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Abstract 

Bulk metallic glasses (BMGs) have serrated flows to accommodate plastic 

deformation at room temperature, where the mechanical energy is accumulated in a 

stress arising process and then released by a following stress drop. In this study, the 

variation of the mechanical energy accumulation rate of a Zr-based BMG under 

varying external disturbances, including the geometric confinement, sample sizes and 

stress gradients, has been investigated at varying strain rates. In all groups of 

specimens, the accumulation rates for the elastic strain energy during the plastic-flow 

serrations are different from the values at the initial elastic stages under compression 

tests, and have large variations. The variations of the accumulation rates are affected 

by the applied strain rates, and smaller variations are observed at relatively-lower 

strain rates (5×10
-4

 s
-1

 and 5×10
-5

 s
-1

). Such variations in the change of the applied

strain rates are independent of the presence of the geometric confinement, size effect 

and stress gradients, and may be attributed to the intrinsic deformation mechanisms of 

BMGs. The findings give further insights into the mechanisms on the evolution of 
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flow serrations in BMGs. 
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1. Introduction 

Bulk metallic glasses (BMGs) form a class of amorphous alloys with unusual 

mechanical properties, such as high strength and large elastic limit that are superior to 

the conventional crystalline alloys, and have great potential for practical structural 

applications [1-7]. Understanding of the room-temperature plastic deformation 

mechanisms of BMGs plays a key role in achieving their widespread applications as 

structural materials. At room temperature, the plastic deformation of BMGs is highly 

localized in thin layers of shear bands, demonstrating serrated plastic flows in the 

stress-strain curves [8, 9]. The formation of the serrations is significantly affected by 

the applied strain rates [10-12] and external disturbances, such as the geometric 

confinement [9, 13] and stress gradients [14-16]. For example, Schuh et al. showed 

that with increasing loading rates, the plastic deformation in BMGs transits from 

serrated flows into homogeneous deformation [11]. Introducing appropriate stress 

fields can drive bursts of more plastic flows which can evolve to a critical dynamics 

and lead to the delay of catastrophic failure [15]. During the plastic-flow stage of 

BMGs, the strain energy is firstly accumulated and stored, leading to a stress arising, 

which is usually considered as an elastic energy accumulation process [9]. When the 

amount of accumulated elastic energy reaches a critical value, the energy is released 

by the formation and propagation of a shear band, resulting in a stress drop [8]. Since 

the mechanisms on the initiation and propagation of shear bands are still being 

debated [17], studies on the serrations may be helpful in uncovering the 

corresponding plastic deformation mechanisms. For instance, what is the difference 

between the elastic strain energy accumulation process during the flow serration stage 

and at the initial elastic stage? 

 

With stochastic atomic orders, the mechanical properties of BMGs, such as strength 
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[18-20], plasticity [21] and fracture toughness [22,23], demonstrate variations from 

specimen to specimen. Similarly, the flow serrations in BMGs also demonstrate large 

variations, for example, the magnitudes and elastic strain energy accumulation rates 

(ESEARs). The evolution of the magnitudes of the serrations has been examined 

extensively using statistical analysis, where some data follow a power-law and can 

evolve to a critical state [9,15,24,25]. However, studies focused on the variation of the 

ESEAR values, which is associated with the capacity of the BMG to accommodate 

the elastic strain energy during the plastic deformation processes, have rarely been 

reported. The change of the ESEAR affects the capability of BMGs to accommodate 

the plastic deformation energy. In a recent work, Tang et al. [26] reported the 

achievement of a relatively high uniformity of ESEAR under a constrained complex 

stress field. It suggests that the evolution of ESEAR is significantly dependent on the 

confinement of the propagation of shear bands. Consequently, how about the variation 

of ESEARs under varying external disturbances, where BMGs have improved 

macroscopic plasticity? The BMG specimens used in Ref. [26] deformed under a 

mixed-mode loading condition, where investigation of ESEARs under standard tests 

may give more insight into the mechanisms on the evolution of ESEAR during the 

serration flows. In this work, the variation of ESEARs in a Zr-based BMG has been 

examined under compression tests at varying strain rates. The effect of external 

disturbances, such as the geometric confinement, sample sizes and stress gradient, on 

the variation of ESEARs has also been investigated. The results have shown that the 

variations of the ESEARs may be intrinsic for BMGs, which are independent on the 

applied external disturbances, such as geometric confinement, sample sizes and 

gradient stress distributions.  

 

2. Experimental 

Cylindrical as-cast BMG rods (Zr57Cu20Al10Ni8Ti5, at.%) were fabricated by suction 

casting using a water-cooled copper mold. Four groups of specimens were employed 

to obtain serrated plastic flows under varying external disturbances: Group I, BMG 

specimens of 2 mm diameter; Group II, geometric confined BMG specimens with 2 
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mm in diameter, where a Ni layer with thickness of 66 ± 7 µm was electroplated onto 

the side surface; Group III, BMG specimens of 3 mm diameter; and Group IV, BMG 

specimens of 3 mm diameter with a tilted angle of 2 degree on the top surface, which 

can result in the presence of stress gradients during the compressive tests [13]. The 

room-temperature compression testing of the specimens with an aspect ratio of 2 were 

conducted on an MTS Qtest/25 materials testing machine at strain rates of 5×10
-3

 s
-1

, 

5×10
-4

 s
-1

 and 5×10
-5

 s
-1

, respectively. The data for the serrated plastic flows were 

collected at a rate of 50 data per second. To investigate the variation of the mechanical 

energy accumulation rates, the Weibull distribution was employed, which has been 

widely used to evaluate the variation of the strength and plasticity of BMGs 

[18-21,27]. 

 

3. Results and discussion 

Fig. 1a shows the representative stress-time curves of group I specimens (the 

stress-time curves of groups II-IV specimens are given in Fig. SI1 in the 

Supplementary Materials). It can be seen that, after the elastic stage, the specimens 

showed serrated plastic-flow stages at different strain rates. The typical serrated flows 

of the specimen at a higher magnification are given in Fig. 1b. With the decrease of 

strain rate, more serrations were obtained. The number of serrations against the 

decreasing strain rates is plotted in Fig. 2. It can be seen that, for all groups of 

specimens, decreasing of the strain rate can trigger the burst of more serrations. The 

dynamics of the flow serrations in BMGs can be classified into two states: one is 

chaotic dynamics, and the other is a power-law criticality behavior (or a 

self-organized critical state, i.e., an SOC behavior) [9,15,24]. The criticality of the 

plastic flows depends on the geometric confinement, sample sizes and complex stress 

fields [9,13,15]. However, the determining of the dynamics of flow serrations depends 

significantly on the amplitudes/sizes of the stress/load drops. The present work aims 

to characterize the flow serrations based on the ESEARs, i.e., during the stress-arising 

process, which may give more insight into the deformation mechanisms of BMGs. To 

compare the ESEARs of different serrations, we define the accumulation rate of a 
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single serration at the plastic-flow stages as Ep = δσ/δt (Fig. 1b). For the initial elastic 

stage, the ESEAR is denoted as Ee. In the magnified stress-time curves (Fig. 1b), it 

can be seen that there is an obvious variation of the Ep values. 

 

The Ep values of the four groups of specimens were collected, as shown in Fig. 3. All 

specimens showed large variations in ESEAR values, regardless of the applied strain 

rates and the external disturbances (the geometric confinement, sample sizes and 

stress gradients). For example, the group I specimen at a strain rate of 5×10
-3

 s
-1

 had 

the smallest value of 16.7 MPa/s, and the largest value (170.5 MPa/s), about ten times 

of the smallest one. Although previous research has shown that the presence of 

external disturbances can reduce the variation of the plasticity on the change of strain 

rates or samples [13], they have limited effect on the variations of the Ep values. The 

large variations suggest that during the plastic-flow stage, the burst of each serration 

cannot be considered as an independent elastic event similar to the elastic stages of 

the specimen, and the burst of each serration should be dependent on the formation of 

previous serrations. The plastic-flow dynamics of the two-stage serrated flows have 

also shown that the triggering of the burst of serrations was affected by the previous 

ones [15]. Therefore, a statistical analysis should be helpful in understanding the 

mechanisms of the flow serrations. 

 

The detailed statistical results of the Ep values of the plastic-flow serrations are given 

in Table 1. Overall, with the decreasing of strain rate, a larger time range (δt) will be 

achieved, resulting in smaller Ep values. However, as compared with the accumulation 

rates at the elastic stage (Ee), the average values for the serrations (Ea) demonstrate 

differences on the change of strain rates. At a relatively-high strain rate of 5×10
-3

 s
-1

, 

the Ea value is smaller than the Ee value. While at relatively-low strain rates of 5×10
-4

 

s
-1

 and 5×10
-5

 s
-1

, the Ea values are larger than the Ee values. Such a trend is 

independent on the applied external disturbances (geometric confinement, size effect 

and stress gradient). It can be concluded that despite the variations, a relatively-higher 

strain rate tends to result in a decrease of ESEAR. When the applied strain rate 
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increases beyond a critical value, the elastic energy accumulation process could be 

eliminated, resulting in a non-serrated flow. In fact, such predictions are highly in line 

with the molecular dynamics (MD) simulation results on the plastic deformation of 

MGs at high strain rates up to 1×10
8
 s

-1
, where serrated plastic flows were not 

observed [28,29]. The transition from serrated to non-serrated plastic flows has also 

been evidenced by the nanoindentation tests of BMGs [11,30]. A lower loading rate 

can promote the formation of more serrations while a higher loading rate tends to 

suppress the formation of the serrated flows. To better compare the differences of the 

accumulation rates between the elastic and serrated-plastic-flow stages, the ratio, 

Ea/Ee, was plotted against the strain rates, as shown in Fig. 4. It can be seen that the 

Ea/Ee ratio increases with decreasing applied strain rate. This implies that even at 

relatively lower strain rates, the ESEAR during the plastic-flow stages is also 

sensitive to the applied strain rates. 

 

In order to assess the variation of the ESEARs during the serrated plastic flows, the 

data in Fig. 3 were fitted using a three-parameter Weibull distribution. The Weibull 

distribution has been used extensively to assess the reliability of materials in 

engineering applications, and has also been used to evaluate the variation of the 

strength of brittle materials, including BMGs [18,19,27,31]. The cumulative 

distribution of the accumulation rates is given as 

           
    

  
 
 

                                                        

where Pe is the probability for a given ESEAR value E, E0 is a scaling parameter, m is 

the Weibull modulus, and Eµ is a cut-off value. The fitting parameters can then be 

obtained by linearizing the equation (1), as shown in the following equation: 

      
 

    
                                                             

The modulus of the Weibull distribution, m, reflects the scattering of the data. The 

probability plots of the specimens are shown in Fig. 5 and Fig. SI2-4 in the 

Supplementary Materials, respectively. The fitting data are also listed in Table 1 (due 

to the limited number of serrations smaller than 20, the fitting results of the elastic 
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strain energy accumulation rates of the group III specimens at strain rates of 5×10
-3

 s
-1

 

and 5×10
-4

 s
-1

 are only listed for reference [21,27]). According to the fitting results, 

the moduli of the ESEARs of the plastic flow serrations are much smaller than the 

distribution of the strength (for example, 5.98-6.80 in Ref. [18], 11-45.7 in Ref. [19], 

and 36.5 in Ref. [20]), but larger than the plasticity of the BMG specimens (0.92-1.92 

in Ref. [21]). A smaller modulus means that the data are less concentrated, and have 

relatively larger variations. 

 

Look into the fitting results in detail, for each group of the specimens, the Weibull 

modulus has the smallest value at a relatively-higher strain rate of 5×10
-3

 s
-1

. At the 

relatively-lower strain rates of 5×10
-4

 s
-1

 and 5×10
-5

 s
-1

, the modulus increases, 

suggesting smaller variations. As compared with the Weibull modulus at the lowest 

strain rate of 5×10
-5

 s
-1

, the Weibull modulus of the medium strain rate (5×10
-4

 s
-1

) has 

the largest value, indicating the smallest variation. The findings imply that the 

variation of ESEAR is dependent on the applied strain rates. Based on the assumption 

that the BMGs have the same elastic responses at the initial elastic stage at varying 

strain rates, the Ee values should also be proportional to the applied strain rates. By 

defining the Ee values at strain rates of 5×10
-3

 s
-1

, 5×10
-4

 s
-1

, and 5×10
-5

 s
-1

 as Ee1, Ee2 

and Ee3 respectively, there should be a relationship as Ee1 = 10Ee2 = 100Ee3. As 

compared with the Ee values in Table 1, we found that between the strain rates 5×10
-3

 

s
-1

 and 5×10
-4

 s
-1

, all groups of specimens have the relationships Ee1 ≈ 10Ee2. This 

suggests that the BMG specimens do not show significant differences on the change 

of the strain rate from 5×10
-3

 s
-1

 to 5×10
-4

 s
-1

 at the initial elastic stage, where the 

decrease of the Weibull modulus is mainly attributable to the different responses of 

the BMGs during the plastic deformation stages due to the change of the strain rates. 

However, when the strain rate changes from 5×10
-4

 s
-1

 to 5×10
-5

 s
-1

, the relationship 

changes to Ee2 = (3.82-4.48)Ee3. This implies that at the initial elastic stage, the BMG 

already has different responses to the change of the strain rate, which may also affect 

the variation of ESEARs during the serrated-plastic flow stages. This might be the 

reason why all groups of specimens have relatively-smaller Weibull moduli at a strain 
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rate of 5×10
-5

 s
-1

 (Table 1). Although more effort is needed to uncover the 

mechanisms of the effect of strain rates on the change of the Weibull modulus, it can 

be concluded that at relatively-low strain rates (5×10
-4

 and 5×10
-5

 s
-1

), the ESEAR has 

smaller variations during the serrated plastic-flow stages.  

 

The high repeatability of the strength of BMGs is better than that of some other brittle 

solids, such as the ceramics. The small variation of the strength of BMGs may result 

from the high flaw tolerance of BMGs, where the specimens with minor casting 

defects are not sensitive to the cracks [20]. The plasticity of BMGs is significantly 

dependent on the intrinsic variability of the atomic arrangements inherited from the 

solidification processes [21]. It can be concluded that both the variations of the 

strength and plasticity are mainly caused by the variation of the atomic structures 

stemming from the fabrication processes. However, the ESEAR at the initial elastic 

stage of deformation, i.e., the Ee value, is associated with the yield strength of BMGs, 

which also has small variation [32]. The change of the Ea/Ee ratios (Fig. 4) shows that 

the ESEARs of the flow serrations (Ep) are different from the Ee values. During the 

plastic-flow stages, some shear bands are formed, resulting in a work-softening-like 

effect, where the atomic structures of BMGs are also changed. The accumulation of 

the elastic strain energy is then influenced by the deformed parts of the specimen, 

resulting in a different accumulation rate from the initial elastic stage. Since the bursts 

of the serrations are associated with the formation of shear bands [8] and the serrated 

flows are also related to the multiplication and intersection of shear bands [33], the 

accumulation of the elastic strain energy of the serrations should be affected by 

previous existing serrations. The variations of the Ep values can then be understood as 

that the formation, propagation and intersection of the shear bands of BMGs are 

spatially and temporally different during the loading process. Nevertheless, the 

change of the Weibull moduli of the variations of the Ep values on the change of the 

applied strain rates suggests that there may exist some relationships among the 

ESEARs of the flow serrations, similar to the criticality behavior, based on the 

statistics of the magnitudes [9,15,24,25]. The authors would like to point out that the  
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Many studies have shown that BMGs can demonstrate different deformation behavior 

under varying external disturbances. Wide plastic-flow-plateau stages can be obtained 

by reducing the sample sizes [34-36], introducing geometric confinement [37,38] and 

tailoring complex stress distributions [39-41]. The nominal plasticity of BMGs has 

shown less dependence on the strain rates with the presence of some external 

disturbances, such as the geometric confinement and stress gradients [13]. The 

presence of stress gradients can also result in small variations in the nominal plasticity 

[21]. However, the present work has shown that the large variations of the ESEARs 

occur in all groups of specimens, and shown similar trends on the change of the strain 

rates. The variation of ESEAR during the flow serrations may result from the intrinsic 

deformation mechanisms of the BMGs. This further confirms that some underlying 

laws may exist among the serrations, similar to the power-law criticality behavior 

[9,15,24,25]. Understanding the intrinsic variations of the mechanical accumulation 

rates in BMGs could be helpful for uncovering the mechanism of the bursts of 

serrated plastic flows. For example, it is challenging for the present constitutive 

models of BMGs to capture the serrated flows of BMGs [42-45]. The uncovering of 

the intrinsic connections of ESEARs during the flow serrations may be helpful for 

building an intrinsic relationship between the loading and plastic deformation of 

BMGs. The present work has shown the intrinsic variations of ESEARs and revealed 

their dependence on the change of the strain rates. However, more effort is still 

necessary to shed more light into the intrinsic connections of the serrations, for 

example, how the triggering of the burst of a serration is affected by the previous 

existing serrations? 

 

4. Conclusions 

In summary, the variation of ESEARs of the flow serrations in BMGs under external 

disturbances, such as geometric confinement, sample sizes and stress gradient, has 

been studied under varying strain rates. The main findings are concluded as: 

 Large variations of ESEARs during the flow serrations, which are different from 
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the ESEARs at the initial elastic stage, have been observed, demonstrating 

differences on the change of applied strain rates.  

 At a relatively-high strain rate of 5×10
-3

 s
-1

, the specimens have relatively smaller 

Weibull moduli, which are associated with larger variations in ESEARs. While at 

relatively-low strain rates (5×10
-4

 and 5×10
-5

 s
-1

), all groups of specimens have 

larger Weibull molduli, suggesting smaller variations.  

 The large variations in ESEARs as well as the trends on the change of the applied 

strain rates are similar for all groups of specimens, regardless of the presence of 

external disturbances, such as the geometric confinement, sample sizes and stress 

gradients. The large variations of ESEARs in flow serrations may result from the 

intrinsic deformation mechanisms of BMGs. 
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Figure captions 

Fig. 1. (a) The nominal stress-time curves of the group I specimens at strain rates of 5 

× 10
-3

, 5 × 10
-4

 and 5 × 10
-5

 s
-1

, respectively. (b) Magnified curve of the specimen at 

the strain rate of 5 × 10
-4

 s
-1

, where the variation of ESEARs for different serrations 

(Ep) can be observed. 

 

Fig. 2. The number of serrations of four groups of specimens collected at varying 

strain rates.  

 

Fig. 3. The distribution of ESEARs of the flow serrations, where the collected data are 

plotted as the increase of the magnitude. 

 

Fig. 4. The distribution of Ea/Ee ratios on the change of applied strain rates. 

 

Fig. 5. The Weibull distribution showing the fitting results of ESEAR for group I 

specimens. 
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Figure 4 
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Table 1. The statistical results of the Ep values of four groups of specimens, where N 

is the number of the serrations, Ea and Es are the average value and standard deviation, 

respectively, and m is the three-parameter Weibull modulus. 

 

Group Strain 

rate (s-1) 

Ee 

(MPa/s) 

N Ea 

(MPa/s) 

Es 

(MPa/s) 

Minimum 

Ep (MPa/s) 

Maximum 

Ep (MPa/s) 

m 

I 5×10
-3

 110.7 22 73.7 41.2 16.7 170.5 1.92 

I 5×10
-4

 11.4 44 14.0 4.3 5.8 23.8 3.46 

I 5×10
-5

 2.8 104 4.1 1.3 2.3 9.2 3.2 

II 5×10
-3

 106.4 84 46.2 32.2 7.9 132.3 1.55 

II 5×10
-4

 10.7 97 12.5 3.7 6.6 22.8 3.5 

II 5×10
-5

 2.8 111 3.7 1.2 2.2 7.0 3.3 

III 5×10
-3

 95.1 9 40.2 18.9 21.8 82.5 2.38 

III 5×10
-4

 9.4 11 10.4 3.1 7.6 18.7 3.37 

III 5×10
-5

 2.1 28 3.2 1.2 1.7 6.2 2.89 

IV 5×10
-3

 88.8 31 49.9 20.9 23.7 99.1 2.59 

IV 5×10
-4

 8.8 99 10.1 3.3 4.9 20.3 3.19 

IV 5×10
-5

 2.0 190 2.2 0.9 0.9 5.0 2.68 
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