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Abstract

:

The research is devoted to steel structure diagnostics by the acoustic emission (AE) method. The existing regulatory documents for AE diagnostics of metals and alloys do not take into account some critical factors, among which one is the scale factor should be highlighted. As a result, this can lead to an unreliable assessment of the danger degree of defects in structures when using standard AE diagnostic criteria. This paper presents a quantitative assessment of the scale factor impact on the AE data during the static tension test of steel specimens to failure. Experimental studies were carried out on flat specimens of various thicknesses with a side notch made of high-quality alloyed steel 30 KhGSA. It was established that AE data changed (rise in the AE signals amplitudes and AE activity) within the increase of specimen thickness. Growth in the recorded AE signals cumulative energy was registered with a greater specimen thickness. Partial correlation dependences of the mean count frequency and cumulative energy of AE signals on the specimen thickness were obtained. It was shown that such an effect occurred due to both a general increase in the deformed metal volume and greater strain intensity during the tension of thick specimens. The obtained dependences may contribute to the development of AE diagnostics of metallic materials which is invariant to the scale factor impact.
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1. Introduction


One of the most difficult tasks concerning diagnostics of industrial facilities is the assessment of the metal state. In addition to the mechanical properties and microstructure parameters estimation, the main role is assigned to the study of defects’ presence and reasons for construction damage under the influence of operational loads. The timely and reliable detection of dangerous defects is likely to increase the safe operation of industrial facilities and reduce the risk of accidents.



Currently, various non-destructive test (NDT) methods are carried out to detect metal damage as periodic diagnostics (for example, ultrasonic testing, radiation flaw detection, etc.) and as continuous monitoring (for example, acoustic testing, vibration diagnostic systems, etc.). When it comes to monitoring systems, one of the most promising methods is the acoustic emission (AE) method. Namely this technique allows defining the location and degree of damage in a real-time mode [1,2,3,4].



The AE method is based on the phenomenon of elastic wave generation during the formation and development of defects in the material [5]. To conduct AE monitoring, multichannel systems for collecting, processing, and storing diagnostic signals recorded using piezoelectric transducers are used. As a result of the AE signals processing, the construction of a coordinate location and the assessment of the AE sources danger degree are performed. Finally, it is possible to draw a conclusion about the metal state [6,7,8].



When processing AE data, it is necessary to note many factors that have a significant impact on the method’s accuracy. At the same time, in the regulatory documents for AE diagnostics (ASTM E1118/E1118M-16, ASTM E1139/E1139M-17, ISO 22096:2007, etc.) some critical factors do not mention. One of them is the scale factor, which, generally speaking, consists of the dependence of test results on the specimen dimensions. The scale factor also manifests itself in acoustic emission diagnostics. According to the results presented in [9,10,11,12,13,14], the AE parameters recorded during specimen loading largely depend on the scale factor. Specimens were made of rocks and complex structural materials, such as concrete and composite. During AE monitoring of specimens of various sizes, the authors notice a change in the amplitude, activity, and spectral characteristics of the recorded AE signals. Under damage accumulation in small specimens, a stream of low-amplitude acoustic signals of high activity was recorded. For larger ones, there was a characteristic decrease in activity and an increase in the AE signals amplitude, registered upon reaching the limit loads. The danger degree of developing damage can be assessed using the “b-value” parameter, based on the calculation of the distribution function slope of the AE signals amplitudes. The main feature of this technique is the possibility of carrying out a numerical assessment of the damage evolution in the material in real-time using the statistical and fractal analysis methods [15,16,17,18,19,20]. To determine the damage degree in rocks, the energy and frequency characteristics of the AE data are also compared. In accordance with the analysis results given in [21], crack growth leads to a decrease in the maximum of the frequency spectrum and an increase in the energy of AE signals.



The main reason for the scale factor’s influence on the results of AE diagnostics is the different volumes of the tested material. When testing several constructions of similar shapes and different linear dimensions, the volume of the material under control and the AE signals propagation will be different. Thus, the number and parameters of the registered AE signals will also be various. A change in the AE data characteristics has a significant effect on the critical values of the standard criteria, which makes it difficult to carry out the appropriate AE diagnostics of damages in several typical objects with different linear dimensions. For instance, it concerns pipelines of the same length and diameter, but different wall thicknesses. This fact can lead to the false results of the standard criteria application when testing products of various sizes.



The papers presented above [9,10,11,12,13,14,15,16] are devoted to the study of the scale factor impact on the AE diagnostics results of concretes, rocks, and composites. Most of these materials do not go through plastic deformations before failure due to low plasticity. Moreover, strain (work) hardening cannot undergo in these materials. In AE diagnostics of metallic materials due to the phenomenon of strain hardening, the scale effect should manifest itself even more ambiguously. Taking into account the fact that plastic deformation in metals and alloys is accompanied by considerable changes in the AE data, it is rather difficult to predict the influence of various factors on the results of AE diagnostics on the whole. The presence of a nonlinear (unknown) dependence of the acoustic signal parameters on the linear dimensions of the structure makes it difficult to carry out the control procedure and obtain reliable results for AE diagnostics. To deal with this problem and ensure high-quality results of AE diagnostics of metals and metallic alloys it is of importance to take into account the influence of the linear dimensions of the controlled object on the AE signals, i.e., scale factor.



This research is devoted to an experimental study of the metallic object linear dimensions impact on the results of the AE diagnostics during tensile testing. Tensile testing to failure of steel specimens with different linear dimensions makes it possible to clearly demonstrate the influence of the scale factor and establish the dependence of the acoustic signals parameters on the tested object dimensions.




2. Materials and Methods


In order to study the impact of the scale factor on the results of diagnostics of metallic materials by the AE method, several experiments were carried out including tensile testing.



The experience of previous research performed by the authors [22,23,24] on AE diagnostics of structural carbon and alloyed steels shows that a two-phase ferrite-pearlite structure can lead to a high level of “structural noise” associated with micro deformation of the ferrite phase, as well as the destruction of the cementite network during the material deformation. Moreover, non-metallic inclusions (sulfides, oxides, silicates, etc.) create additional noise sources. This becomes a reason for distortion of AE signals recorded during the deformation and destruction of the investigated material [25].



A high-quality alloyed steel 30 KhGSA after annealing was investigated in the current study. The chemical composition of the steel (see Table 1) was determined using the LAES Matrix atomic emission spectrometer and the Metavak-CS sulfur/carbon analyzer. The 30 KhGSA is considered to be high-quality steel due to a reduced content of harmful impurities and non-metallic inclusions. The structure of this steel in the annealed state should consist of alloyed ferrite and finely dispersed carbides located along the body of the grain and grain boundaries. Presumably, such a structure should provide a lower level of “structure noise”, which in turn will contribute to more reliable results of the planned research tests.



To analyze the actual structural and mechanical state of the metal under study (steel 30 KhGSA, sheet 6 mm), a metallographic analysis was carried out by optical microscopy and tensile testing.



Flat specimens were prepared in advance to determine the mechanical properties (see Figure 1a). These specimens were made and tested in accordance with the Russian state standard GOST 1497-84 (ISO 6892-1:2019). The width was 20 mm, the gauge length was increased to 270 mm. The tension tests were performed on an Instron 5982 testing machine with a movable traverse speed of 2 mm/min using 6 specimens. The results are presented in Table 2; as an example, one of the tensile diagrams is shown in Figure 1c.



Blanks for microsections were cut out from the 30 KhGSA sheet to study the microstructure. The steel structure is ferrite with finely dispersed carbides (Figure 2).



Specimens with a V-shaped side notch (concentrator) were made to conduct experiments and study the influence of the scale factor on the AE diagnostics results. The geometry of prepared specimens is shown in Figure 3a. The presence of a side notch makes it possible to unambiguously determine the location of AE sources during the deformation and destruction of the tested material by constructing a coordinate location. The study of the scale factor influence on the AE monitoring results was carried out by tensile testing to failure using an Instron 5982 testing machine (see Figure 3b) with an electromechanical drive to ensure the minimum level of acoustic noise. A pair of VS150-RIC quasi-resonant AE transducers (AET #1 and AET #2 in Figure 3a) with a built-in preamplifier with a gain of 34 dB and maximum sensitivity at a frequency of 150 kHz was used. The AETs used are highly sensitive in the frequency range from 120 to 450 kHz, which makes it possible to reduce the effect of mechanical and electromagnetic noises recorded at frequencies below 50 kHz and above 500 kHz, respectively. The transducers were installed on the specimen at a distance of about 130 mm of the lateral V-shaped notch and fastened with clamps, providing the necessary acoustic contact. Thus, a location zone with a size of B = 260 mm was formed, and in the subsequent analysis of the AE, sources coordinates the distance X was measured from the location of the upper acoustic emission transducer (AET #1).



The thickness of the specimens was chosen as a variable dimensional (scale) parameter. Specimens with a nominal thickness of 1 to 6 mm (1 mm increment) were made. Other dimensions were the same for all specimens.



To ensure that the properties and structure of the material under test were as close as possible to each other and did not change from specimen to specimen, all specimens were cut from the same 6 mm thick metal sheet. The required thickness of the specimen was provided by grinding. A total of 18 specimens were prepared—three specimens of each thickness.



At the initial stage of experimental studies, the optimal parameters of the Vallen AMSY-6 measuring system for collecting and processing acoustic signals were determined. The AE signals threshold uth was defined based on the condition uth ≥ un + 6 dB (un is the maximum noise signal amplitude) and equaled to uth = 36 dB. The bandwidth of the digital filters was chosen to be Δf = 95–850 kHz. To construct a linear location of acoustic sources arising in the process of tensile testing before failure, the value of the propagation velocity of AE signals Vg was obtained. The calculation of the Vg parameter was carried out according to the results of preliminary tests, which consisted in simulating acoustic signals using a Hsu-Nielson source. The velocity value was Vg = 3300 m/s with the size of the location zone B = 260 mm.



A series of experimental studies consisted of the registration of AE signals during tensile testing to failure were performed. The movable traverse speed was 2 mm/min during the tests.



Synchronization of the AE diagnostics results with the size of a developing crack was done by the digital image correlation (DIC) method using the LaVision StrainMaster optical control system. The imaging system consisted of two Imager SX video cameras, a LaVision PTU synchronization device for simultaneous acquisition of images, and a personal computer with DaVis 8.4 software (LaVision GmbH, Göttingen, Germany). To increase the contrast of the image, a random pattern (speckle) was created on the surface of the specimens using white and black aerosol paints. During the test, images of the specimen surface in the notch area were recorded at a frequency of 2 fps. As an example, in Figure 4 photos of the specimen surface and strain fields during one of the experiments are shown. For an accurate assessment, this parameter was determined from the vector fields of displacements calculated when processing experimental images using the algorithm developed by the authors of the paper. It was based on the binarization of the scalar deformation field in the area of the crack and the skeletonization area that defines the cracks’ coordinates.



Real-time determination of crack sizes using an optical system made it possible to synchronize the change in AE parameters depending on the crack size and the stress-strain state of the tested specimens. The obtained results were used in the processing of experimental AE data.




3. Results


The processing of the experimental data results contributed to the evaluation of AE parameters depended on the specimens’ thickness. To eliminate the noise signals arising in the process of mechanical friction of the specimen in the testing machine grips, a linear location for each specimen was built. Figure 5, as an example, shows the location pattern for one of the tested specimen specimens (6 mm). The selected location range of AE sources along the coordinates X = [75–200] mm made it possible to eliminate the sources of friction in the grips and at AE transducers fixing points. It should be noted that the scatter in the results of constructing the AE source’s coordinate location is due to the application of the threshold algorithm for recording the oscillating shape of AE pulses of various amplitudes [26].



To demonstrate the influence of the specimen thickness on the AE diagnostics results, the experimental dependences are shown for two specimens with the maximum difference in thickness, 1 mm and 6 mm. Figure 6 shows the time (τ) dependences of the amplitudes um and AE hits rate Ń that corresponds to hits per sec, of signals with a superimposed stress σ curve, recorded during the deformation of steel specimens with a thickness of 1 mm and 6 mm. The total number of located AE events was 295 pulses for the specimen of 1 mm thick, and 1780 pulses for the specimen of 1 mm thick.



When analyzing the AE signals for two specimens, the entire tension process was conditionally divided into several stages and signal parameters were compared for the same crack sizes. The parameters of acoustic signals were compared during the development of cracks up to a size of l ≈ 1.7 mm (appearance of a visible crack), l ≈ 4.4 mm (stable crack development), the period of acoustic gap l ≈ 7–8 mm, and the period before destruction (l ≈ 9–10 mm).



As shown in Figure 6a,b, at the initial loading stage of a 1 mm thick specimen (test time τ ≤ 60 s), the amplitude and AE hits rate reached um = 68 dB and Ń = 2 hits/s, respectively. The obtained values of the AE parameters were registered with an increase in the crack size to l ≈ 1.7 mm. Further growth of the applied testing load (60 s <τ ≤ 104 s) led to severe plastic deformation of the specimen in the area of the stress concentrator and a rise in the crack size to l ≈ 4.4 mm. In the considered time interval, the amplitude and AE hits rate attain um = 89 dB and Ń = 6 hits/s, respectively. In the time interval from 104 s to 112 s, the moment of “acoustic gap” registered [27], characterized by the localization of the plastically deformed zone at the crack tip and a decrease in the amplitude and AE hits rate to the values of um = 65 dB and Ń = 3 hits/s, respectively. When the specimen reaches the state of pre-destruction (l ≈ 9.5 mm, τ = 130 s), there was significant growth in the amplitude and AE hits rate up to the values of um = 82 dB and Ń = 27 hits/s, respectively.



Similar results for a 6 mm thick specimen are presented in Figure 6c,d. When the crack achieved 1.7 mm in length (τ ≤ 72 s), the parameters um and Ń reached 100 dB and 26 hits/s, respectively. Growth in the maximum values of the parameters under consideration was due to an increase in the energy of elastic waves generated in the process of internal stress relaxation in a larger volume material. During time interval 73 s <τ ≤ 129 s, the crack length increased to l ≈ 4.4 mm. There was also a decline in the activity of AE signals registration to a value of Ń = 10 hits/s. Upon reaching the “acoustic gap” (130 s <τ ≤ 140 s), there was a drop in the amplitude and AE hits rate to the values of um = 70 dB and Ń = 6 hits/s, respectively. When the specimen reached the state of pre-destruction (l ≈ 9.5 mm, τ = 167 s), there was a significant increase in the amplitude and AE hits rate up to the values of um = 100 dB and Ń = 38 hits/s, respectively.



For clarity, the obtained results are presented in Table 3. It can be seen from the results that at all loading stages, the deformation of a specimen with a greater thickness was accompanied by higher values of AE hits rate and amplitudes.



As can be seen from Table 3, the greatest difference in the AE parameters is observed at the initial stage of testing, which may be due to the different nature of cracks formation and propagation. In a thin specimen, a crack propagates fairly quickly over the entire thickness of the specimen; while a thicker specimen is characterized by asymmetric crack growth in thickness. As a rule, cracks, in this case, are initially formed along the edges of the sample, and then propagate deep into the specimen, merging into a single crack. The stress-strain state of the metal at the crack tip will in any case be more complex and inhomogeneous for a thick specimen [28]—the state of the metal and the size of the plastic deformation zone on the surface and inside the specimen differ. Therefore, at any stage of the specimen test, from the initiation of a crack to complete failure, the metal of a thick sample has higher strain intensities, and, accordingly, is more acoustically active.



To assess the degree of danger of AE sources, criterion parameters are used, the calculation of which is carried out according to the values of amplitude, duration, activity, etc. One of the most common criteria is the “b-value” parameter. The calculation of the “b-value” parameter is carried out according to the results of the approximation of the amplitude distribution by the linear function lg(N) = a−b∙AdB [29]. The calculation of the “b-value” parameter was carried out using a rolling window with a size of W = 75 signals at a scanning step of 15 pulses. The amplitude distribution was constructed in the range of values AdB = [30–100] dB. The results of calculating of “b-value” are shown in Figure 7.



As shown in Figure 7a, for the sample of 1 mm thick, the maximum value of the parameter reached b = 2.648, and its scattering Δb during the loading time was 0.552. For a sample of 6 mm thick (Figure 7b), there is an increase in the scatter of the b-values (Δb = 0.932). The definition of the damage stage, according to data shown in Figure 7, seems to be difficult. However, it should be noted that an increase in the specimen leads to an increase in the scatter of the “b-value” during the loading process.



To assess the influence of the scale factor on the acoustic signal parameters generated during the crack development in the test object, it is necessary to take into account changes not only in absolute values, but also in the type of distribution functions of AE data. According to [30,31], the processes of damage accumulation at the micro-, meso-, and macroscale levels of structural materials destruction are characterized by the unique ranges of energy (E) and mean count frequency of AE signals (Np/τp), where Np is hits number and τp is pulse duration. When the scale level of destruction is changed, the nature of damage accumulation in the material also changes. It manifests in a change in the frequency characteristics of the recorded AE signals. Therefore, for specimens of different thicknesses, the empirical distribution functions of the mean count frequency of AE signals (Np/τp), should be different. Thus, in this paper, we compared the empirical distribution functions of the (Np/τp) parameter. The construction of distribution functions was performed using a rolling-window with a size of W = 75 signals at a scanning step of 15 pulses. As an example, Figure 8a,c shows the empirical distribution functions of the parameter Np/τp, registered when the crack grew to a value of l = 1.7 mm. For a numerical evaluation of the scale factor effect, the change in the level quantile p = 0.8 ((Np/τp)p = 0.8) was estimated. For specimens with a thickness of t = 1 mm, the parameter under study was (Np/τp)p = 0.8 = 0.152 [1/μs]. When processing the AE signals recorded during specimen loading with a thickness of t = 6 mm, a decrease in the quantile of the empirical distribution function to the value (Np/τp)p = 0.8 = 0.125 [1/μs] was noted. The decrease in the (Np/τp)p = 0.8 parameter for a specimens with a thickness of t = 6 mm, was associated with an increase in the proportion of low-energy signals.



When crack size was about l = 9.5 mm (Figure 8b,d), the (Np/τp)p = 0.8 parameter also grew to the mean values of (Np/τp)p = 0.8 = 0.206 [1/μs] for a 1 mm thick specimen and (Np/τp)p = 0.8 = 0.181 [1/μs] for 6 mm thick specimen. The difference between the maximum and minimum values of the (Np/τp)p = 0.8 parameter were Δ(Np/τp) = 0.054 [1/μs] for 1-mm specimen and Δ(Np/τp) = 0.056 [1/μs] for 6-mm specimen. The relative change in the difference between the mean count frequency of AE signal for specimens with 1 mm and 6 mm thickness is 3.6%.



Figure 9 shows the result of plotting the dependence of the maximum values (Np/τp)p = 0.8 on the specimens thickness.



As noted earlier, a large proportion of high-frequency signals was recorded for small thickness specimens. This fact was confirmed by the maximum value of the specific count frequency of AE signals (Np/τp)p = 0.8 = 0.206 [1/μs]. When processing the AE data obtained during specimen loading of greater thickness, a decrease in the (Np/τp)p = 0.8 parameter was registered. For example, an increase in the proportion of low-frequency harmonics in the spectrum of registered AE signals was noted for the 6 mm thickness specimens during experiments. While, the maximum value of the (Np/τp)p = 0.8 parameter corresponded to (Np/τp)p =0.8 = 0.181 [1/μs].



The least squares method was used to synthesize an approximating function that describes the correlation between the (Np/τp)p = 0.8 parameter and the thickness of the object under study. As a result of applying this algorithm for the 30 KhGSA steel, the correlation dependence (Np/τp)p = 0.8(t) = 0.04∙t(−0.45) + 0.16 was obtained, the accuracy of which is confirmed by the coefficient of determination R2 = 0.98.



The scale factor has a considerable effect on the energy characteristics of the registered AE signals. An increase in the volume of the relaxation zone of the deformed material with an increase in the test object thickness leads to a rise in the cumulative energy values (EΣ) of acoustic signals. To determine the correlation dependence of the parameters under consideration, Figure 10 shows the effect of the specimens’ thickness on the cumulative energy of AE signals.



The lowest value of the cumulative energy EΣ = 109.0 dBmkeV was recorded when testing steel specimens of 1 mm thick. An increase in the specimen thickness causes a significant rise in the cumulative energy of the registered AE signals. For instance, for specimens with a thickness of 3 mm and 6 mm, the value of the EΣ reached 118.8 dBmkeV and 123.1 dBmkeV, respectively. The least squares method was used to approximate the obtained results. As a result, the correlation dependence EΣ(t) = −15.39∙t(−0.93) + 124.52 was obtained, the accuracy of which is dedicated by the coefficient of determination R2 = 0.96.




4. Discussion


The results of experimental studies show the dependence of the AE data on the specimen’s thickness. The reasons for this can be both a general increase in the deformable volume of the metal, and a more complex stress-strain state of the metal during the deformation of specimens with greater thickness. Figure 11 represents the distributions of strain fields near the stress concentrator for specimens of 1 mm and 6 mm thick.



It can be seen from the data presented that the plastic deformation zone in a specimen of 6 mm thick is higher than for a specimen of 1 mm thick. The maximum strain near the crack is obviously higher (about 0.48 (Figure 11f)) for a 6-mm specimen compared to the corresponding value for a 1-mm specimen (about 0.34 (Figure 11e)). Presumably, during loading of a specimen of greater thickness, a more complex stress-strain state was formed, characterized by increased stress intensity due to larger transverse strains.



Generally, the obtained results are consistent with the well-known theory of the scale factor impact on mechanical strength. According to it, specimens with smaller linear dimensions are characterized by lower values of the ultimate uniform strain and total strain to failure. The higher ductility of the thicker specimen was confirmed by the quantitative measurements made during the tests using the DIC. Figure 12 shows the dependence of the mean strain degree in the region of the stress concentrator for specimens of various thicknesses. It can be seen from the results that the mean strain values increase monotonically with thickness increasing (Figure 12b–e). For a specimen of 6 mm thick, the mean strain values are considerably higher on the whole: the mean elongation at the moment before failure is about 0.17 (Figure 12e) while for a specimen of 1 mm thick, this value is 0.11 (Figure 12b).




5. Conclusions


In this paper, an urgent problem concerning the influence of the scale factor on the AE monitoring data of metallic materials was considered.



	-

	
The change in primary parameters of the recorded AE signals depending on the size of the developing crack during tensile testing of steel specimens with various thicknesses was assessed. It was established that an increase in the thickness of the controlled object leads to a steady change in the primary parameters of acoustic emission data—a rise in the AE signals amplitude (um) and the AE hits rate (Ń). The values of AE signals amplitude and AE hits rate recorded during the tension test of steel specimens with thickness t = 1 mm and t = 6 mm corresponded to the values (um = 89 dB; Ń = 27 hits/s) and (um = 100 dB; Ń = 38 hits/s) respectively. The greatest difference in the values of the primary AE parameters is observed at the initial stage of destruction—during a crack initiation in the stress concentrator (V-shape notch). We assume that this is due to the uneven crack development along the thickness in specimens of large thickness at the initial stage. In the case of thick samples, several cracks form at the initial stage of fracture, each of which is a separate AE source that increases the overall acoustic activity.




	-

	
It was presented that the distribution parameters of the mean count frequency of AE signals depend on the specimen thickness. The parameter Np/τp can be used in the construction of analytical models for estimating the damage degree of the objects under study, which are invariant to the influence of the scale factor. For 30 KhGSA specimens, an empirical dependence of the quantile of the mean count frequency distribution of AE signals of level p = 0.8 on the specimen thickness t was obtained: (Np/τp)p = 0.8(t) = 0.04∙t(−0.45) + 0.16 (coefficient of determination R2 = 0.98).




	-

	
It has been shown that an increase in the specimen thickness led to a significant increment of the cumulative energy of the registered AE signals EΣ(t) = −15.39∙t(−0.93) + 124.52, (coefficient of determination R2 = 0.96).




	-

	
It has been assumed that the main factors affecting the influence of the scale effect are the overall increase in the deformable metal volume, as well as the more complex stress-strain state of the metal near the stress concentrator due to the transverse deformations present in specimens with large thicknesses. Using the DIC method, it was shown that with an increase in the specimen thickness, the strain value before failure rises, both the average strain before failure in the region near the V-shaped notch and the ultimate strain value at the fracture site. Since the plastically deformable metal is an AE source, the overall increase in its volume and the increase in the ultimate strain degree also explain the increased acoustic activity when testing thicker specimens.




	-

	
The results obtained show that for a defined structural metal alloy there is an impact of the test object sizes on the AE parameters. This leads to the need to take into account the sizes of the control object, since this affects the classification of the danger degree of identified AE sources, as well as the values of the criteria for assessing the technical condition of the object. To develop a reliable method for assessing the state of the metallic object, invariant to the influence of the scale factor, the authors plan to conduct additional studies using artificial neural networks and regression analysis models.
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Figure 1. Scheme (a) and photo (b) of a specimen for tensile test for mechanical properties evaluation and stress-strain curve (c) of a specimen from the 30 KhGSA steel. 
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Figure 2. 30 KhGSA steel microstructure: (a)—200× magnification; (b)—1000× magnification. 
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Figure 3. Scheme of a specimen from 30 KhGSA steel with a side notch for testing to assess the scale factor impact on the AE signal parameters (a) and photo of experiments using an AE system (b): 1—a specimen with a V-shaped notch; 2—quasi-resonant transducers VS150-RIC; 3—clamps. 
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Figure 4. Photos of the surface (a) and normal strain fields on the surface (b) for one of the specimens at the moment before failure. 
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Figure 5. AE sources location pattern for the specimen of 6 mm thick. 
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Figure 6. Time dependences of the amplitudes (um) and AE hits rate (Ń) of signals during tension testing to failure of specimens with a thickness of 1 mm (a,b) and 6 mm (c,d). 
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Figure 7. Time dependences of the “b-value” parameter with the superimposed stress curve, for specimens with a thickness of 1 mm (a) and 6 mm (b). 
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Figure 8. Comparison of the empirical distribution functions of the mean count frequency (Np/τp) recorded during loading of steel specimens with a thickness of t = 1 mm (a,b) and t = 6 mm (c,d) in the moments when crack length reaches l = 1.7 mm (a,c) and l = 9.5 mm (b,d). 
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Figure 9. The influence of the specimen thickness t on the p = 0.8 level quantile values of the empirical count frequency distribution function Np/τp of AE signals. 
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Figure 10. Influence of the specimens’ thickness t on the cumulative energy of AE signals EΣ. 
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Figure 11. Photos of strain fields for a specimens of 1 mm thick (left) and 6 mm thick (right) at different stages of crack development: crack initiation (a,b); crack propagation (c,d); before failure (e,f). 
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Figure 12. The mean strain in the area of stress concentrator: the area under consideration (a); specimen of 1 mm thick (b); 3 mm thick (c); 5 mm thick (d) and 6 mm thick (e). 
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Table 1. Chemical composition of the 30 KhGSA steel, %wt.
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	Element
	C
	Cr
	Mn
	Si
	Ni
	Cu
	S
	P



	Content
	0.29
	1.0
	1.1
	0.9
	<0.1
	<0.1
	0.003
	0.008










[image: Table] 





Table 2. Mechanical properties of the 30 KhGSA steel (results of 6 specimens test).






Table 2. Mechanical properties of the 30 KhGSA steel (results of 6 specimens test).





	Parameter
	Yield Stress σy, MPa
	Ultimate Tensile Stress σu, MPa
	Uniform Elongation δu, %
	Total Elongation δ, %





	Value range
	388–399
	584–608
	10.5–12.7
	11.0–15.4



	Average value
	391
	599
	11.5
	13.5
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Table 3. Comparison of the amplitudes and AE hits rate at different stages of tension tests of specimens from 30 KhGSA steel with a thickness of 1 mm and 6 mm.
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Specimen Thickness

	
1 mm

	
6 mm




	
Parameter

	
Amplitude um, dB

	
AE Hits Rate Ń, Hits/s

	
Amplitude um, dB

	
AE Hits Rate Ń, Hits/s






	
Crack length (tensile test stage)

	
l ≈ 1.7 mm (visible crack appearance)

	
68

	
2

	
100

	
26




	
l ≈ 4.4 mm (crack propagation)

	
89

	
6

	
92

	
10




	
l ≈ 7–8 mm (acoustic gap)

	
65

	
3

	
70

	
6




	
l ≈ 9–10 mm (before failure)

	
82

	
27

	
100

	
38
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