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Abstract 

It is important to interpret the scattering of the plastic deformation behavior data for 

the structural-applications of bulk metallic glasses (BMGs), however, few studies 

have focused on statistical analysis of the variation and reliability of the plastic 

deformation behavior of BMGs. In this work, statistical analyses show unavoidable 

large variations in the maximum nominal strains of as-cast BMGs, although they 

exhibited greatly-enhanced average values of the maximum nominal strains with 

*Manuscript
Click here to view linked References

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.intermet.2016.05.001 This is the Pre-Published Version.



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

2 

 

reduced sample sizes and in the presence of stress gradients. The large variations are 

attributed to the intrinsic variability of the atomic arrangements stemming from the 

solidification processes. Nevertheless, the investigations show enhanced cut-off 

nominal strains (safety threshold) in the specimens with stress gradients. The findings 

suggest that, despite large variations in the plastic deformation behavior, BMGs are 

still reliable in practical structural-applications where the materials always deform 

under more complex stress states.  

 

Key words: A. metallic glasses; B. mechanical properties; B. shear band. 
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1. Introduction 

Due to the non-ordered atomic arrangement, bulk metallic glasses (BMGs) have a 

number of well-known unique properties, such as an elastic limit of about 2%, high 

corrosion resistance, high processing ability at higher temperatures and relatively 

higher strength and hardness compared to their crystalline counterparts [1-5]. As a 

novel class of structural materials, BMGs have been developed for several decades 

and are now poised for widespread engineering applications [6-8]. In practical 

structural-applications of BMGs, they always have a wide range of product 

dimensions and deform under complex stress states [4,9-14]. It well known that 

reduced sample sizes [15-21] and the presence of stress gradients [22-24] can enhance 

the plastic deformation behavior of BMGs. However, due to the metastable atomic 

arrangements stemming from the solidification processes, the mechanical properties 

of BMGs demonstrate a wide range of variation. For example, the fracture toughness 

of BMGs varies significantly from specimen to specimen [25-28]. Since the plastic 

deformation behavior of BMGs is greatly affected by intrinsic micro-inhomogeneities 

[29-32], there may also be significant scatter. Understanding the variation of the 

mechanical properties is vital for the development of structural materials [25,33], and 

many attempts have been made to investigate the variation of the fracture toughness 

[25-28] and strength [34-38] of BMGs. Although it is also important to interpret the 

scattering of plastic deformation behavior data of BMGs in order to avoid catastrophic 

failures, unfortunately, most of the research so far has focused on how to improve the 

plastic deformation behavior. Statistical analysis on the variation and the reliability of 
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the plastic deformation behavior of BMGs has rarely been reported. In this work, the 

variation of the plastic deformation behavior of a Zr-based BMG with varying sample 

sizes and stress gradients has been investigated using a large number of specimens, 

and the corresponding safety thresholds (cut-off nominal strains) have been examined. 

 

2. Experimental 

As-cast Zr57Cu20Al10Ni8Ti5 (at%) BMG rods, with dimensions Ф3 mm × 85 mm and 

Ф2 mm × 35 mm respectively, were fabricated from pure elements by suction casting 

the melted ingots into water-cooled copper moulds. The amorphous atomic structures 

of the as-cast rods were confirmed using standard X-ray diffraction (XRD) analysis. 

Three groups of specimens were cut from the as-cast rods, as shown in Fig. 1a. Wu et 

al. [34] reported that the tilting of the samples away from the loading direction can 

significantly affect the plastic deformation behavior of BMGs. In this work, to 

minimize the effect of the tilting of the samples, a fixture was used to make sure that 

all the samples were orthogonal, and the two ends of the specimens were parallel 

before testing. The orthogonal shapes of the specimens were evidenced by the optical 

images before the compressive testing (Fig. 1b), and the scanning electron 

microscopy (SEM) images after testing (Fig. 1c) showed that the phenomenon of 

tilting away from the loading direction, as discussed in Ref. [34], does not occur. In 

group III, a tilt angle of 2° (± 0.2°) was tailored at one end surface of the specimens. 

Under compressive loading, the tilt angle between the end surface of the specimen 

and the loading platen can result in the presence of a stress gradient to improve the 
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plastic deformation behavior [22,23]. Room-temperature compression tests were 

carried out on a servo-hydraulic 810 Material Test System (MTS) at a strain rate of 1 

× 10
-4

 s
-1

, and the nominal strains were recorded using a model 632.13F-20 MTS 

extensometer. In order to ensure reliable statistical analysis, the specimen number of 

each group was determined by the equation: 

   
     

     
 

 

                                                                                

where μ and δ
2 

are the mean and variance of a population, and |X-μ| is the estimated 

maximum error between an individual measurement and the mean. With a confidence 

level of 100(1−α), Zα/2 is the upper α/2 percentage point of the standard normal 

distribution. In the case of a confidence level of 95% (α=0.05, Zα/2=1.645), the 

minimum specimen number n should in the range 20~30, provided that δ/|X-μ| is 

around 2.5~3.5 which is normally acceptable in reliability engineering [39]. In this 

work, as confirmed by Ref. [36], 23 specimens for each group were tested for 

statistical analysis. 

 

3. Results and discussion 

Figure 2a shows typical compressive stress-strain curves of the three groups of 

specimens. It can be seen that for the specimen 3 mm in diameter, the BMG show a 

limited plasticity of about 2% (group I). The other two groups of specimens, with 

smaller sample sizes (group II) and stress gradient (group III), demonstrate enhanced 

nominal plasticity, agreeing well with previous findings [16,21,23]. However, when a 

large number of specimens are considered, it is found that the maximum nominal 
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strains display large variations (Fig. 2b). Despite the specimens with smaller sample 

sizes and the presence of stress gradients having better plastic deformation behavior, 

they still exhibit wide ranges of maximum nominal strains, differing from the high 

strength uniformity under compression tests [34,36]. The Weibull distribution has 

been widely used to evaluate the reliability of samples in safety engineering, and has 

also been used to characterize the variation of the strength of brittle materials, 

including BMGs [34-38]. Considering that the nominal strain is proportional to the 

failure time of the test specimens, the Weibull distribution has also been used to 

investigate the variation of the maximum nominal strains in this work. The 

cumulative distribution of the maximum nominal strains of a three-parameter Weibull 

distribution is given as 

           
    

  
                                                           

where Pf is the failure probability for a given nominal strain ɛ, ɛ0 is a scaling 

parameter and m the Weibull modulus. The parameter ɛᵤ is the cut-off nominal strain, 

denoting the value at which failure will not occur. Eq. (2) was then linearized to 

obtain the cut-off values of ɛᵤ, as shown in the following expression: 

       
 

    
                                                  

Figure 3 gives the three-parameter Weibull statistical results of the maximum nominal 

strains, where the Weibull moduli (m) are given in Table 1. As compared with the 

relatively-larger Weibull moduli of the strength of some Zr-based BMGs (5.98-6.80 

[36]), the distributions of the maximum nominal strains have Weibull moduli ranging 

from 0.92 to 1.21. The small Weibull moduli indicate large variations in the maximum 
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nominal strains, and the data are right-skewed, where the majority of the specimens 

are closer to the cut-off values, as shown in Fig. 3b. These findings suggest that 

although a decrease in the sample sizes and the presence of stress gradients can 

usually enhance the maximum nominal strain, more attention should be paid to the 

scattering of the plastic deformation behavior before widespread 

structural-applications of BMGs. 

 

For a certain alloy composition and the same production processes, the variations of 

the plastic deformation behavior may result from the variations of the cooling rates at 

different locations in the as-cast rods. On the one hand, the different locations of the 

as-cast specimens have different cooling rates during the solidification process, 

resulting in different plastic deformation behavior [40]. On the other hand, the as-cast 

specimens also demonstrate different cooling rates between the surfaces and the 

centre [41,42]. The variation of cooling rates can result in differences in the atomic 

arrangements [40,42,43] as well as the distribution of the free volume [44]. It is 

known that BMGs accommodate plastic deformation through the formation and 

propagation of shear bands [1,5]. The formation of shear bands is significantly 

affected by the activation of the shear transformation zones (STZs) [45], which are 

clusters of atoms that are collectively rearrangable under applied stress and 

preferentially occur at regions with more free volume [46,47]. Thus, the variations in 

the atomic arrangements, as well as the distributions of the free volume, resulting 

from the differences in the cooling rates, may be the main cause for the differences in 
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the maximum nominal strains. Moreover, casting defects may also result in 

differences in the plastic deformation behavior by influencing the activation of the 

shear bands [38,45]. The variable atomic arrangements as well as the casting defects, 

stemming from the solidification processes, can be regarded as intrinsic to BMGs and 

are unavoidable during the casting processes. 

 

In the application of structural materials, the cut-off nominal strains are always used 

to denote the safety threshold. In this work, the cut-off values (ɛᵤ) of the three groups 

of specimens are also given in Table 1. The cut-off value of 2.11% in group I indicates 

brittle fracture behavior of such a group of specimens. Although the average value of 

the maximum nominal strains of group II specimens increases by 5.59% as compared 

with group I specimens, the cut-off nominal strain does not increase significantly 

(0.47%). Therefore, a decrease in sample size may not be able to avoid catastrophic 

failures or to mitigate the variations in the plastic deformation behavior when a large 

number of BMG specimens are involved. (It should be mentioned that the size effect 

here only refers to the BMG specimens larger than the critical values, below which 

the stress states and deformation mechanisms are changed during testing [17,20,48]. 

For example, Volkert et al. [17] have reported the change in the deformation 

mechanisms from shear-banding-mediated deformation to homogeneous deformation 

when the sample column diameters decreased to 140 nm in amorphous Pd77Si23.) This 

might be because the increase of the maximum nominal strains in group II is due to 

changes in the physical nature of the specimens, such as the increase of cooling rates 
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[41,42] and fewer casting defects [38,45], which intrinsically have large variations. In 

contrast, group III specimens have a cut-off value of 4.61%, which is relatively larger 

than the values in groups I (2.11%) and II (2.58%). In the light of the elastic strains of 

such BMGs, the improvement of the cut-off nominal strain of 2.5% is important in 

forming a plastic-flow stage to avoid catastrophic failures, resulting in improvement 

of the reliability in practical applications.  

 

In group III, the increase of the cut-off nominal strain may be attributed to the 

extrinsically applied stress gradients. Based on an ideal elastic-plastic constitutive 

model [11], finite element modelling (FEM) analysis was used to characterize the 

stress distribution of the specimens in group III. At a nominal strain of 2.5%, the FEM 

results show that yielding only occurs in part of the specimen (Fig. 4a), which is in 

line with the nominal stress-strain curve in Fig. 2a. It can be seen that the group III 

specimen has an apparent elastic strain of about 2.5%, which is slightly larger than the 

values of about 2.25% in groups I and II (Fig. 2a). At the apparent elastic limit (2.5%) 

of the group III specimen, since the specimen has only partially yielded (Fig. 4a), the 

nominal stress is smaller than in groups I and II. The stress gradient in group III 

specimens can also result in a decrease in the apparent elastic modulus, where smaller 

loads were achieved under the same axial displacements. After the apparent elastic 

stage, the nominal strain increases continuously to form a work-hardening-like stage 

up to a strain of about 4.61%, and then fails after a steady stage of plastic flow. Since 

the ultimate strength of the specimen in group III is no smaller than the value in group 
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I, a work-hardening-like stage of plastic flow must occur before catastrophic failure. 

At the cut-off nominal strain 4.61% (Fig. 4b), yielding occurs in almost the whole of 

the specimen, similar to the yield specimens in group I. At strains larger than the 

cut-off value, the percentage of the volume and flaws experiencing failure stress in 

group III specimens may also be similar to the specimens in group I. Therefore, the 

large variation of the maximum nominal strains in group III, which are larger than the 

cut-off value, may also be caused by intrinsic variability stemming from the 

solidification process. It can then be concluded that the increase of the cut-off nominal 

strain in group III was mainly due to the work-hardening-like plastic-flow stage 

resulting from the stress gradient, while the large variation of the maximum nominal 

strains was the result of the intrinsic variability of BMGs. 

 

As a novel class of structural materials, it is important to reduce the variations of the 

mechanical properties of BMGs in practical applications. The intrinsic variability in 

the maximum nominal strains cause many uncertainties and unavoidable catastrophic 

failures, as displayed in the specimens in groups I and II, which are undesirable in 

industry. Narayan et al. [28] have also observed intrinsical variability of the model I 

fracture toughness of BMGs. Due to the metastable atomic arrangements stemming 

from the solidification processes, it is difficult to control the atomic packing and the 

free-volume distribution accurately. Although attempts have been made to reduce the 

variations of fracture toughness by thermoplastic-forming the specimens [25], 

reducing the intrinsic variations of the mechanical properties of BMGs is still very 
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challenging. Fortunately, the present findings show that although it is difficult to 

reduce intrinsic uncertainties, their catastrophic failures can be avoided and they are 

still reliable by introducing stress gradients extrinsically to improve the cut-off 

nominal strains, as shown in group III. It is known that in practical 

structural-applications, BMGs always deform under more complex stress states, rather 

than uniformly distributed stresses or simple stress gradients [4,9-13]. With 

greatly-improved plastic deformation behavior under complex stress states [49-54], 

the cut-off nominal strains may be further improved in practical applications. 

Therefore, despite intrinsic variations, BMGs still possess great potential for structural 

applications. 

 

4. Conclusions 

In summary, the variation and reliability of the plastic deformation behavior of a 

Zr-based BMG have been examined. Large variations were observed in the maximum 

nominal strains with the three-parameter Weibull moduli ranging from 0.92 to 1.21, 

which mainly resulted from the intrinsic variability of the atomic arrangements 

stemming from the solidification processes. Our further investigations on the cut-off 

nominal strains revealed that by changing the physical nature of BMGs through 

reducing the sample sizes, the safety threshold (cut-off nominal strain) was slightly 

enhanced from 2.11% to 2.58%, however, when an extrinsically stress gradient was 

introduced, the value was improved to 4.61% by forming a work-hardening-like 

plastic-flow stage. The findings suggest that, despite intrinsic variability in the plastic 
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deformation behavior, BMGs are still reliable in practical structural-applications 

where the materials always deform under more complex stress states. 
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Figure captions 

 

Figure 1. (a) Schematic diagram of the three groups of BMG specimens. (b) Optical 

images showing the specimens before compressive testing. (c) SEM images showing 

three specimens at fracture, where ε is the nominal strain at failure.  

 

Figure 2. Compressive testing results of the three groups of specimens, where (a) 

shows three typical stress-strain curves, and (b) shows the distribution of the 

maximum nominal strains of 23 specimens. The data in (b) were distributed as the 

increase of the maximum nominal strains, and the inset shows a magnified view. 

 

Figure 3. Three-parameter Weibull plots of the maximum nominal strains (a), where 

(b) is the corresponding density distribution. 

 

Figure 4. FEM results showing the stress distributions of the group III specimens at 

nominal strains of 2.5% (a) and 4.61% (b) respectively. 

 

 

 



 

 

 

 

 

 

 

 

 

Table 1. The statistical results of the maximum nominal strains of the specimens, where 

N is the number of specimens, ɛa is the average value and ɛs the standard deviation of 

the maximum nominal strain. m and ɛᵤ are the three-parameter Weibull modulus and the 

cut-off nominal strain, respectively. 

 

Group N ɛa (%) ɛs (%) Minimum (%) Median (%) Maximum (%) m  ɛᵤ (%) 

I 23 4.29 2.01 2.27 3.76 11.50 1.21 2.11 

II 23 9.88 5.55 2.66 7.85 21.80 1.14 2.58 

III 23 8.09 4.56 4.72 6.50 26.05 0.92 4.61 
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