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Abstract The effect of Nb content on the microstructure

and mechanical properties of Zr-based bulk metallic glass

(BMG) were investigated. The addition of Nb led to the

formation of the Zr-based metallic glass composites with a

ductile dentritic phase by in situ precipitation. The pres-

ence of the in situ precipitated phase enhanced significantly

the plasticity of the composite under uniaxial compressive

test. The interactions between the precipitated phase and

the shear band affect the deformation mechanism and

fracture mode of the BMG by enhancing the affecting level

of the normal stress on the shear surface, and the constant a
in the Mohr–Coulomb criterion can reflect the extent of the

interactions among particles and the amorphous matrix.

Introduction

Bulk metallic glasses (BMGs) are of scientific and indus-

trial interest because of their unique physical, chemical, and

mechanical properties, such as extremely high strength, low

elastic modulus, high wear resistance and corrosion resis-

tance, etc. [1–3]. However, the plastic deformation of

BMGs is localized in narrow shear bands, followed by the

rapid propagation of these shear bands and sudden fracture.

As a result, BMGs usually exhibit a poor room temperature

ductility, and thus it limits their application of BMGs as

structural materials. Therefore, to improve the ductility of

these monolithic BMGs is a hot research topic in this field

[4–7]. One effective way to improve the ductility of BMGs

is to develop BMG based composites, such as composites

reinforced with refractory metals or metal fibers, ceramic

particles or carbon nanotubes, in situ formed ductile den-

dritic phase or in situ formed nanocrystals. It has been well

documented that these reinforced phases can hinder the

propagation of the single shear band within BMGs and seed

the initiation of multiple shear bands throughout the spec-

imens, and consequently change the fracture mode of

BMGs [8–13]. Thus, investigating the effects of the

microstructure of BMG based composites on the mechani-

cal behavior and fracture mode is helpful to optimize the

properties of BMG composites by controlling the micro-

structure. In this study, the BMG based composite,

Zr55Cu15.5Al7.5Ni10Be12 BMG with different volume frac-

tions of Nb phases, was made through addition of different

contents of Nb, and the mechanical behavior and fracture

mode were investigated, aiming at elucidating the influence

of the volume fraction of the crystalline phase within the

BMG on the mechanical behavior and fracture mode.

Experimental

Alloy ingots with the nominal compositions of (Zr55Cu15.5

Al7.5Ni10Be12)100-xNbx (x = 0, 5 and 10 in atom percent
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thereafter) were prepared from elemental metals (pur-

ity [ 99.5%) by arc-melting under the Ti gettered Ar

atmosphere. The final alloys were obtained by injecting the

liquid metals into a copper mould with a diameter of 3 mm

and a length of 50 mm. The structures of the as-cast

samples with the different Nb concentrations were char-

acterized by X-ray diffraction (XRD). The compression

tests were performed in an Instron-type testing machine at

a strain rate of 2 9 10-3 s-1 at room temperature. Scan-

ning electron microscopy (SEM) was used to examine the

microstructure, the fractography and the shear band mor-

phology near the fracture surface of all the samples.

Results and discussion

Figure 1 shows the XRD patterns of the as-cast samples

with the different Nb concentrations. The Nb-free alloy is

basically amorphous, as indicated by a broad typical dif-

fusion halo with the absence of any detectable crystalline

peaks. However, the XRD patterns for the alloys with 5%

Nb are composed of a broad diffusion background and a set

of several sharp crystalline peaks, corresponding to a

mixture of the amorphous matrix and the precipitated

phases. The crystalline phases are indentified to be b-Zr

solid solution with a body-centered cubic (bcc) structure. It

implies that the crystalline b-Zr phases in situ precipitated

during casting. The crystalline diffraction peaks are more

pronounced when Nb content increases up to 10%,

implying the volume fraction of b-Zr in the alloy increases

with the increase of Nb content. It has been proved that Nb

is an element to stabilize b phase in Ti- or Zr-base alloys in

previous literature [14, 15]. The addition Nb to Zr-based

BMGs can promote the b phase precipitation, and b phase

is a Zr solid solution, which contains Nb [14]. The present

result provided further evidence for this argument, because

with the Nb content increasing, the volume fraction of b
phases increases dramatically. Figure 2 shows the SEM

microstructures of all the samples. The Nb-free amorphous

alloy exhibited a featureless structure. While, in the alloy

containing 5% alloy, it can be clearly seen the precipitated

phase dispersed in the amorphous matrix with some fish-

bone-like dendrites (Fig. 2a). With the Nb content of the

alloy increasing to 10%, the size and the volume fraction of

the dendritic phase both increased significantly. The den-

dritic b phase was characterized by primary dendrite axes

with lengths of 10–20 lm and diameters of about 5 lm

(see Fig. 2). The volume fractions of the b-Zr phase are

estimated to be about 19 and 42% for the alloys with 5 and

10% Nb, respectively. The SEM observation result is very

much in agreement with that of the XRD analysis. This

also indicates that the size and morphology of the b phases

are strongly dependent on the Nb content.

Figure 3 showed the room temperature compressive

stress–strain curves of the samples with different Nb con-

tents at a strain rate of 2 9 10-3 s-1 at room temperature.

The Nb-free alloy displays only an elastic deformation

behavior and catastrophic fracture without distinct plastic

deformation. By contrast, the alloys containing 5 and 10%

Nb exhibit a quite different deformation feature at same
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Fig. 1 X-ray diffraction patterns of the monolithic amorphous alloy

and bulk metallic glass matrix composites
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Fig. 2 SEM images of alloys with the different Nb concentrations a X = 0, b X = 5 and c X = 10
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testing conditions. It can be that these two alloys display an

initial elastic deformation behavior with an elastic strain

2%, then begin to yield at about 2.15 and 2.0 GPa,

respectively, followed by some strain hardening deforma-

tion. The compressive plastic strains of the alloys with 5%

Nb and 10% Nb before fracture are 1 and 2%, respectively.

The mechanical properties of all the samples are list in

Table 1. By comparing the data in Table 1, one can see that

the addition of Nb to the alloy led to the change of

microstructure from fully amorphous to the composite with

the dentritic crystalline phase, and consequently resulted in

a decrease in yield and facture strength, but contributed to

an increase in the plasticity, and with the increase of Nb

content, the plasticity of the alloy increased with a slight

loss of strength. These results are in agreement with the

experimental reports in Ref. [16, 17], although the

improvement in plasticity by adding Nb in this study is not

too much high. This may be attributed to the casting pro-

cessing effect in the present alloys, or to the different size

and morphology of b-Zr phases between these alloys.

Figure 4 shows the SEM fractographies of all the sam-

ples, and the angle h between the compressive fracture

surface and the stress axis were marked in this figure. It can

be seen that the fracture of all the samples occurs in a shear

mode, but the fracture angle decreases with the increase of

the Nb content. The fracture angles for the alloys with Nb

content of 0, 5 and 10%, are 40�, 35� and 28�, respectively,

as seen in Fig. 4a, b and c. It is well documented that

plastic deformation in amorphous alloys at room temper-

ature is accommodated through the development of mul-

tiple shear bands, and is highly localized in very thin shear

bands, but, in most cases, the fracture of BMGs did not

proceed along the maximum shear plane, The fracture

angle is in the range of 50–65� under tensile load, while is

40–45� under compressive load [16–18]. The deviation of

the fracture angle of BMGs from 45� has been explained by

taking the effect of the normal stress into account [18–20],

and as a result, the plastic deformation of BMGs follows

the Mohr–Coulomb criterion rather than the von Mises

criterion, which is given by

sc ¼ s0 þ arn ð1Þ
Here, s0 is a constant, and � is a system specific coef-

ficient that controls the strength of the normal stress effect

[18, 21], which can be given implicitly by [17]

a ¼ cosð2hÞ
sinð2hÞ ð2Þ

For the alloys with Nb content of 0, 5 and 10%, the

measured angles are 40�, 35� and 28�, respectively.

Therefore, the constants a0, a5 and a10 for the three

alloys can be calculated as follows:

a0 ¼
cosð2hÞ
sinð2hÞ ¼ 0:176 ð2aÞ
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Fig. 3 Room temperature compression stress–strain plots for both the

present composites containing (a) X = 0, (b) X = 5 and (c) X = 10

Table 1 The compressive mechanical properties of the current

present composites

Alloy ry (GPa) rC
F (GPa) ee (%) ep (%)

0 2.5 2.5 2.3 0

5 2.15 2.1 2.2 1

10 2.0 2.1 2 2

(a)  (c) (b)

28°

40°

35°

Fig. 4 SEM images of fracture angle for specimens with the different Nb concentrations a X = 0, b X = 5 and c X = 10
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a5 ¼
cosð2hÞ
sinð2hÞ ¼ 0:364 ð2bÞ

a10 ¼
cosð2hÞ
sinð2hÞ ¼ 0:673 ð2cÞ

Obviously, the constant for the single amorphous phase is

much smaller than that for the composite, and with the

increase of the volume fraction of the precipitated crys-

talline phase, the constant increases. It implies that the

normal compressive stress should play a more remarkable

role in the fracture process of the present composites than

the fully amorphous alloy. This can be attributed to the

interactions between the precipitated crystalline phase and

the amorphous, and these interactions should contribute to

the effect on the normal stress on the fracture process of the

alloys.

Physically, the form of Eq. 1 was originally proposed

for granular materials, where the rn term arises from the

geometric rearrangement of sliding particles and the fric-

tion between them, thus � is an effective coefficient of

friction. It means that the precipitated crystalline phase in

the composites effectively block the shear deformation and

the fracture of the amorphous matrix. This study provided

direct evidence that the constant � can be regarded as an

external reflection of the interactions among particles and

the amorphous matrix. In turn, those interactions affect the

deformation fracture mechanism of the metallic glass

composite, and improve its mechanical properties, such as

strength and ductility.

Moreover, the shear band morphologies on the surfaces

of the alloys with the different Nb contents were examined

on a SEM, as shown in Fig. 5. On the whole, the shear

bands with low density near the fracture surface of the Nb-

free alloy were arranged in an angle of 45� to the com-

pressive load direction, whereas a small amount of shear

bands nearly perpendicular to the compressive load direc-

tion caused by the casting defects were also observed, as

shown in Fig. 5a. In contrast, the quantity of shear bands

significantly increased in alloy with 5% Nb content, and

these shear are parallel at nearly 45� to the compressive

axis. In addition, some shear band branches can also be

observed. With the increase of the Nb content, the density

of the shear band increases, and these shear bands intersect

and branch to form an intricate network. These shear band

morphologies imply that the precipitated crystalline phase

can effective block the shear band propagation, resulting in

a delocalization of neighboring undeformed regions. The

shear delocalization is expected to enhance the ductility of

the composite.

Conclusions

In this study, the composites reinforced by in situ precip-

itated crystalline phase were successfully prepared by

adding Nb in Zr55Cu15.5Al7.5Ni10Be12 metallic glass. It was

found that the addition of Nb in Zr55Cu15.5Al7.5Ni10Be12

alloy led to the in situ precipitation of dendritic crystalline
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Fig. 5 SEM images of surface

for specimens with the different

Nb concentrations a X = 0,

b X = 5 and c X = 10
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b-Zr phase, and with the increase of Nb content, the

size and the volume fraction of the dendritic precipitated

phase increased. The composites exhibited a significant

improvement of plasticity with a slight strength loss,

compared to the fully amorphous Zr55Cu15.5Al7.5Ni10Be12.

The presence of the dentritic crystalline phase affect the

deformation mechanism and fracture mode of the BMG by

enhancing the affecting level of the normal stress on the

shear surface, and the constant � in the Mohr–Coulomb

criterion can reflect the extent of the interactions among

particles and the amorphous matrix. Thus, the interaction

between the precipitated phase and the shear band are

responsible for the plasticity enhance of the composites.
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