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Abstract 

The failure of bulk metallic glasses (BMGs) during plastic deformation at 

room temperature is abrupt and instantaneous, while the analysis of precursor 

information based on avalanche events helps predict catastrophic failure. Acoustic 

emission (AE) signal can provide accurate precursor information for material failure, 

due to its sensitive and high fast calculation ability. In the current study, AE monitoring 

tests are carried out during uniaxial compression tests of BMGs at different strain rates. 

The AE experimental failure threshold, Emax, is proposed on the basis of AE cumulative 

energy, which reflects the intensity of damage evolution at different loading conditions. 

Compared with the critical shear band velocity (CSBV) associated with stick-slip 

dynamics of serrated flow, Emax is a more sensitive failure parameter since it is 

connected with the local microscopic events changes in the material response process. 

Here, the Emax is obtained prior to CSBV since the calculation of these two avalanches 
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analysis focuses on the different stages of shear band growth. In particular, AE events 

are related to the “dry” friction process in the first stage, however, the CSBV is 

responsible for the “viscous” glide in the second stage. Therefore, Emax is not affected 

by the complex interaction between the shear bands in the stick-slip process. The 

maximum avalanche of serrated flow, Smax, is proposed as the experimental failure 

threshold, which depends on the applied strain rates as 𝑆𝑚𝑎𝑥 ~ 𝜀̇−𝜆. According to the 

relationship of Emax and Smax, the theoretical failure threshold, Emax, follows a criterion 

Emax = 2545ε̇
−𝜆

- 4468, where λ is equivalent to 0.15 for this work. Combining the 

different calculations and AE measurements, this model gives new insights to predict 

the deformation failure behavior of the Zr-based BMGs. 

Keywords: Bulk metallic glasses; Failure threshold, Shear deformation; Acoustic 

emission; Real-time monitor 
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1. Introduction 

Metallic glasses (MGs) have received extensive attention from the basic and 

applied research communities since being discovered in the 1960s [1] due to their 

unique material properties [2]. The emergence of bulk metallic glasses (BMGs) is 

considered to be a milestone because they display unique and intriguing mechanical, 

chemical, and physical properties [3-5]. Furthermore, more interesting properties have 

been discovered due to significant progress in alloy development over the past few 

decades [6, 7]. Nevertheless, a serious factor limiting structural application is their poor 

macroscopic plasticity at ambient temperature [4, 8]. After the BMGs yield at room 

temperature shear bands rapidly form and propagate, leading to plasticity being 

produced via highly localized shear bands [9]. 

Avalanche events (such as serrated flow and acoustic emission) caused by 

shear bands serve as a bridge between the macroscopic plasticity and the shear process 

of BMGs. Dynamics analysis of a series of avalanche events helps predict and monitor 

such catastrophic failures [10, 11]. For example, Qiao et al. [12] predicted the 

maximum stress drop associated with the avalanche size of plastic instability events, 

which can be used as a criterion of the material before failure. Furthermore, combined 

with the mean-field model, a simpler and more effective theoretical failure threshold 

model directly related to the glass transition temperature of the BMGs was established 

[13]. Such a finding was helpful in better understanding the unpredictable catastrophic 

failure of BMGs at room temperature. However, these prediction methods do not 

provide a way to respond to the instability and failure of materials during mechanical 
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testing since they cannot directly capture the serration size during plastic deformation. 

Thus, the stress drop (S) needs to be calculated indirectly by processing the stress-strain 

(time) curves. 

The second type of experimental method for studying avalanches is based on 

the measurement of local microscopic events related to the material response process 

[14]. For example, acoustic emission (AE) technology is applied to monitor transient 

elastic waves in solids due to rapid and local structural changes. This technology has 

been widely used in mine safety monitoring [15, 16]. For instance, when the material 

is close to the final damage event AE activity will increase significantly, which is a 

“warning signal” for imminent material failure [15]. The moment when the AE activity 

suddenly changed was regarded as the critical point of specimen instability [16, 17]. In 

a study by Zhang et al. [18], which examined the precursory early warning information 

of AE parameters during the uniaxial compression of tuffs, found that the AE 

cumulative energy changed from a slow, progressive rise to an instantaneously 

significant increase before failure. This turning point has been treated as a precursor 

time point used for the prediction of rock failure [17, 18]. Although a variety of 

theoretical frameworks [19-21] have been used to analyze and predict the burst sizes of 

serrated flow in BMGs, predicting burst sizes of AE related to the shear bands is still 

poorly understood. In this paper, we will estimate the largest burst sizes of AE by 

relating the experimental failure threshold of serrated flow, Smax, with the experimental 

failure threshold of AE energy, Emax, during plastic deformation in BMGs. 
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2. Experimental procedures 

Alloy ingots with a nominal composition of Zr52.5Cu17.9Ni14.6Al10Ti5
 (Vit105) 

were prepared by induction melting high purity (purity>99.9%) constituents in a Ti-

gettered argon atmosphere, followed by suction casting to form rods with a diameter of 

2 mm. Compressive testing specimens of 5 mm in height were cut from as-cast rods by 

means of a diamond saw using cutting fluid as a coolant. The cut samples were then 

ground and polished to 4 mm (aspect ratio of 2:1). Compression tests were carried out 

using an Instron 5969 machine, and the data acquisition rate is 100 Hz. The samples 

were tested using strain rates of 3 × 10−3, 3×10−4, and 3 × 10−5 s−1 at room temperature. 

A computer-controlled DS5 device was used to monitor the AE activity during the 

compression tests. The RS-35C sensor with a flat response in the 100 - 600 kHz 

frequency band ensures good acoustic contact by using vacuum grease. The 

preamplifier gives a gain of 40 dB.  

3. Results 

3.1. AE amplitude 

The compressive stress curves and AE amplitude spectrum at different strain 

rates (3 × 10−3, 3×10−4, and 3 × 10−5 s−1) are exhibited in Figs. 1(a), 1(c), and 1(e). 

Based on the high time resolution of AE, the stress-time curve is plotted to synchronize 

the two experimental processes. In BMGs, serrated flow is often observed at low strain 

rates during inhomogeneous deformation [22, 23], which typically manifests as a 

repeated cycle of sudden stress drops and subsequent elastic reloading. Stress drop 
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behavior is commonly used to study avalanche events, which reflects the whole process 

from shear band nucleation to arrest [24]. AE measurement represents a unique method 

that is used to monitor the local irreversible stress relaxation process at the source in 

real-time [25], which cannot be obtained by other means with the same time resolution. 

Therefore, during inhomogeneous plastic flow shear bands act as a strong AE source 

[26, 27]. Here, AE signals are concentrated during the process of inhomogeneous 

plastic flow. A small number of AE signals observed below the macroscopic yield point 

can be attributed to the initiation and propagation of shear bands [28]. The local 

amplification diagram is displayed in Figs. 1(b), 1(d), and 1(f) for strain rates of 3 × 

10−3, 3×10−4, and 3 × 10−5 s−1, respectively, which shows that an AE burst is related to 

the onset of a stress drop. In the later stage of plastic deformation, the amplitude of AE 

increases as a whole, and the frequency of large-scale signals increases significantly. 

Thus, the intensity of AE events is expected to characterize the steady state of shear 

band growth. However, the AE amplitude is the maximum (peak) value that a waveform 

attains, which misses the duration of the micro-events change. The AE energy is 

calculated by integrating the envelope area of the entire waveform, which better reflects 

the intensity of micro-events change [14]. Therefore, the AE energy is chosen as a 

parameter for the subsequent study of avalanche events. 

Consistent with previous reports [26, 29], most of the AE bursts always occur 

near the beginning of the stress drop. This phenomenon is because the shear band 

growth is a dynamic process where the first stage is related to “dry” friction in which 

AE is produced more readily [29], and the second stage is related to “viscous” glide, 
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manifested as a stress drop. Therefore, AE technology is expected to preferentially 

reflect the precursor information of BMGs failure. The moment when the AE activity 

suddenly changes can be regarded as the AE critical point of BMG failure. Based on 

the “viscous” glide in the second stage of shear band growth, Sun et al. [30] calculated 

the instantaneous velocity of the shear band sliding process and found that when the 

instantaneous velocity reached the critical shear band velocity (CSBV) catastrophic 

failure occurred. The CSBV of the serration is expected to be located later than the AE 

critical point since it is calculated based on the macroscopic changes of the system, 

which may be the result of the overlap of many continuous microscopic events. 

3.2. AE energy  

The stress-time curves, AE energy, and AE cumulative energy for different 

strain rates are shown in Figs. 2(a), 2(b), and 2(c). The AE energy release can predict 

the generation of damage within the material, and the AE cumulative energy can reflect 

the intensity of damage evolution at different loading stages [31]. During the 

compression test, the elastic regime is characterized by a lack of AE events and energy 

readings. However, AE events begin to be detected as the stress-time curve approaches 

the macroscopic yield point, which is accompanied by an increase in the AE cumulative 

energy. Thus, the appearance of the AE cumulative energy curve can be regarded as the 

beginning of the plastic deformation stage. At a strain rate of 3 × 10-3 s-1, the 

propagation of the shear band is a large avalanche-induced mode [24, 32] in which the 

shear band, propagating simultaneously, is unstable. Thus, a decrease in the number of 

low energy events (energy < 100 mV·ms) is accompanied by an increase in the number 
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of medium (100 mV·ms < energy < 1000 mV·ms) and high (energy > 1000 mV·ms) 

energy events, resulting in the rapid increase in the AE cumulative energy curve. For 

the other strain rates, the propagation mechanism of the shear band belongs to a small 

avalanche-mediated mode [32, 33] in which the plastic deformation is more stable. 

After yielding, the AE energy signal is characterized by a larger number of low and 

medium energy events such that the AE cumulative energy curve increases more 

smoothly. As for the late deformation stage, the frequency of the large energy events 

increased significantly for all three strain rates. Therefore, the AE cumulative energy 

increases sharply until it reaches a “turning point”, which corresponds to the position 

with the largest slope on the AE cumulative energy curve. This observed “turning point” 

may correspond to a severe atomic activation event occurred during shear band growth 

that is characteristic of a large-scale AE event. 

Such a turning point also occurs in other brittle materials, such as tuffs, which 

is regarded as a “critical damage precursor point” [18]. Such a finding suggests that in 

this type of sudden change in the AE cumulative energy is also a precursory feature of 

failure in BMGs, which is expected to be considered a "precursor point". Usually, the 

"precursor point" corresponds to the maximum energy (Emax) before failure, and Emax 

shows power law related to the strain rate such that it satisfies 𝐸𝑚𝑎𝑥 ~ 𝜀̇−𝜆 , as 

illustrated in Fig. 2(d). Similar to the maximum stress drop (Smax) increases quite 

significantly with decreasing strain rate, due to the linear relationship between the 

increment of free volume and strain rates [13, 34]. 

4. Discussion 
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4.1. The critical shear-band velocity  

The analysis of the stress-time curves and the AE signal spectrum above as 

shown in Fig. 2, indicates that the evolution process of the two types of avalanches 

(serration and AE) is highly correlated with the deformation and failure process. 

Maximum-scale avalanches (Smax and Emax) tend to occur before the fracture of BMGs. 

To further elucidate the effectiveness of the AE "precursor point", CSBV, which is 

directly related to the steady state of the shear band, is considered for comparison. 

Existing studies generally consider that [35-37] the serration behavior 

occurring in BMGs is mainly caused by the intermittent sliding or the stick-slip process. 

Based on this theory, Sun et al. [30] simplified the shear band motion using a stick-slip 

model and used the stick-slip dynamics of a single primary shear band to measure the 

shear band velocity (SBV). During the compression process, the operation of the shear 

band will cause the release of the elastic energy stored in the machine-sample system, 

thereby partially relaxing the compressive load [30]. 

Assuming that a load P is initiated at time t = 0, the stress σ = 4P/πD
2

applied 

to a cylindrical sample with a diameter of D at time t can be expressed as [38, 39]: 

σ = k(v0t - x)= k(v0t - ∫ vdτ)

t

0

(1) 

where k = E/L(1+S)  is the elastic constant of the machine-sample system for the 

cylindrical sample [39] (E and L are the Young's modulus and sample length, 

respectively), S is the ratio of the sample stiffness κ
S
 to the machine stiffness κ

M
 and 

is also equivalent to the expression πD
2

E/(4Lκ
M
), ν0 is the loading velocity, and x is the 
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vertical displacement caused by shear band slip. Furthermore, 𝑣 is the instantaneous 

SBV that is obtained by differentiating equation (1) with respect to time t, which gives:  

v = v0 - 
1

k

dσ

dt
(2) 

According to equation (2), as long as the derivative of the loading stress with 

time could be experimentally resolved, the time dependent SBV profile for a shear band 

can be calculated. The stress-time and stress derivative-time curves for a strain rate of 

3 × 10−5
 s

-1 are displayed in Fig. 3(a). At the initial stage of yielding, there are many 

dense, small fluctuations between the intervals of the derivative curves, and these small 

serrations often occur between the relatively large serrations. In the later stage of plastic 

deformation, the serrated flow is characterized by large serrations that occur 

periodically, resulting in a derivative curve which exhibits periodic fluctuations. The 

time distribution of SBV, as calculated by equation (2), is displayed in Fig. 3(b), which 

demonstrates that the shear band velocity increases rapidly to the maximum and then 

decreases rapidly to zero from the beginning of the slip. Subsequently, a similar process 

occurs until the next sliding event is triggered, which conforms to the typical stick-slip 

dynamic behavior. 

For each slip event, a maximum shear band velocity (MSBV) is obtained. 

The overall distribution of the MSBV during a single experiment is plotted in Fig. 3(c). 

For all three strain rates, a maximum MSBV appears during the later stage of 

deformation. Due to the short duration of the final fracture process, it is difficult to 

accurately determine the CSBV at the time of crack formation. Therefore, among all 

the detectable MSBVs, the maximum MSBV is selected as the CSBV, which is close 
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to a constant value of (1.5 ± 0.4) × 10−4 m/s no matter how the internal and external 

conditions change [30]. When the shear band velocity reaches the CSBV, catastrophic 

failure will be triggered. 

4.2. The lag of CSBV appearance 

The positions of the two critical points on the stress-time curve at different 

strain rates (3 × 10−3, 3×10−4, and 3 × 10−5 s−1) are exhibited in Figs. 3(d), 3(e), and 3(f), 

from which the data points represent the derivative of the increase process of the AE 

cumulative energy curves, and the AE critical point Emax corresponds to the data point 

with the maximum derivative while the CSBV is represented by a red dotted line. 

Comparing the two critical points, their positions are close. Table 1 lists the 

corresponding positions of the two critical points on the stress-strain curve. It can be 

found that the difference between the two critical points at three strain rates is within 

1 % of the strain range. This behavior is especially apparent at 3 × 10-3 s-1 where the 

two critical points deviate only one serration event. AE measurement captures the 

transient elastic waves in solids due to rapid and local structural changes, making it 

very sensitive to short-term microscopic changes [14] and corresponds to the first stage 

of shear band growth [29]. Instead, the serrated flow by force measurement reflects the 

macroscopic changes of the system [14] and is the performance of the second stage 

stick-slip motion. The macroscopic changes may be the result of the overlap of many 

continuous microscopic events, which makes CSBV always occur after the AE critical 

point. 
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For ductile BMGs, multiple shear bands are generated under proper loading 

conditions [40, 41]. Meanwhile, in samples with better plasticity shear band interactions 

are more obvious [41, 42]. Although the final state of the unstable expansion of the 

sample along the main shear band cannot be changed, the appearance of multiple shear 

bands and the strong interaction between the shear bands delay the propagation of the 

primary shear band [41, 43]. Furthermore, the strong interaction between shear bands 

dissipates the energy of the primary shear band expansion to a certain extent [44, 45]. 

During the process of stable deformation, the stored energy is easily dissipated by the 

slip of the shear band, which is manifested as a mixed occurrence of large and small 

serrations such that the shear band velocity is relatively stable. Furthermore, greater 

shear slip is required to dissipate energy near failure, which manifests as large periodic 

serrations [46]. The MSBV, as shown in Fig. 3(c), increases significantly near failure, 

which means that the shear band becomes unstable. The above results indicate that the 

shear band velocity is directly related to the stable state of the shear band through the 

macroscopic serration. Therefore, the critical point for the CSBV that is calculated 

based on the stick-slip dynamic model is always closer to the point of fracture. On the 

contrary, AE events are related to the first stage of “dry” friction [29] of shear band 

growth and are not affected by the complex interaction between shear bands during 

sliding, which implies that a more sensitive material failure reference is acquired from 

AE events. 

4.3. Damage characteristics based on AE 
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As mentioned above, the change in the AE signal is related to the shear band 

activity. Therefore, the intrinsic relationship between AE activity and material 

deformation can be used to measure damage [31]. AE damage characterization can be 

used to assess the stability of shear zones. Furthermore, the AE cumulative energy can 

be used as a damage metric [47] to analyze the damage evolution characteristics. The 

AE cumulative energy curves for different strain rates (3 × 10−3, 3×10−4, and 3 × 10−5 

s−1) are displayed in Fig. 4(a). Here, the evolution trends are similar, where they rise 

slowly in the elastic stage and then increase exponentially after yielding. The 

exponential relationship between the AE cumulative energy and time is given as [31]: 

W = aebt + c (3) 

where a, b, and c are fitting parameters, as plotted in Fig. 4(a). The damage variable D 

was first proposed by a Soviet scholar Kachanov [48], which is a measure of the degree 

of deterioration of materials or structures. The damage variable D is defined as: 

D = 
N

d

N
(4) 

where Nd is all the area of the micro-defects on the bearing section and N is the initial 

non-destructive area. If the AE cumulative energy, at the moment when the non-

destructive cross-sectional area completely loses the bearing capacity is defined as E0, 

the AE cumulative energy per unit area of the sample Ew is calculated as [47]: 

E
w = 

E
0

N
(5) 

When the cross-sectional area of the damage is equal to Nd, the AE 

cumulative energy, Ed, is: 

E
d
 = E

w
N

d
 = 

E
0

N
 N

d
(6) 
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Thus, the damage based on the AE cumulative energy is expressed as: 

DE = 
E

d

E
0

(7) 

The relationship between the normalized strain and the damage coefficient 

DE is plotted in Fig. 4(b). The results reveal that the damage variable DE correlates well 

with the normalized strain. The plot is divided into three stages, flat, slow, and rapid 

growth. The flat DE curve indicates that the sample is still in the elastic stage. Since the 

shear band is the source of the AE signal [26, 27], the slow increase of DE indicates that 

the sample is in a stable plastic deformation stage. While for high strain rates (3×10-3 s-

1), the plastic flow of the sample is unstable [49], resulting in the rapid increase of DE 

after sample yielding. It is reported that for brittle materials such as sandstones [31], 

the rapid increase of DE means that the sample has entered the yield stage, and the 

turning point of DE corresponds to the yield threshold of the material. In BMGs, the 

rapid increase of DE indicates that the sample enters the unstable plastic deformation 

stage, indicating that the turning point of DE corresponds to the end of the stable plastic 

deformation stage in this material. Thus, the maximum AE energy observed during the 

rapid increase stage of DE is an indicator of the “precursor point” of material failure. 

4.4. Probability distribution functions  

The statistical analysis of avalanche events reveals the mechanical response 

mechanism and physical characteristics of the studied system [50, 51]. In particular, 

previous statistical analysis of BMGs mainly focused on serrated flow. For example, 

the serrated flow dynamics shift from peak value to power law behavior with the change 

of strain rate [40, 52]. Meanwhile, the evolution of shear banding with a power law 
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distribution is stable, resulting in larger plasticity [53]. The statistical analysis is also 

used in studies where avalanche patterns manifest as AE. For example, the statistics of 

AE energy or durations reveals a power law distribution, which indicates that the 

system evolves in a dynamic critical state [14, 51]. The probability distribution function 

(PDF) is defined as the number of events in a given energy range divided by the total 

number of events, which requires artificially dividing the energy interval and requiring 

the sample with a good power law behavior to avoid affecting the statistical results of 

the power law exponent [54]. For ductile BMGs, the existence of multiple shear bands 

plays a significant role in the formation of plastic deformation and a self-organized 

critical state, which results in serration event sizes that follow a power-law distribution 

[41, 55]. Therefore, a strain rate of 3 × 10-4 s-1 that results in plastic deformation with 

strong shear band interactions, is selected for AE avalanche statistical analysis. In the 

double logarithmic coordinates, the AE energy follows the power law, P(E) ~ E-ε, as 

observed in Fig. 5(a). The slope of the power law line is the exponent controlling this 

distribution, which is around 1.54. This result is similar to sandstone which has an 

energy exponent between 1.44 and 1.55 [56]. In fact, the results of AE experiments 

have shown that the spatial distribution of microcracks in sandstone is similar to that of 

shear band nucleation sites in BMGs [15]. In the early stage of compression, the AE of 

avalanches distribute randomly. During loading, the main damage zone that forms has 

an orientation of about 45° along the loading direction. Furthermore, this power law 

exponent is close to the value obtained using mean field theory [50, 57]. The mean field 

theory points out that the avalanche is caused by the local shear stress of the weak point 
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exceeding the random local sliding threshold, resulting in the sliding of this point. 

Through the elastic interaction the sliding weak point may cause other ones to slide, 

resulting in a sliding avalanche [21]. For BMGs, the weak point may consist of shear 

transformation zones (STZs) [49], which is a collective rearrangement of 10-100 atoms 

[4].  

Macroscopically, the BMGs deform plastically resulting in serrated flow, 

whereas the changes in micro events are manifested through AE events [14]. As 

mentioned above, the AE event corresponds to the first “dry” friction stage of the shear 

band activity, which covers the process of STZ atomic rearrangement. Therefore, the 

AE energy exponent is close to the value obtained from the mean field theory. This 

result also verifies that inhomogeneous deformation of BMGs is carried out by the 

sliding avalanche of STZs from the experimental point of view. At the same time, the 

power law distribution means that the system evolves in a dynamic critical state [51]. 

The power law exponents of some other brittle materials are listed in Table 2. Here, 

materials such as coal exhibit a significantly lower exponent than that of other brittle 

materials, which is due to the material structure [47]. 

In porous materials, the PDF reflects the different damage stages that occur 

inside the material during deformation [16, 58]. For example, Salje et al. [59] pointed 

out that the critical exponent reflected the damage statistics in sandstone during creep, 

and the critical exponent of the whole process was the superposition of different sub-

stages. In BMGs, the AE event is generated synchronously with the serrated flow. 

However, high-energy events are not only observed near failure. By investigating the 
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contribution of AE energy at different magnitudes to power law behavior, a 

comprehensive analysis of AE events can be achieved. The probability distribution of 

AE events of different magnitudes is shown in Fig. 5(b), in which AE events are divided 

into three types: high, medium, and low energy. Here, the power law exponent of the 

medium energy events is close to the exponent of entire AE energy sets, which indicates 

that medium energy events primarily contribute to the main power law behavior. 

Although the high and low energy events present power law behavior, they reflect 

different power law exponents. The shallow power law exponent means that the 

frequency distribution of events in each interval is more uniform. In other words, the 

distribution is characteristically more uniform with respect to the whole deformation 

process, which is not a sign of triggering catastrophic failure. The high energy events 

correspond to a large exponent, which indicates that the probability distribution for 

events within a given range is more skewed and the occurrence of events is more rapid 

such that a sudden occurrence will trigger catastrophic damage. Therefore, it is 

reasonable to choose Emax from high energy events as a precursor of damage. 

The AE duration refers to the time interval from the first time the signal 

crosses the threshold to the final time in which it drops back to the threshold. The PDF 

of the AE duration is divided into three regions based on the distribution of different 

AE source durations (see Fig. 6). Different from the distribution of AE durations in 

crystalline alloys which is the dislocation motion as the source of AE. [60], the 

microstructure in BMGs is given by shear bands. The AE event signals with short 

durations (duration <600 μs) and long durations (duration >1500 μs) are concentrated 
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in regions I and III, respectively. Here, a part of the short events is observed in region 

I due to the influence of factors such as low-frequency vibrations of the instrument and 

acoustic echo. Whereas region III exhibits apparent power law behavior with an 

exponent of around 1.54, which was observed in Fig. 6. According to the definition of 

AE energy, 𝐸 =  
1

𝑅
∫ U2(t)dt

D

0
 [16], the duration is an important parameter when 

calculating the area covered by the signal detected, which may be the primary reason 

for similar power law exponents in these two AE parameters.  

4.5. Theoretical failure threshold 

As mentioned above, a more sensitive material failure metric is acquired from 

AE events based on the high sensitivity and efficient calculations of AE signal. 

Generally, the largest scale avalanche directly observed from experimental results is 

called the experimental failure threshold [13]. Although the experimental failure 

threshold of AE exhibits a power law behavior related to the strain rate, the significant 

variations in the experimental failure thresholds at different strain rates necessitate the 

establishment of a theoretical failure threshold that is correlated with strain rates. 

The experimental failure threshold, Smax, of serrated flow significantly 

decreases with an increase in the strain rate, and the following relationship with the 

strain rates is obtained as [13]: 

𝑆𝑚𝑎𝑥 ~ 𝜀̇−𝜆 (8) 

where λ varies from about 0.1 to 0.22 [13, 49, 53, 61]. The fitted value of this work is 

0.15, as shown in Fig. 7(a). 
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Both experimental failure thresholds (Emax and Smax) exhibit the power law 

behavior related to the strain rate due to the clear linear correlation between the 

increment of free volume and strain rates [13, 34]. Fig. 7(b) displays the correspondence 

between the two experimental failure thresholds at different strain rates, which shows 

an apparent linear correlation. The correlation between the two avalanche thresholds 

from Fig. 7(b) is expressed as: 

Emax ~ bSmax  −  a (9) 

where b is the slope of the correlation curve and a is the intercept, expounded in Fig. 

7(b).  

Although the fitted value of a in equation (9) fluctuates significantly within 

the error range, it still needs to combine with the experimental values for correction. 

The slight difference in the position of sensors or the position of the AE source will 

cause the received signal to attenuate in varying degrees during the propagation of 

sound waves [62]. At low strain rates, larger-scale avalanches result in the more 

pronounced attenuation of sound waves. Consequently, the experimental failure 

threshold at low strain rates, Emax, exhibits a relatively wide range of values. The Emax 

at high strain rates is introduced into equation (9) as a theoretical failure threshold to 

obtain the constant a=4563. Substitution of equation (8) into equation (9) gives: 

𝐸𝑚𝑎𝑥 =  2545𝜀̇−𝜆  −  4468 (10) 

where λ is related to the maximum stress drop from equation (8). As previously 

mentioned, this value typically ranges between 0.1 and 0.22 and the fitted value of this 

experiment is 0.15. 
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A comparison between experimental values Emax, and theoretical expression 

is demonstrated in Fig. 8. At low strain rates, due to the influence of acoustic wave 

attenuation, the error bars of the experimental values are relatively larger and tend to 

be lower than the theoretical values. Overall, the experimental and predicted results are 

comparable.  

In summary, AE experimental failure thresholds, Emax, at different strain rates 

(3 × 10−3, 3×10−4, and 3 × 10−5 s−1) all preceded the critical points of serrated flow, 

which reflected the effectiveness of using AE signal for failure prediction. The output 

of AE measurements was influenced by many factors, for example, the sample size and 

geometry, which resulted in characteristics of AE parameter are not directly related to 

the change of the system [14]. Thus, in order to predict the theoretical failure threshold, 

Emax, the relationship between the maximum avalanche size measured by AE and stress 

drop (Smax), which express the macroscopic changes of the system, was established. 

Combined with the high sensitivity and efficient calculations of the AE signal, the AE 

burst sizes was obtained by AE software immediately during the compression tests. 

Thus, this method is useful in predicting the plastic deformation failure during 

mechanical testing. 

5. Conclusions 

(1) The AE amplitude and energy behavior were analyzed at different strain rates (3 × 

10−3, 3×10−4, and 3 × 10−5 s−1), and similar trends were obtained. The AE 

cumulative energy can reflect the intensity of damage evolution, which is used to 

identify the AE experimental failure threshold, Emax. When the cumulative energy 
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curve increases sharply, a “turning point” is observed, which corresponds to the 

position with the largest slope on the AE cumulative energy curve. This “turning 

point” usually corresponds to the AE experimental failure threshold, Emax, as a 

precursory feature of BMG failure. 

(2) Compared with the critical points of serrated flow, AE experimental failure 

thresholds, Emax, all precede the CSBV for all strain rates, indicating that a more 

sensitive material failure threshold is acquired from AE events. Since the shear 

band growth is a dynamic process, the CSBV is related to the second stage of 

“viscous” glide. On the contrary, AE events are related to the first stage of “dry” 

friction of shear band growth and are not affected by the complex interaction 

between shear bands during sliding. At the same time, the macroscopic changes 

expressed by serrated flow occurring during the serrations may be the result of the 

overlap of many continuous microscopic events measured by AE. 

(3) Energy is an important parameter of the AE signal, which can predict the damage 

generation in BMGs. The AE duration suggests a non-negligible contribution to 

the AE energy, which exhibits similar power law exponents with AE energy. The 

power law behavior observed in the PDF of the two parameters means that the 

system evolves in a dynamic critical state. 

(4) Experimental failure thresholds (Emax and Smax) are power law related to the strain 

rate due to the clear linear correlation between the increment of free volume and 

strain rates. Based on the relationship between the maximum avalanche size (Emax) 

measured by AE and stress drop (Smax), the theoretical AE failure threshold, Emax, 
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related to the strain rates is established. In this work, the largest AE burst sizes is 

predicted by Emax = 2545ε̇
−𝜆

- 4563. Here, λ is the fitted value related to the 

maximum stress drop (Smax), which is equivalent to 0.15 for the Vit105 BMG at 

ambient temperature. This formula can act as a criterion to predict the plastic 

deformation failure in tests. Such AE measurements provide us with an approach 

to monitor the stable state of shear bands during mechanical testing.  
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FIGURE CAPTIONS 

Fig. 1 Stress-time curves and AE amplitude spectrum at different strain rates ((a), (b) 

3 × 10-3
 s

-1; (c), (d) 3 × 10-4
 s

-1; (e), (f) 3×10-5
 s

-1). 

Fig. 2 AE energy, cumulative energy curves, and stress-time curves at different strain 

rates ((a) 3 × 10-3 s-1; (b) 3 × 10-4 s-1; (c) 3 × 10-5 s-1); (d) Variation of the Emax, 

vs strain rates. The relation, 𝐸𝑚𝑎𝑥 ~ 𝜀̇−𝜆, is obtained by fitting. 

Fig. 3 (a) Stress-time and stress derivative-time curves for a strain rate of 3 × 10-5 s-1; 

(b) Instantaneous shear band velocity; (c) The distribution of extracted MSBV 

with time for the SBV profile; Comparison of the positions of the two critical 

points on the stress-time curve at different strain rates ((d) 3 × 10-3 s-1; (e) 3 × 

10-4 s-1; (f):3 × 10-5 s-1). 

Fig. 4 (a) AE cumulative energy curves at different strain rates; (b) Relationship 

between damage variable and normalized strain. 

Fig. 5 (a) AE energy probability distribution; (b)The probability distribution of AE 

energy of different magnitude. 

Fig. 6 Probability distribution of the AE duration. 

Fig. 7 (a) Variation of the Smax, vs strain rates. The relation, 𝑆𝑚𝑎𝑥 ~ 𝜀̇−𝜆, is obtained 

by fitting; (b) The correspondence between Emax and Smax. 

Fig. 8 The comparison between experimental values and theoretical formulas. 
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TABLE CAPTIONS 

Table 1 The position of the critical point on the stress-strain curve. 

Table 2 AE energy power law exponent statistics of some brittle materials. 
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Fig. 2 

 

 

 

  



28 

 

Fig. 3 
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Fig. 4 
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Fig. 6  
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Fig. 8  
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Table 2  

 AE CSBV Failure 

3×10-3 s-1 8.35％ 8.45％ 8.55％ 

3×10-4 s-1 15.76％ 15.94％ 16.05％ 

3×10-5 s-1 13.28％ 13.58％ 13.69％ 

Table 2  

Material ε Ref. 

Coal 1.32 [15] 

Sandstone 1.55 [56] 

Calcareous sand 1.40 [63] 

Prefabricated void siltstone 1.54 [64] 

Vycor glass 1.40 [65] 
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