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Abstract: This research is aimed to develop the method for damage degree evaluation in metals and 

alloys during their deformation and destruction based on acoustic emission (AE) technique. Exper-

imental studies were carried out on tensile specimens of high-strength steel with simultaneous reg-

istration of AE signals in tested material. It was shown that the time-dependent AE primary param-

eters, such as the AE signal maximum amplitudes and AE activity, do not have a clear relationship 

with the material damage degree. This fact makes it difficult to use standard methods for assessing 

the damage degree of acoustic signal sources, including defects. It was proposed to use the Kolmo-

gorov-Smirnov criterion to differ the processes of metal plastic deformation and crack propagation 

during the rupture. The possibility of estimating the material damage degree by high-energy AE 

hits share was shown. Besides, a particular expression was obtained for evaluating the damage de-

gree for the material under study. 
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1. Introduction 

Determining the material damage degree during its operation is one of the most urgent tasks in 

industrial diagnostics. Currently, both periodic survey (for example, ultrasonic, eddy current and 

magnetic testing systems) and industrial monitoring systems based on permanent diagnostic signals 

recording during operation are used to detect damage in different types of products, structures and 

equipment. 

The most promising method that allows a real-time detection of material damage is the acoustic 

emission (AE) [1–3]. The AE method is based on the registration of signals caused by irreversible 

displacements in the material due to structure changes or the defects formation. Any violation of 

atomic structure in metallic material generates AE signals of different shape and spectrum. These 

characteristics of AE signals reflect the energy and temporal parameters of the possible destruction 

[4]. As a result of the AE data processing, the identification, localization and damage degree assess-

ment of propagating defects are carried out [5-10]. 

According to the results obtained in [11-13], to estimate the damage degree of materials by in-

vestigating the parameters of the registered AE signals, an assessment of the correlation dependence 

between the primary AE signal parameters and the level of the applied load should be made. The 

values of amplitude um, AE activity Ń, and energy E of acoustic signals were used as primary AE 

parameters. Based on the values of the above parameters, the stages of elastic and plastic deformation 

of materials under control may be defined. 
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For a more accurate damage degree assessment, a comprehensive analysis of AE data is usually 

performed. Thus, complex AE parameters were applied in [5, 11-14]. For instance, the ratio of the rise 

time to the maximum amplitude of the AE signal, the ratio of the spikes number to the AE signal 

duration, as well as the slope of the linear function approximating the shape of the AE signal ampli-

tude distribution were used. The proposed approaches make it possible to assess the damage degree 

of products under control in real-time and are effective for AE monitoring of their state with a small 

spread in AE parameters generated in the processes of the material plastic deformation and crack-

like defects propagation. 

It is known from fracture mechanics that in case of ductile metallic materials static failure, the 

fracture process begins with the formation of a plastic deformation zone near the stress concentrator. 

At this moment, an active plastic shear in the crystal lattice is occurred. Then this process is supple-

mented by crack propagation to a certain depth [15, 16]. Next, a new zone of elastic-plastic defor-

mation is formed nearby the crack tip, and the process of crack propagation proceeds further along 

the specimen cross-section.  

Such processes (plastic shear and detachment of atomic bonds) are different in nature and gen-

erate AE signals that are noticeably different in their energy and temporal parameters. The number 

of AE signals generated by plastic shear accompanied by dislocations movement or a local change in 

the sample shape under loading is several times greater compared with the amount of AE signals 

recorded during structural bonds break. However, their energy is noticeably lower than that released 

in the result of destruction. Moreover, according to the results presented in [3-5, 7, 8], low-amplitude 

AE signals were recorded during plastic deformation of the material. At the same time, a significant 

increase in energy and the average frequency of recorded AE signals was noted during the process 

of crack growth. 

Thus, an important task of AE diagnostics is to pick out the pulses corresponding to the crack 

propagation and the pulses corresponding to the plastic deformation zone development from AE 

signal flow. In this case, it becomes technically possible to assess the intensity of the crack formation 

and damage accumulation in the material, followed by the evaluation of its degree of damage. This 

study is devoted to experimental research of the most informative and valuable AE parameters rec-

orded during tensile testing of steel specimens in order to monitor its damage degree. Tensile testing 

of cracked specimens with a side notch was used to evaluate the change in the AE parameters of the 

acoustic signal flow during plastic deformation of a specimen at the top of the stress concentrator and 

the crack growth. The statistical analysis of experimental data allowed differentiating these processes, 

identifying the characteristic stages of destruction, determining time intervals corresponding to crack 

growth, and establishing correlations between the energy parameters of acoustic signals and the dam-

age degree of steel specimens. 

2. Materials and Methods 

Tensile testing of flat specimens with a side notch with simultaneous registration of AE signals 

was conducted. The 30KhGSA high-strength alloyed steel was chosen as a studied material because 

it is widely used in welding and manufacturing of highly loaded parts. Table 1 presents the chemical 

composition of the 30KhGSA steel determined in this research using the LAES Matrix atomic emis-

sion spectrometer and the Metavak-CS sulfur and carbon analyzer. 

Table 1. Chemical composition of 30KhGSA high-strength alloyed steel under study. 

Element C Cr Mn Si Ni Cu S P 

Content, wt. % 0.29 0.9 1.0 1.0 < 0.1 < 0.1 0.003 0.008 

 

Flat specimens with a side notch were cut from a 6 mm thick steel sheet. The shape and dimen-

sions of the specimens are shown in Figure 1a. The width of the specimens was chosen as 20 mm to 

provide perfect contact between the specimen side surface and the AE transducers of 18 mm diame-

ter. The total length of the specimen was large enough (400 mm) to build a map of the AE sources 

linear location accurately. 
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(a) (b) 

Figure 1. Scheme of the tested tensile specimen with a side notch (а) and photo of the specimen in the 

testing machine grips (b): 1 – tensile specimen with a side notch; 2 – quasi-resonant AE transducers 

VS150-RIC; 3 – clamps for AE transducers; 4 – testing machine grips. 

The specimen was placed in the grips of the Instron 5982 universal testing machine. A pair of 

quasi-resonant sensors VS150-RIC with a built-in preamplifier with a gain of 34 dB was used as AE 

transducers (AETs). AE transducers (AET#1 and AET#2) were installed on the side surface of each 

specimen at a distance of 130 mm on the both sides of the side notch. The transducers were fixed with 

clamps through a layer of contact lubricant providing a good acoustic contact with the specimen 

surface. Thus, a formation of location zone with a size B = 260 mm was ensured. A photo of the spec-

imen with installed AETs is represented in Figure 1b. Registration of AE signals arising in the process 

of tension was carried out using a Vallen AMSY-5 system for storing and processing acoustic signals. 

Tensile testing was conducted with strain rate of 2 mm/min. AE signals were recorded throughout 

all stages of loading till failure. 

At the initial stage of experimental studies, the optimal parameters of the Vallen AMSY-5 acous-

tic system were determined. Based on the maximum noise amplitude recorded by the AE transduc-

ers, the threshold level uth = 36 dB of AE signals was defined. It was calculated according to the equa-

tion uth ≥ un + 6 dB (un is the maximum noise amplitude). The bandwidth of the digital filters was 

chosen to be Δfp = 95-850 kHz.  

Linear location coordinates of AE sources were obtained to filter the noise signals arising in the 

process of mechanical friction of the specimen in the testing machine grips. For this purpose, the 

wave velocity of AE signals Vg was estimated. The calculation of Vg was carried out according to the 

results of preliminary tests consisting in the registration of acoustic signals generated in the process 

of breaking of a pencil lead (Hsu–Nielsen test) near one of the AETs outside the location zone. Ac-

cording to the results of preliminary tests, the wave velocity was Vg = 3300 m/s. 

After determining the optimal parameters of the Vallen AMSY-5 system, the main batch of spec-

imens was tested with AE signals registration. The method for processing the AE signal flow during 

static tension of steel specimens before failure included the combined use of statistical analysis mod-

els, digital signal processing, and fracture mechanics. 

In this paper the material damage parameter is described by the scalar value j, which is equal to 

the relation of the relative elongation value of the steel specimen ε to the value of relative total elon-

gation at the moment of failure εr: 

. (1) r/j =
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For the specimen without any damage j = 0. An increase in the concentration of micro- and macro 

damages during the loading process leads to a monotonous rise in j parameter [17]. When the ulti-

mate strain values are reached, the parameter of the damage degree corresponds to j = 1.  

Empirical distribution functions  for both primary and complex AE parameters were stud-

ied to analyze the AE signal flow generated during the accumulation of internal damage in the spec-

imen material [18]. The calculation of empirical distribution functions  for a specimen based on 

AE parameters was carried out using a sliding window W = 100 hits. The  function was evaluated 

using the equation below: 

 
(2) 

where W – window size; I – the number of AE parameters that satisfy the condition Xi < y; Xi – value 

of the AE parameter from the sample X = (X1,…,Xi,…,Xw); y – threshold value of the AE parameter in 

the range ; Xmin and Xmax – the minimum and maximum values of the AE parameter 

from the sample, respectively. 

To identify the moment of disorder in the flow of AE parameters caused by an AE source occur-

rence of different nature, the calculation of the two-sample Kolmogorov-Smirnov criterion [19] was 

applied based on a comparison of two empirical distribution functions: 

, (3) 

where Dw – maximum difference between empirical distribution functions of AE parameters calcu-

lated for (i-1) and i step of sliding window displacement with a size W. 

If the Kolmogorov-Smirnov Dw statistics is significant, then the hypothesis of the two empirical 

distribution functions similarity of the AE parameters is rejected. The significance of the criterion was 

estimated according to the condition:  

, ((4) 

where α =0.1 – the chosen level of significance; λα – critical value of the Kolmogorov-Smirnov statis-

tics corresponding to the significance level α. 

To determine the similarity degree of the empirical distribution functions of AE parameters, the 

probabilistic criterion Kα(λ) was evaluated, the values of which were selected from reference data 

[19]. When the empirical distribution functions of the AE parameters were similar, the criterion pa-

rameter Kα(λ) was close to zero. When there was a disorder in the parameters of the AE signal flow, 

which occurs when acoustic signals were generated by AE sources of different nature, the value of 

Kα(λ) parameter increased. In this regard, as a result of applying the statistical analysis technique 

discussed above, it was possible to differentiate the AE signal flow into two characteristic processes: 

1) plastic deformation of the steel specimen at the top of the stress concentrator, characterized by a 

flow of low-energy AE signals; 2) the growth of a crack-like defect, distinguished by a flow of high-

energy AE signals [20, 21]. 

Application of the method discussed above contributed to assess the damage degree of the con-

trolled product based on the correlation dependence between the activity of high-energy AE signals 

recorded at the stage of crack-like defect propagation and the values of the j parameter. 

3. Results and Discussion 

When processing the experimental data, the change in the primary AE parameters was estimated 

depending on the level of the applied load P during tensile testing. To demonstrate the fact that char-

acteristics of the acoustic signal flow are non-stationary during specimen tension, the results of am-

plitudes um and activity Ń of AE signals were superimposed on the tension curve (Figure 2). 
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(a) 

 
(b) 

Figure 2. Time-dependent functions of the amplitude um (а) and activity Ń (b) of AE signals recorded 

during tensile testing. 

When analyzing the kinetics of changes in the maximum amplitude um(τ) and activity Ń(τ) dur-

ing tension, the following results were obtained. At the initial stage of a steel specimen loading (τ < 

10 s; j ≤ 0.06), a flow of high-amplitude AE signals was recorded, the activity of which reached 62 

hits/s. Basically, it is typical for the microdamages scattered accumulation throughout the entire vol-

ume of the controlled specimen. A further increase in the applied load (10 < τ ≤ 120 s; 0.06 < j ≤ 0.70) 

leads to localization of the material deformation region in the notch area and a decrease in the ampli-

tude and activity to the values of um = 75 dB and Ń = 17 hits/s, respectively. In the time interval from 

120 to 160 seconds (0.70 < j ≤ 0.93), the moment of “acoustic calm” was recorded [22]. It is character-

ized by a growth in the intensity of plastic deformation at the crack tip and a decline in the maximum 

amplitude and activity to the values of um = 63 dB and Ń = 11 hits/s, respectively. When the specimen 

reached the pre-destruction state (160 < τ ≤ 172 s; 0.93 < j ≤ 1), a significant rise in the maximum 

amplitude up to um = 100 dB was noted. Moreover, the AE activity at the moment of destruction 

corresponded to the value Ń = 26 hits/s, which is 2.4 times less than the value of AE activity at the 

initial stage of specimen loading. 

An analysis of the time-dependent functions of the maximum amplitude um(τ) and activity Ń(τ) 

during tensile testing (Figure 2) shows that it is impossible to unambiguously determine their relation 

with the damage degree of the steel specimen. This fact makes it difficult to use standard methods 

for assessing the damage degree caused by acoustic signal sources.  

To improve the validity of AE monitoring results, not only the primary parameters, but also the 

statistical characteristics of the acoustic signal flow during tensile testing were evaluated. It was pro-

posed to consider two charts of energy distribution of AE signals leading edge Ef for two adjacent 
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recording times of specimen tension. As an example, two close time points τ = 16.5 s and τ = 18.4 s 

were chosen. The energy values of the AE signal leading edge Ef were calculated by the formula: 

, (5) 

where uμV – AE signal amplitude (µV), τf – AE signal rise time (μs). 

The results are shown in Figure 3. 

 

Figure 3. Empirical distribution energy functions of the AE signals leading edge, recorded at the time 

moment τ = 16.5 s (I) и τ = 18.4 s (II). 

As shown in Figure 3, at time τ = 16.5 s (curve I), the lower (p = 0.25) and upper (p = 0.75) quartiles 

of the empirical distribution energy function of the AE signals leading edge correspond to the values 

of Ef (p = 0.25) = 74.8 dB and Ef (p = 0.75) = 87.3 dB, respectively. At time τ = 18.4 s (curve II), there is a rise in 

the activity of high-energy AE signals Ef > 80 dB, which manifests in the upper quartile increase up 

to Ef (p = 0.75) = 94.6 dB. Thus, the nature of the AE signal flow can change significantly even over a short 

time interval τ = 16.5 – 18.4 s. This is consistent with the known researches results of ductile and brittle 

fractures of the structural steels at all scale levels [22, 23]. In this case, it can be assumed that a strong 

difference in the AE parameters at adjacent times indicates the different intensity of processes of plas-

tic deformation and crack propagation at each time. For a numerical assessment of these processes in 

the material, the two-sample Kolmogorov-Smirnov criterion was used, the application of which is 

described in the previous section of the article. The statistical criterion was estimated based on the 

results of the energy empirical distribution functions of the AE signal leading edge Ef. The calculated 

Kolmogorov-Smirnov statistical criterion Kα calculated by Ef parameter is provided in Figure 4.  
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Figure 4. Disorder of the AE signal flow according to the results of the calculated Kolmogorov-

Smirnov statistical criterion Kα. 

Figure 4 shows the probabilistic statistics (Kα) describing the similarity of the empirical distribu-

tion function  and the test sample . The scalar value of the probabilistic statistics Kα 

changes in the range [0 - 1] and takes on a zero value at Dw = 0. 

As an example, the change in the characteristics of the high-energy AE signal flow recorded with 

an increase in load from P = 45.4 kN (j = 0.51) to P = 47.7 kN (j = 0.54) is shown in Figure 4 (Fragment 

A). A rise in the applied load leads to the crack-like defect propagation and to an increase in the 

proportion of high-energy AE signals. A change in the energy characteristics of the AE signal flow 

has a considerable effect on the form of the empirical distribution function of the Ef parameter. In this 

regard, there is an increase in the statistical criterion from Kα = 0.01 to Kα = 0.20. With a further growth 

in the applied load, a local maximum of the Kα(τ) function at j = 0.51 appears, which characterizes the 

change in the energy characteristics of the AE signal flow. A decrease in the Kα is explained by a 

decline in the activity of high-energy AE signals. It indicates a transition from the stage of crack-like 

defect propagation to the plastic deformation of metal in the stress concentration zone.  

It should be noted that the activity of the local maximums of the Kα(τ) function decreases with a 

growth in the applied load and damage degree, especially when j > 0.7. It can be explained by the 

appearance of a main crack in the region of the side notch of the steel specimen. Thus, the application 

of the Kolmogorov-Smirnov statistical criterion makes it possible to divide the main stages of damage 

development during tensile testing. 

At the final stage of the research, the synthesis of an empirical relation for assessing the damage 

degree j of the product under control based on the statistical processing of AE signals recorded during 

experimental studies was carried out. The high-energy AE signals content (ṄW=N(Ef ≥ 80 db)/W) in the 

flow of acoustic signals corresponding to the propagation of a crack-like defect was chosen as a de-

pendent variable. Figure 5 presents the correlation dependence of the damage degree j of the steel 

specimen on the values of the criterion ṄW.  

1( )i
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. 

Figure 5. Assessment of the damage degree j of a steel specimen using the high-energy AE signals 

content criterion ṄW. 

At the initial stage of specimen tension, a high activity of the Kα(τ) function local maxima ap-

pearance was recorded. It interfered the process of AE sources division of different nature. Therein, 

an unambiguous differ of the AE signal flow into two processes using the proposed technique is 

possible only for the damage degree of the specimen is j ≥ 0.37. Polynomial approximation of the j = 

f(Ńw) empirical function was performed using the least squares method (please, see “Fitting curve” 

in Figure 5):  

. 
     

(6) 

The high accuracy of the approximation results was confirmed by the determination coefficient 

R2 = 0.988, which is close to 1. 

4. Conclusions 

A series of experimental studies consisting in AE signals recording during tensile testing of a 

steel specimen with a side notch was carried out in this study. Statistical analysis of the AE signal 

flow made it possible to identify the most informative parameters of AE pulses, which can be used 

to identify the periods of crack propagation and damage accumulation in the material and to assess 

the damage degree of the object under control. 

1. The dependences of the AE amplitudes um and the AE activity Ń during all loading 

stages of the specimen were obtained. It was established that the temporal depend-

encies functions um(τ) and Ń(τ) cannot be used for unambiguously determination of 

their relation with the damage degree of the steel specimen.  

2. The energy distribution of AE signals leading edge Ef can be an effective tool to dif-

ferentiate the processes of plastic deformation and crack propagation in the tested 

material. To differ these processes by the parameters of the AE flow, the authors pro-

posed a method for detecting the moment of discord in the acoustic signals flow. It 

was performed based on the calculation of the Kolmogorov–Smirnov (Kα) statistical 

criterion. As a result of calculating this statistical criterion, local maxima of the Kα(τ) 

function were determined and their period of occurrence was correlated with the 

damage degree of the steel specimen.  

3. The analytical dependence  may be 

used as a numerical criterion for assessing the damage degree j of the investigated 

specimens made of 30KhGSA high strength steel using the calculated values of high-

energy AE signals content ṄW. It should be noted that the high accuracy of the results 

applied by the developed technique is ensured when the damage degree of the spec-

imen is j ≥ 0.37. 
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At the next step in the development of the proposed approach, it is necessary to improve the 

accuracy of estimating the damage degree at low j values (j < 0.37). Perhaps it would be efficient to 

use artificial neural networks to solve this task of high scientific interest. As input data for neural 

networks, it is supposed to apply not only energy, but also spectral characteristics of the recorded AE 

flow. 
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