthermore, with Zn content increasing from 4.5 at. % to 7 at. %, the average
yield stress and average fracture stress increase from 830 + 220 MPa to 906 * 115 MPa,
1713 £ 75 MPa, and 1884 + 60 MPa, respectively. Meanwhile, an average plastic strain of
6.8% * 0.8% and 6.6% * 0.8% can be obtained for both of samples, respectively (Figure 4b and
Table 1). As mentioned in Section 3.1, the as-cast (CuosZros)i00xZnx (X = 4.5 and 7 at. %) samples
mainly consist of B2 CuZr crystals and amorphous phase. Hence, as listed in Table 1, the differences
of mechanical properties for top and bottom parts for a same rod are not very obvious.
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Figure 4. Compressive strain-stress curves of the as-cast (CuosZros)i00-xZnx rods with a
diameter of 2 mm: (a) x = 0 and 2.5 at. %, (b) x = 4.5 and 7 at. %, and (c) x = 10 and
14 at. %; Compressive curves of the top and bottom parts of the as-cast rods were blue and
green curves, respectively.
Table 1. Yield strength, fracture strength, and plastic strain of different (Cuo.sZro.5)100-xZnx
(x=0,2.5,4.5,7, 10, and 14 at. %) BMGs and composites.
Yield Fracture Plastic Average Yield Average Average
Samples Strength  Strength Strain (%) Strength Fracture Plastic
(MPa) (MPa) ° (MPa) Strength (MPa)  Strain (%)
Zn0-Top 770£10 1752+10 10.0+0.2
+ + +
Zn0-Bottom 820+ 10 1821 %10 9.7%£0.2 819260 1821=75 9.7+02
Zn2.5-Top 834+10 1646+ 10 6.8+0.2
+ + +
Zn2.5-Bottom 843+10 1892x10 8.2%£0.2 839+ 200 1772+ 120 77£05
Zn4.5-Top 781+10 1783x10 6.9+0.2
+ + +
Zn4.5-Bottom 1058 £10 164310 6.0+ 0.5 830+ 220 1713=75 ©68x08
Zn7-Top 860+10 1932x10 7.6x05
+ + +
Zn7-Bottom 1086+ 10 1819+10 50£05 906+ 115 1884 =60 66x08
Znl10-Top 1420+ 10 1881 +10 3.7x£05
+ + +
Zn10-Bottom 1773+£10 1940+ 10 12+£05 1515+ 200 1906+ 100 28x12
Znl4-Top 1464+ 10 2051+10 6.0+ 0.5
+ + +
Znl4-Bottom 1815+10 1840+10 0.1+0.02 1636 = 200 1943 £ 100 8£3

When the volume fraction of the amorphous phase is close to or larger than 50 vol. %, which was
approximately estimated based on the area ratio of the amorphous and crystalline phases extracted
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from the OM images [21], the corresponding yield stresses of the as-cast (Cuo.sZros)100xZnx (X = 10
and 14 at. %) rods become relatively higher (Table 1). As shown in Figure 4c, an average plastic strain
of 2.8% £ 1.2% can be achieved for the present CussZrssZnio rods. Moreover, due to the
inhomogeneous distributions of B2 CuZr phase in the glassy matrix mentioned in the Section 3.1, the
mechanical properties of Cu-Zr-Zn rods are extremely different, especially for the samples quenched at
a cooling rate approaching the critical cooling rate for the fully amorphous phase. As the content of Zn
is 10 at. %, the bottom parts show a high yield strength of 1773 + 10 MPa together with a small plastic
strain of 1.2% + 0.5%, while the respective values for the top parts are approximately 1420 + 10 MPa
and 3.7% = 0.5%, respectively. The corresponding facture strength changes from 1940 + 10 MPa to
1881 + 10 MPa. As shown in Figure 4c and listed in Table 1, the bottom parts of the as-cast
Cu4sZrazZnis rods show a higher yield strength of 1815 + 10 MPa and a smaller plastic strain of
0.1% + 0.02%, while the respective values for the top parts are equal to 1464 + 10 MPa and
6% =+ 0.5%, respectively. Meanwhile, the corresponding fracture strength increases from
1840 + 10 MPa to 2051 = 10 MPa. Nevertheless, all the present BMG composites exhibit
macroscopically-detectable compressive plastic strains and obvious work-hardening.

In order to clarify the deformation mechanisms of Cu-Zr-Zn BMG composites at room temperature,
the XRD measurement was conducted on the CussZrssZnio rods after deformation (Figure 5). It is
obvious that more martensitic crystals appear after fracture compared with the as-cast rod (Figure 1),
which indicates that B2 CuZr crystals undergo a MT upon loading. It was shown [20,23,25,44] that
B2 CuZr crystals can provide a large plastic strain together with pronounced work hardening, being
called the transformation-induced plasticity (TRIP) effect. MT within austenitic B2 CuZr crystals
during deformation can remarkably release stress concentrations at the interface between the B2 CuZr
phase and the glassy matrix [24,25,45-47]. This means that the applied stress is effectively transferred
from the glassy matrix to a ductile B2 CuZr phase during deformation, resulting in the restriction of
free volume accumulation and the partial release of the elastic energy stored in whole samples [45-47].
As a result, primary shear bands cannot rapidly traverse through an entire sample but need more
energy to drive their continuous movement [24,25,45-47], which requires an external stress to activate
shear bands. Previous results have shown that there exists an invariant critical stress for continuous
shear banding [47]. In order to further investigate shear banding evolutions and MT behaviors during
deformation, SEM measurements were also carried out on external surfaces and fractures of the
deformed samples (Figure 6). All the samples exhibit a shear fracture and the compressive fracture
angle, i.e., the angle between the fracture surface and the loading direction, is approximately equal to
40°-45°. This implies that the compressive fractures of BMG and their composites do not occur along
the plane of the maximum shear stress and, accordingly, does not follow the von Mises criterion [48].
As shown in Figure 6, no obvious shear bands can be observed for the deformed Cuag.25Zr49.25ZN15
sample which is almost fully crystalline. At the same time, martensitic plates appeared within B2
crystals (see the red arrow in Figure 6a). For the deformed Cua7.25Zrs7.25Znas sample, not only
martensitic plates can be observed within the B2 CuZr phase (see the red arrow and inset in Figure 6b),
but also multiple shear bands appeared (see the yellow dotted arrow in Figure 6b). For the fully
amorphous CussZrszZnis sample, only multiple shear bands can be observed (see the yellow dotted
arrows in Figure 6c¢).
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Figure 5. XRD patterns of the as-deformed CuassZrssZn1o rods.

Figure 6. SEM pictures of the external (a—c) and fracture (d-f) surfaces of the deformed
(CuosZros)i00xZnx samples: (a) x = 1.5 at. %; (b) x = 4.5 at. %; (c) x = 10 at. %;
(d) x =1.5at. %; (e) x = 4.5 at. %; and (f) x = 14 at. %. Inset: martensitic plates within the
B2 CuZr crystals.
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The corresponding fracture images are shown in Figure 6d,f. For almost fully crystalline samples,
some slurry-like structures (see the yellow dotted arrows) and dimples were observed (marked by the
blue circle) beside a small vein-like structures (see the red arrow in Figure 6d). Cu-Zr-Zn BMG
composites after deformation showed not only slurry-like structures but a number of vein- and
river-like structures (see the red arrows in Figure 6e, respectively). For the fully amorphous sample,
only vein- and river-like structures can be seen (Figure 6f). As we know, fracture surfaces of different
BMGs are correlated with their ductility, toughness, deformation rate, and fracture mode [49-52].
Usually, vein-like patterns can be found on the whole fracture surface for BMGs, which is closely
related with the significant softening or reduced viscosity in shear bands [49-53]. The origin
responsible for the softening has been manifested to be shear-induced structural disordering or
temperature rise [49-53]. In our case, by introducing ductile B2 CuZr crystals into the glassy matrix,
the MT is quite pronounced during deformation before the formation of shear bands [24,25], resulting
in the decrease of the elastic energy density of serration events related with the shear-banding process
and then leading to the deceleration of shear-banding [24,25,45,54,55]. Hence, the serration events in
the compressive curves become very tiny and almost invisible (Figure 4). Therefore, it is reasonably
believed that the second crystals introduced into the glassy matrix could affect the shear-induced
structural disordering or temperature rise, resulting in the slightly changes of vein-like patterns.
Furthermore, it was shown [56] that typical facture features of ductile metallic alloys, i.e., dimples, can
be observed in ductile samples with pure B2 CuZr crystals. Therefore, for CuZr-based BMG
composites, dimples, river- and vein-like patterns were observed. Nevertheless, during deformation,
the formation of multiple shear bands, the deformation-induced MT within B2 CuZr crystals, and the
interactions between the deformation of B2 CuZr crystals and shear-banding for Cu-Zr-Zn BMG
composites should be responsible for their ductility and obvious work hardening.

4. Conclusions

In this paper, (CuosZros)i0xZnx (x =0, 1.5, 2.5, 4.5, 7, 10, and 14 at. %) bulk metallic glass (BMG)
composites were fabricated. Based on the XRD and OM measurements, it was found that for the
CuZr-based alloys with 0, 1.5, and 2.5 at. % Zn, the dominant phase is CuZr martensite together with
minor B2 CuZr crystals and amorphous phase. With increasing Zn content from 4.5 at. % to 14 at. %,
B2 CuZr and amorphous phases accompanying minor martensitic crystals can be obtained during
quenching. All the investigated samples showed a relatively large compressive plastic strain and
obvious work-hardening, which should result from the deformation-induced martensitic transformation
within B2 CuZr crystals, the multiplication of shear bands in the glassy matrix, and the interactions
between the deformation of B2 CuZr crystals and shear-banding.
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