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Abstract: In this work, a small amount of Nb has been added in a Zrs;Cuyy 5Al55 bulk metallic
glass, and a Zrs5;Cuygp Als 5Nbg 5 bulk metallic glass composite with dual-amorphous and nanocrystal
structures has been developed for the first time. This in situ formed bulk metallic glass composite
has a larger room compressive plasticity of above 13% than that of the Zrs5;Cuyy 5Al5 5 bulk metallic
glass. The excellent plasticity of the bulk metallic glass composite is attributed to the phase-separated
matrix with micro-nanocrystal and the nanocrystallization during the deforming process. This work
may give a new sight into design bulk metallic glass composites and the underlying mechanism
for deformation.
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1. Introduction

Bulk metallic glasses (BMGs) have potential applications because of its many excellent properties,
such as high strength, large elastic strain limit, good corrosion resistance [1-5], etc. However,
most BMGs tend to be highly localized into narrow shear bands, resulting in a poor macroscopic
plasticity or toughness at room temperature before its fracture. For example, there is less than 2%
plastic deformation for the commercial Vit 1 [6]. Most of the rare-earth and iron-based BMGs [7,8]
have near zero plasticity and fracture toughness at room temperature.

Improving the plasticity at room temperature of MGs has been a major issue for comprehensively
understanding the plasticity and physical property of MGs [9]. Among the methods [10,11] that
have been put forward to enhance the plasticity in existence, phase separation and in suit formed
bulk metallic glass (BMG) composite are the two most widely used. Both of them are based on
the introduction of structural heterogeneity in BMGs. However, some phase-separated alloys with
large wavelengths such as the plasticity of ZryCugpAl;Y5 BMG exhibits less than 2% [12]. A high
degree of nanocrystallization on the amorphous matrix may also lead to embrittlement of the BMG
composite [13]. This work aims to combine the two approaches to obtain a phase-separated BMG
with some nanocrystal and a BMG composite with large plasticity. Based on the above aim, a new
bulk metallic glass composite ZrspCuspAl55Nbg s has been developed by minor Nb addition in
Zr5Cuyp 5Al5 5 bulk metallic glass, which is based on alloy design and microalloying. The bulk metallic
glass composite has a dual-amorphous matrix with partial nanocrystals, and the room compressive
plasticity can reach above 13%. The deformation of this composite has also been studied, which implies
the nanocrystallization around shear bands (SBs) occurs during the deformation process.
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2. Experimental

The as-cast alloy of Zr5;Cuyp 5.4Als 5Nby (x = 0 and 0.5 atom%) was prepared by alloying of
Zr, Cu, Al and Nb metals (the purity was over 99.9 mass%) in an arc-melting with a Zr-getter and
argon atmosphere. Each alloy was remelted at least three times in order to ensure the compositional
homogeneity. The cylindrical samples with 2 mm in diameter and 5 cm in length were obtained by
suction casting in a copper mold. The structure was confirmed by an X-ray diffractometer (XRD,
Bruker D8, Bruker, Billerica, MA, USA, ADVANCE Cu K«). A room-temperature compressive test was
measured by an ETM105D mechanical tester with a strain rate at 2 X 107 s™1. The samples were cut
4 mm in length from the as-cast cylinders, and the ends of the samples were polished carefully by emery
paper for the compressive test. After the compressive test, the fracture surfaces were investigated
by scanning electron microscopy (SEM, LEO1430VDP, Zeiss, Jena, Germany). The microstructure
was examined by a high-resolution transmission electron microscopy (HRTEM, Tecnai G2 F20, FEI,
Hillsboro, OR, USA).

3. Results and Discussion

In order to initially identify the structure of the alloys, Zrs;Cuyp 5.xAl5 sNby (x = 0 and 0.5 atom%)
was measured for XRD. As shown in Figure 1, it can be seen that there was a typical halo peak
and no crystal peaks for the as-cast alloy Zrs,Cugp 5Al5 5, indicating that Zrs;Cugp 5Als 5 with 2 mm
in diameter was amorphous in nature. However, the XRD pattern of Zrs,Cuyy 5Al5 5 BMG shows
a sharp crystallization peak on the halo peak for the alloy Zrs5;CusyAls5Nbgs. It indicates that
Zr5;CugpAl55Nbg s was a bulk metallic glass composite, and this crystalline phase peak was an
indication of a CuZr phase.
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Figure 1. The XRD pattern of ZrsyCuyp 5.xAl5 5Nby (x = 0 and 0.5 atom%).

The compressive engineering stress—strain curves at room temperature obtained for the as-cast
Zr5Cuyp 5.xAls sNby (x = 0 and 0.5 atom%) cylinders are presented in Figure 2. The compressive curves
keep a linear elasticity about 2% before their yielding strength at 1610 and 1555 MPa, respectively.
However, the Zr5,CuspAls 5Nbg 5 BMG composite had a larger plastic deformation of about 13.1% than
that of Zrs5pCuyy 5Als 5 BMG at 0.5%. These results show that the plasticity at a room temperature of
Zr5pCuypAl5 5Nbg s BMG composite could be observably improved by the minor addition of Nb in
ZI‘52C1142'5A15'5 BMG.
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Figure 2. Compressive loading strain—stress curves of ZrspCuyy 5.4 Als 5Nby (x = 0 and 0.5 atom%) specimens.

The fracture and lateral surfaces of Zr5;Cuyp 5.xAls 5Nby (x = 0 and 0.5 atom%) are presented in
Figure 3.

Figure 3. SEM micrographs of the lateral and fracture for Zr5;Cuss5Als5 BMG (ac) and
Zr5,CuypAls 5Nbg 5 BMG composite (b,d).

As shown in Figure 3a,c, there were only a few paralleled shear bands on the lateral of
ZrspCuyp 5Al5 5 BMG, and only a typical homogeneous dimple-like pattern on the fracture, indicating
the poor plastic deformation of this alloy. However, a mass of multiple and branched shear bands
appeared on the lateral surface of the Zrs;CuspAl55Nbgs BMG composite as shown in Figure 3b,
which indicates larger plasticity than Zrs;Cuyp5Als5 BMG. The fracture surface presents some
inhomogeneity. In addition to the vein-like pattern, there are some river-like branches and coarse
zones as shown in Figure 3d.

Then, why does the Zrs;CuspAl55Nbgs BMG composite have a larger plasticity than
Zr5;Cuyp 5Al55 BMG and what is the plasticity originated from? In order to understand the intrinsic
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mechanism for the pronounced plasticity of the Zrs;Cugp Als 5Nbg 5 BMG composite, we now focused
on its as-cast and after deformed microstructure. Firstly, we tried to deeply check the microstructure
of the as-cast Zrs5;CuygpAls 5Nbgs5 BMG composite. There was only a diffusive halo for the as-cast
Zr5pCuyp 5Al5 5 as shown in Figure 4a. The HRTEM micrograph in Figure 4b also shows a homogeneous
structure for Zrs;Cuyp 5Als 5. Compared with Zrs;Cugy 5Al5 5 BMG, the as-cast Zrs;CugpAls 5Nbg 5
alloy presents a diffusive halo with some crystal diffraction spots as shown in Figure 4c, indicating the
amorphous and nanocrystals structure of the alloy. Compared with the XRD pattern, it shows that
some of nanocrystals present in the sample from the selected-area electron diffraction (SAED) pattern of
the sample, that maybe induced during the process of the TEM sample preparation. In addition, it also
presents some dark and bright droplet-like. Further magnification of the TEM micrograph is shown in
Figure 4d. This image shows that the bright droplet-like was about 5-10 nm in diameter, which was also
of an amorphous structure like the glassy matrix (see the upper right corner of Figure 4d). However,
the dark droplet-like was a nanocrystal with about 5 nm in diameter, which could be determined as
the CuZr phase by careful calibration.

Figure 4. (a) Bright-field TEM micrograph and the selected-area electron diffraction patterns of the
as-cast Zrs;Cuyp 5Als 5 alloy; (b) HRTEM micrograph for the as-cast Zrs,Cugp 5Als 5 alloy; (c) Bright-field
TEM micrograph and the selected-area electron diffraction patterns of the as-cast Zrs,Cugp Al5 5Nbg 5
alloy and (d) HRTEM micrograph for the as-cast Zr5,CugyAls 5Nbg 5 alloy.
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Figure 5 shows the scanning TEM (S-TEM) micrograph and distribution of the Cu, Zr, Al, Nb and
O atoms for the as-cast Zrs5pCuspAl55Nbg 5 alloy. It can be seen that some chemical or structural
heterogeneity existed on the amorphous matrix, and an obvious chemical fluctuation existed for the
distribution of Cu atoms, i.e., the droplet-like, and slight of Zr atoms. There was an Nb-rich zone and
a Cu-rich zone from the Nb-Cu distribution. It seems that minor O was distributed in the sample,
which may be introduced during the ion polishing.

20 nm

Figure 5. S-TEM micrograph and the elementary distribution of the as-cast Zr5;Cugp Als 5Nbg 5 alloy.

The uniform distributions should be caused by phase separation, which lead to an inhomogeneous
structure and play an important role in the plastic behavior [14]. It has been proposed that the
inhomogeneous structure can improve the plasticity of MGs via the formation of multiple shear
bands [15]. For this alloy, the addition of micro Nb may provide the driving force for phase separation
since the heat of mixing between Cu and Nb is positive (AHcy.np = 3 kJ/mol) [16]. According to
Inoue’s proposal [17], the positive AH may degrade the glass forming ability (GFA) at the same time.
Therefore, some of the amorphous will occur to crystallize during the cooling process. Interestingly,
the nanocrystallization seemed to firstly choose the droplet-like amorphous, rather than the amorphous
matrix, which was observed for the first time. The reason may be the stability of these two amorphous
structures was not the same. The droplet was in the nanoscale, which may be more unstable than the
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amorphous matrix. From the above discussions, it is the formation for the special dual-amorphous and
nanocrystal structures for the Zrs,CuspAls sNby 5 BMG composite. The dual-amorphous structure and
nanocrystals were considered to be synergistically improving the plasticity of the alloy. According to
the shear transformation zone (STZ) model, the plastic flow of metallic glass occurred through
the formation and cooperative shearing of unstable STZs. In this alloy, uniform distribution of
inhomogeneous structures and nanocrystals could induce inhomogeneous stress zones, which would
lead to inhomogeneous distribution of the STZs in the amorphous matrix, resulting in the nucleation
of multiple shear bands and improving the plasticity of the alloy.

Then, we focused on the structure after the deforming process of the Zr5;Cusy Als 5Nbg 5 BMG
composite. Figure 6a shows the TEM image after the deformation of this alloy. Abundant nanocrystals
distributed homogeneously in the amorphous matrix, as shown in Figure 6a, which indicates that
deformation-induced nanocrystallization took place in the Zrs,Cuyp Al5 sNby 5 alloy. It should be noticed
that the amorphous droplets of the as-cast almost disappeared and transformed into nanocrystals,
which also indicates that the amorphous droplets were more unstable than the amorphous matrix.
The diffraction rings corresponding to the image further confirmed the presence of these nanocrystals.
From the SAED pattern, it was hard to determine the structure of the nanocrystals. Therefore,
the HRTEM pattern of a nanocrystal, as shown in Figure 6b, shows a parallel lattice fringe with the
spacing of 0.2283 nm, and the inverse Fourier transformation shows that the nanocrystal phase may
be corresponding to the body-centered cubic phase of the [111] crystal zone after a further HRTEM
examination as shown in Figure 6b. From the above results of TEM images, the mechanism for the
excellent plasticity of Zrs,CugpAl55Nbg 5 could be also understood by the deforming process. It is
well known that BMG is a material in the metastable state. In order to reach a more stable state,
BMG may crystallize when some external interference occurs, such as heating [18] and stress [19].
It should be noticed that during the deformation, the temperature of the shear bands could reach
more than 400 K [20]. Owing to a bigger attractive basin for the crystal structure compared with
the amorphous matrix, the phase transition tends to occur with larger applied stress during the
deformation. Then, the crystal solid solution will precipitate due to the increasing temperature at local
positions as a result of the concentration of shear stress. Since the appearance of nanocrystals with the
size of 5-10 nm, the propagation of the main shear bands can be suppressed and then tend to branch,
resulting in the formation of multiple shear bands. Additionally, the homogeneous nanocrystals
formed during the deformation can also change the energy state in shear bands. Thus, the single glass
transforms into the nanocrystals, resulting in the partial release of the accumulated internal energy of
shear bands. Therefore, the instability of shear bands can be greatly decreased, leading to the final
good plasticity of the ZrspCugyAls 5Nbyg 5 alloy. Compared with other bulk metallic glass composites,
such as Zr-Ti-Nb-Cu-Ni-Be induced crystalline Ti-Zr-Nb {3 phase can enhance to 6% higher than
Zr-Ti-Cu-Ni-Be BMG [21], the in-situ dendrite containing Cu-Zr-Al-Co composites exhibit obvious
work hardening during the tensile process due to the transformation induced plasticity (TRIP) effect of
in-situ dendrites [10], this work is different in two ways. On the one hand, the structure is different from
the Zr-Ti-Nb-Cu-Ni-Be and Cu-Zr-Al-Co. Dual-amorphous and nanocrystals can be found in the as-cast
Zr5;CugpAls 5Nbg 5 alloy, the structure of Zr-Ti-Nb-Cu-Ni-Be and Cu-Zr-Al-Co were single amorphous
with crystals, and the size of the crystals in this work were smaller than Zr-Ti-Nb-Cu-Ni-Be and
Cu-Zr-Al-Co BMG composites. On the other hand, there was a deformation-induced nanocrystallization
for the Zrs5pCugp Al5 5Nbyg 5 alloy, which was the amorphous phase transformed to crystal phase. This is
different from the TRIP in Cu-Zr-Al-Co, which was the B2 phase transformed to the B19” phase.
From what has been discussed above, both the structure and nanocrystallization lead to good plasticity
for the ZrspCuygp Als 5Nbg 5 BMG composite.
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Figure 6. (a) Bright-field TEM image after the deformation and (b) the HRTEM image of the alloy after
the application of the compressive test.

4. Conclusions

In summary, compressive plasticity of above 13% was obtained in the Zrs;CuypAls55Nbg s
BMG composite. The good plasticity was attributed to two aspects: one is its special structure
of dual-amorphous and nanocrystals and the other is the transformation of the amorphous phase to
nanocrystals by the mechanism of deformation-induced nanocrystallization.
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