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Abstract

:

The issues of durability and fatigue life of various structural materials occupy an important place in the operation of equipment and elements subjected to high stresses. To correctly predict its operation time, knowledge of the unique internal structure of a particular piece of operating equipment is required. To obtain such data, a multilevel model of acoustic emission signal flow is proposed in the article, which is based on the kinetic concept of strength and the selection of various stages of destruction in the kinetics of damage accumulation. The selected information, which accounts for the hypothesis of the linear summation of damage, is used in modern models for calculating fatigue life based on kinetic parameters, e.g., the activation energy of destruction and activation volume. The fracture activation energies, activation volume, destructive load, and fatigue life of various structural alloys and steels were calculated using the proposed acoustic emission model based on static test data from various scientific literature sources. For comparison, several methods of calculating kinetic parameters based on the thermal fluctuation concept of strength were used. In addition, numerical modeling was performed to select the structural lethargy coefficient from the elastic deformation zone. The results of the proposed model are in good agreement with the experimental data and allow—within the framework of more thorough tests and with a more accurate consideration of temperature—for the application of an engineering-based approach with which to evaluate the durability and residual service life of objects.
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1. Introduction


The current state of industry imposes increased requirements on the assessment of the condition of the structural elements comprising technological equipment, which in many cases has already fulfilled its assigned service life. The proposed theories, hypotheses, and methods for assessing the residual life of equipment should be physically justified and have a methodological connection with an extensive database of accumulated experimental data. This physical connection with various destruction processes should be employed without the loss of practical accessibility for existing engineers and be applicable to as many types of working technological equipment as possible [1,2,3,4].



This article proposes a model that can be used to estimate the main parameters included in the durability formula (activation energy and activation volume) based on acoustic emission parameters, unlike traditional AE approaches to strength assessment based on the laws of fracture mechanics and signature analysis. Since acoustic emission is actively used to assess the structural integrity of real technological equipment, with the help of the proposed model and by means of the model’s criteria, it is possible to obtain information about structural changes during operation and the individual strength states of more than solely laboratory samples. Other methods used to evaluate these parameters, such as differential scanning calorimetry, thermal and thermomechanical analysis, etc., have some difficulties regarding application in industry. This paper provides an overview of the theoretical positions and views on durability parameters and their physical nature and shows the complexity of their determination and strong dependence on operating conditions, which are difficult to account for in the existing methods. This explains the scientific and innovative significance of the presented approach. Herein, the wide sample of experimental samples used indicates the good applicability and possible adaptability of the technique in industry. In addition, other methods for evaluating the parameters included in the durability formula, as well as a method for calculating fatigue life, are given for comparison.



1.1. Temperature–Time Dependence of Strength


The dependence of durability on temperature and stress is called the time dependence of strength or the temperature–time dependence of strength. The exponential law of the dependence of the time to destruction  τ  on the temperature at constant stress is described by the following equation:


  τ = A  e  −  Q  K T      



(1)




where  A  is the preexponential factor;  Q  is the activation energy of the destruction process;  K  is Boltzmann constant;  T  is the temperature.



On the basis of a large number of empirical data on the study of the durability of a several solids (including polymer ones), the Soviet scientist Zhurkov proposed a general formula of durability, which bears his name [5]:


  τ =  τ 0  e x p    U 0  − γ σ  ( t )    K T    



(2)




where    τ 0    is the period of atomic vibrations;    U 0    is the activation energy of destruction corresponding to the sublimation energy (the separation of an atom and the transition of a body to a gaseous state);  γ  is the parameter of the structural state, which corresponds to the value of the activation volume and reflects the structural heterogeneity of the sample material; and   σ  ( t )    is the rate of stress change on one structural element.



The formula can be described as follows. During thermal motion, the atoms of the crystal lattice oscillate near their equilibrium positions with a frequency of    τ 0  =   10   − 11   −   10   − 13     s  . Bonds between atoms can be broken by thermal fluctuations. The probability of breaking such a connection is expressed in the multiplier    e     U 0  − γ σ   k T      , whose value depends on both the temperature and the stress on the bond. The tensile effective stress that occurs during fracture reduces the initial energy barrier    U 0    (the energy of interatomic bonds [5]) by the value    γ σ   ; resultantly, the probability of breaking the bonds responsible for strength increases. In other words, the member   γ σ   is the work performed by an external force. Moreover, the determining factors are not medium but large, local overvstresses that occur in inhomogeneities of the structure, which may be clusters of dislocations at the boundaries of blocks [6].



The value of    τ 0    was experimentally obtained by determining the dependence of the time to failure on the applied stress in the coordinates   l g τ − σ   at different temperatures. At the same time, each material corresponds to a “vane” of straight lines with a pole obtained by distant extrapolation at the point   l g  τ 0  = 13 ± 1  . Thus,    τ 0    is the durability of solids at the moment when the value of   γ σ   reaches the value    U 0   ; that is, destruction will occur during the nearest thermal fluctuation, which for all solids lasts     10   − 13 ± 1     seconds on average.



The rest of the barrier is overcome by the fluctuations themselves. When the stress decreases, the rupture rate will drop (at the same temperature), and at   σ = 0   it will become equal to the rate of thermal destruction. Thus, destruction does not occur because the bodies are under a load exceeding any critical value, but because the external stress reduces the activation energy of the rupture of bonds by thermal fluctuations. As the probability of exiting the “potential pit” increases, the rate of fluctuation breaks of bonds also increases, which leads to a decrease in the durability of the sample. The position of the temperature value in the denominator means that under conditions of absolute zero temperature, destruction is impossible without the thermal motion of atoms in the absence of a certain critical value [7].



However, some researchers indicate that the coefficients    τ 0  ,    U 0  ,   γ   fully describing the strength properties of metals and alloys in the region of moderate temperatures (both for deformation and destruction) are insufficient with respect to describing these properties [8,9].




1.2. Energy Activation of Destruction


The value    U 0    obtained by extrapolating the direct dependence   U  ( σ )    on the stress axis for various materials is close to the energy of breaking interatomic bonds. For polymers, it corresponds to the activation energy of the thermal degradation process; for metals and alloys, it denotes the energy of the sublimation of atoms (breaking lattice bonds). This parameter is considered stable with respect to the structure for a group of materials if there are no significant changes in the chemical composition and structure of the crystal lattice during the tests.



The parameter is stable with respect to the structure within a wide range of operating conditions [10,11,12]. I. G. Grabar in his work [13], using the Einstein and Debye approximations, gave two dependencies for finding    U 0   , which allows us to explain the well-known, experimentally tested stability of the initial activation energy in relation to heat treatment, impurity content, irradiation, the orientation coefficient (for single crystals), and so on. Within the limits of the Zhurkov formula, according to the author, the only independent parameter is  γ .



Often, the deviation of dependence (2) (the so-called “pole shift”) is associated with the presence of temperature dependencies of the thermal activation parameters. In [14], a modified formula was proposed wherein the effective activation energy was used while considering the dependence on temperature:


  τ =  τ 0  e x p  [     U 0  − γ σ   k T    (  1 −  α 1  T  )   ]   



(3)







Therefore, in order to estimate the activation energy under complicated conditions (for example, during a “pole shift”), it is necessary to ensure the constancy of the structure in the studied range of temperatures and stresses [10,15]. The test results of the 08X18N9M2 and 12X18N12T steel samples showed this dependence [16]. The temperature–force coefficient for the activation energy was also proposed in [17].



To identify and assess the degree of the risk of defects in elements that are potentially subject to plastic deformation, physical models are needed that would be based on a number of assumptions [18,19]: (1) The strength characteristics and parameters of the fracture and deformation processes depend on the competition and interaction of these two processes occurring simultaneously. (2) The influence of plastic consists in the restructuring of the structure of the object, which is characterized by the rupture and restoration of broken bonds in a new position. The process of destruction is only associated with the breaking of bonds. (3) In case of plastic deformation before the onset of macroscopic destruction, such as the occurrence of a main crack or the formation of a neck, two periods can be distinguished: light sliding (flow area) and the period of deformation hardening.



Of great interest is the dependence of the activation energy on the mechanism of destruction, the relationship between fracture and deformation [20,21,22], the process of crack growth [23], deformation hardening, and so on. In [24], it is indicated that during the transition to a brittle state, the activation energy of destruction does not change. The temperature and force dependence of the activation energy was noted by the authors of the thermodynamic strength model [25]. In some works, the dependence of the activation energy on the type of stress state was noted [10,26]. The activation energy of destruction may have a connection with the characteristics of destruction, such as the stress intensity factor [27,28,29].




1.3. Structurally Sensitive Parameter  γ 


Usually,  γ  is represented as being responsible for the unique structure of a particular body or samples, which characterizes the most dangerous forms of local damage: defects in the structure of solid body–stress microconcentrators [10]. The value of  γ  corresponding to the volume is explained as the multiplying of the defect volume (of the atomic order) by the stress concentration coefficient    σ 0  =    U 0   γ   , where    σ  m a x     is the maximum stress at the defect boundary. It is often assumed that the parameter  γ  depends on the stress of nonactivation failure    σ 0  =    U 0   γ   . The smaller the value of  γ , the greater the real strength. In other words, the smaller the value of  γ , the more uniform the distribution of microscopic stresses across the crystal lattice.



Some studies have shown that the magnitude of  γ  is determined by the dislocation structure of the alloy [30,31]. According to the dislocation interpretation of  γ , it consists of the expansion of the crystal lattice during the formation of dislocations and expansion during their movement. Thus, this parameter is sensitive to changes in operating conditions and is unstable.



In the general case of the kinetic concept, it is assumed that  γ  does not depend on the loading conditions [21,32]; however, various structural rearrangements are possible in the real material of the object. It was noted in [33] that  γ  depends on the type of stress state. So, for example, for torsion conditions, this parameter is less than it would be for tension.



In [34], a factor was proposed to estimate the effective activation volume of the relaxation process for brittle materials and polymers. In [23], Regel demonstrated the correspondence of the activation volume of crack growth and durability. The presence of differences between the activation volumes of deformation and fracture was shown by Petrov in [21]. A correspondence relation was established between the activation volumes of surface deformation (in particular, micro-indentation) [35,36] as well as electrical destruction [37] and the destruction process. In [38], dependence for the determination of  γ  is proposed, which accounts for the deformation of nanotubes. Several studies indicate the dependence of  γ  on welding processes and post-welding structural adjustments in the thermal zone [39,40]. The activation volume increases with an increasing test temperature, as shown in tests with increasing load in [41]. This observation was confirmed in [42] by the example of the X20CrMoV121 alloy.



The parameter  γ  naturally changes with possible significant deformations preceding destruction, which can occur both under static and dynamic loading conditions. If it is necessary to evaluate the durability parameters, then it is necessary to ensure the constancy of the structural coefficient [43].





2. Materials and Methods


2.1. The Evaluation of Durability Parameters


For the benefit of engineering practice, methods for estimating the parameters included in the durability formula should be accessible, non-cumbersome, and consider as many processes as possible that occur during the destruction of bodies with a minimum of empirical coefficients. The traditional assessment of activation energy is based on the data concerning static strength with help creep curves to failure, for example, for nickel alloy 625+ (Figure 1a). Based on Equation (2):


  U  ( σ )  =  U 0  − γ σ = k T ln  (   τ   τ 0     )   



(4)







Extrapolating the   U  ( σ )    axis at the point   σ = 0  , we obtain the value of the stable parameter    U 0   , which is stable with respect to the structure (Figure 2a).



Fatigue curves of the corresponding alloys are used to estimate    U 0    under cyclic loading (Figure 1b). Such a method of estimating    U 0    (Figure 2b) can be simplified without analyzing the contribution of such phenomena as relaxation during loading cycles, temperature overheating, cycle shape, sinusoidal loading shape, and structural adjustments during prolonged loading, which were mentioned earlier, as follows:


  U  ( σ )  =  U 0  − γ σ = k T ln  (     N f    f  τ 0     )   



(5)




where    N f    is the number of cycles to failure;  f  is the loading frequency.



I. G. Grabar used the data on the fatigue curves of BCC and HCC metals to estimate the thermal fluctuation parameters and proposed an equation for calculating    U 0    based solely on the data of the fatigue curves:


   U 0  = k T  (     σ 1     σ 1  −  σ 2    ln    N 2     N 1    + ln    N 1    f  τ 0     )   



(6)




where    N 1  ,    N 2    and    σ 1  ,    and     σ 2    are the values of the number of failure cycles and the stress of two points on the fatigue curve, respectively;  f  is the loading frequency.



The author notes that the process of destruction in the multi-cycle zone is controlled by a single mechanism of atomic bond breaks, as well as by the fact that the values of    U 0    determined by fatigue curves are much smaller than those determined by the curves of long-term strength (creep), as can be seen from our calculations (Figure 2). In addition, the activation energy is dependent on the frequency of cyclic loading for fatigue failure. With a decrease in frequency and its approach to zero (static destruction), an increase in activation energy was observed almost twice, but with a value of   lg f = − 2   and more, the activation energy remained stable for a large number of samples.



To express the process of damage accumulation as an irreversible process during loading, interpreting the degree of destruction from the standpoint of the kinetic concept of strength, the Bailey criterion is most often used [46]:


    ∫  0   t f      d t    τ 0   e     U 0  − γ σ  ( t )    k T       = 1  



(7)




where   σ  ( t )    is the time dependence of the stress under loading.



To evaluate the parameters of the temperature–time dependence, it is necessary to ensure the constancy of the structure (the structure-sensitive parameter  γ ) over the entire temperature range. This requirement coincides with the need for the constancy of the structure in experiments to measure durability at   σ = c o n s t  . In the loading cases under consideration, this condition is fulfilled when the discontinuous deformations at different temperatures are approximately the same, as long as there is no restructuring of the structure under the influence of temperature. The simplest case is the destruction of a sample with small elastic deformations, when, under the conditions of measuring the deformation curve, the stress changes in time according to a linear law.



Then, in order to express the initial activation energy from the uniform loading condition, we perform the transformation of expression (7) by substituting   σ  ( t )  = ϑ t  , where  ϑ  is the loading rate:


   U 0  = k T  (  ln   k T   γ ϑ   − ln  τ 0  + ln  (  e x p   γ  σ p    k T   − 1  )   )   



(8)







To calculate a structurally sensitive coefficient based on the results of static destructive tests (“lethargy coefficient”), Song [47] proposed a general expression that confirmed its applicability in a number of works on the evaluation of fatigue life from the standpoint of the kinetic concept [48,49]:


  γ =    U 0     σ a     (  1 − μ  )  ,  



(9)




where


  μ =   ln  (     t f     τ 0     )       U 0    k T      (  1 −   ln  (     U 0    k T   − ln  (     t f     τ 0     )   )    ln  (     t f     τ 0     )   [  1 −    (     U 0    k T   − ln  (     t f     τ 0     )   )    − 1    ]     )  .  



(10)




where    t f    is the time until failure during static tests and    σ a    is the destructive load.



Another expression for estimating  γ  and    U 0    for the case of fatigue loading was presented in the framework of the Moghanlou model [48], which will be discussed in more detail later. The parameter  γ  is determined using the Lambert function,    W k   :


  γ =  B A   W k   (   A B   e   C B     )  ,  



(11)




where


  A =  σ  p 1   −  σ  p 2   ,  



(12)






  B =  1 2  k  (   T 2  −  T 1   )  ,  



(13)






  C = k  [   T 2  ln  (     N  f 2     2 π  f 2   τ 0     (  2 π    σ  p 2     k  T 2     )     1 2       )  −  T 1  ln  (     N  f 1     2 π  f 1   τ 0     (  2 π    σ  p 1     k  T 1     )     1 2       )   ]  ;  



(14)







   σ  p 1      and     σ  p 2     as well as    N  f 1      and     N  f 2     are stresses and the corresponding number of cycles to failure under two temperature (   T 1    and    T 2   ) and frequency (   f 1    and    f 2   ) modes. The obtained value of the structural coefficient is used to calculate the activation energy:


  U  ( σ )  = k T ln  [     N f    2 π f  τ 0     (  2 π    σ p    k T    )    1 / 2      ]  + γ  σ p  −  1 2  k T ln  ( γ )   



(15)




where    N f    is the number of cycles to failure at the stress level    σ p   .



The models and calculation methods mentioned above will be used further for a comparative assessment of the temperature–time dependence parameters determined using a multilevel AE model.




2.2. Acoustic Emission


Acoustic emission is a phenomenon and a non-destructive testing method that has become popular among researchers and engineers over the past few decades. This method is most often used to track the processes of the destruction of materials and is based on the release of energy “inside” the material during loading, followed by the registration of signals on converters. Acoustic signals propagating through the material in the form of an elastic wave have a number of parameters related to the characteristics of the signal. Many techniques and signal models have been proposed for the identification of destruction using AE [50], along with approaches to evaluating the service life of technological equipment [51]. AE is a passive control method that has earned recognition due to its excellent ability to detect and localize dynamic defects. The main sources of acoustic emission from the standpoint of traditional strength concepts are plastic deformation, the origin and propagation of cracks, and the rupture of bundles between micro-voids [52]. In addition, as indicated in [53], acoustic emission makes it possible to track the development of an ensemble of defects of different scale levels over time; this distinguishes it from other control methods.



However, there are many questions about which criterion should be selected as an indicator of destruction and a means of monitoring the accumulation of damage. One of the most frequently used AE parameters is the total AE count [54]. Based on the total AE count, several diagnostic parameters have been proposed. In [55], the brittle and ductile natures of the destruction of four structural steels were determined by the time dependence of the total count in tests to assess the fracture toughness. L.R. Botvina focused on the feasibility of using the total count to identify the degree of accumulated damage in pipe steel and the stages of destruction after preliminary cyclic loading [56,57]. She also proposed the parameter    b  A E    , [54] denoting the slope modulus of the straight line of the AE signal amplitude distribution, and in [58] this parameter is used to characterize damage modes in AlSi10 Mg samples. In his study [59], Williams used the angle of inclination of the logarithm of the total acoustic emission count relative to the displacement of the crack tip and stress in COD tests to determine the zone of its stable propagation. In [60], it was noted that the change in the slope of the curve of the total energy of acoustic emission accurately reflects the change in the nature of deformation and corresponds to the deformation curve at quasi-static fracture for A572 steel of the grade 50. To estimate the crack point based on AE energy, Sajad Mostafavi et al. proposed the sentry function parameter [61] as a characteristic of the balance between the released energy during destruction and the accumulated energy of plastic deformation.



AE activity was used to differentiate the stages for a pre-cycled aluminum alloy 6061-T6 reinforced with SiCp, wherein this activity was associated with the separation of particles and matrix and the binding of voids [62]. Several acoustic emission models have been proposed based on both the dislocation theory [63] and the kinetic concept of strength and use the Zhurkov equation to characterize the fractures [50].




2.3. Multilevel Model of Acoustic Emission Pulse Flow


This approach is based on the kinetic concept of strength, which is founded on the Zhurkov formula, the rule of linear summation of damage, separation of destruction at the stage of fine accumulation of microcracks in the stressed zone in front of the developing concentrator, and subsequent unstable crack growth. The method is also based on the consideration of structural (inherent in a real object) and metrological (associated with AE equipment) heterogeneity. The approach does not require complex calculations, allows us to distinguish the stages of destruction using cumulative characteristics of AE, and can be used in engineering practice [64].



As mentioned above, during the loading of an object under heavy loads, competition is assumed between the processes of the breaking of atomic bonds leading to the formation of microcracks and the phenomena of restructuring the structure during plastic deformation (Figure 3). This process relates with the following reasons:




	
The process of breaking bonds, from the point of view of the authors, is decisive in destruction and retains its kinetics during structural rearrangements under uniform loading, which compete with acts of destruction in the field of AE signals [9];



	
The activity of acoustic emission for structural steels during plastic deformation is characterized by low values, and the process itself is relatively “quiet” [65];



	
From the point of view of the kinetic concept of strength, the accumulation of damage through the formation, accretion, and further growth of microcracks is a continuous process throughout most of the life and at multiple levels simultaneously—it starts to occur at low stresses due to the nature of the thermal fluctuation of the rupture of bonds at the tops of cracks [23];



	
From the point of view of applying the approach to real objects, plastic deformation at diagnostic loading is unacceptable—the elastic deformation stage is taken as the determining stage for AE diagnostics.








According to several studies, a large surge of AE signals occurs at the end of elastic deformation—during the transition to macroplastic deformation, when crack development becomes uncontrolled [66,67]. This is associated with the resulting avalanche of dislocations during the generation and multiplication of dislocations due to the operation of Frank–Reed sources and grain boundaries, as well as with the movement of dislocations during flow. The decrease in AE activity beyond the yield point is due to the reduced rate of avalanche formation of dislocations and the reduced sliding distance of dislocations [65]. Moreover, as reported in [65], the occurrence and movement of dislocations at an early stage of deformation to the yield point increases the amount of signals with a low peak amplitude. D. Fang explains the nature of signals below the yield point as a “saturation” process, in which the movement of dislocations begins in the elastic deformation region, reaches a maximum just beyond the yield point, and, finally, tends to saturation. At the same time, in addition to dislocation movements, the source is the destruction of inclusions and twinning, which are still difficult to separate from each other from the point of view of processing AE signals.



In [68], for prestressed A533B steel samples, the need for diagnostic indicators that would be associated with the kinetics of damage accumulation for brittle materials or prestressed steel structures was shown, since the total count curve did not show significant differences between different levels of prestressing. Shun kai Li compared the activity of AE at the stage of elastic and elastic–plastic deformation for aluminum alloy, cast iron, and steel [69]. All three materials showed a significant increase in the number of AE signals before the transition to plastic deformation, however, cast iron had less activity.



The multilevel model is based on recording reference structural elements’ (grains, fibers, etc.) times of destruction during loading. For this purpose, a stage of homogeneous destruction is allocated, at which the probability of destruction of such elements is equally likely and there is a kinetic feature common to such elements, namely, the angle of inclination of the logarithm curve of the total AE count.



The time to destruction in this case will be determined by the time  t  corresponding to the moment of accumulation of the critical concentration of microcracks    C *   . The stage of homogeneous destruction is defined by the following expression:


    d C    C 0  − C   =   d t    θ   c p     ( t )     



(16)




where    C 0    is the initial concentration of structural elements in the sample.



Converting expression (16) yields:


  C  ( t )  =  C 0   (  1 − e x p  [  −  ∫ 0 t    d  t ¯     θ   c p     (  t ¯  )     ]   )   



(17)




where    θ   c p      is the time of thermal fluctuation destruction of a structural element in accordance with the Zhurkov formula.



Then, the concentration of microcracks during quasi-static loading with a constant velocity   σ ˙   is described by the following formula:


  C  ( t )  =    C 0  K T e x p  [    γ  σ ˙  t −  U 0    K T    ]    γ  σ ˙   τ 0     



(18)







AE control is influenced by a number of factors that interfere with the identification of AE sources and the separation of the parameters of the fracture process, which need a metrological parameter linking the number of AE pulses and the number of destroyed structural elements formed during the rupture of atomic bonds at the tops of microcracks. To achieve this, an acoustic emission coefficient    k  A E     is introduced, which is characterized as an acoustically active volume:


   k  A E   = V   ∭   Δ  t 1     f 1       u 1    Δ  t 2     f 2     u 2        Φ  (  Δ t ,   f ,   u  )  d u d t d Δ t  



(19)




where  V  is the volume of material subject to control (macro level), while   Φ  (  Δ t ,   f ,   u  )    is a function of the density of the distribution of AE signals over the duration of pauses between signals   Δ t  , frequency  f , and amplitude  u . The meaning of the integral of this formula entails the probability of the registered signals entering the range of the corresponding AE parameters. The parameter that contains information about the number of destroyed structural elements in the model   ξ  ( t )    can be one of the cumulative parameters of the AE (total count, total energy, amplitude, etc.):


  ξ  ( t )  =  k  A E    C 0   ∫   ω 0     ω 0  + Δ ω   Ψ  ( ω )   [  1 − e x p  [  −  ∫ 0 t    d  t ¯    θ  (   U 0  , ω  (  t ¯  )   )     ]   ]  d ω  



(20)







Equation (20) is a multilevel AE model (Figure 4) [9]. According to the kinetic feature (linear sections of time dependence), two stages of the finely dispersed destruction stage are separated: heterogeneous, which is characterized by instability of AE, and homogeneous, which is more informative in relation to strength and having a stable indicator of the rate of “failure” of structural elements.



According to the model, the basis for strength and durability control is the intensity of the current stage of homogeneous elastic destruction of the structural elements of the material, which can be traced at different scale levels. The nanoscale, which is of the order of atomic bonds, is described by the kinetic nature of destruction during thermal fluctuations under stress. Tracking at the micro level takes place using the kinetics of AE parameters and microcracking processes. The macro level is expressed in the number of worked loading cycles or the time sustained under the load of the entire object before destruction.



The destruction process is divided into stages of finely dispersed (scattered over the volume of the object or locally grouped in the defect area) microcracking, which includes the stages of heterogeneous and homogeneous destruction and localized macroscopic discontinuity. At the second stage, an enlarged, localized discontinuity occurs (the formation or growth of a crack), flowing elastically or plastically. The homogeneous stage is a period of stable “failure” of structural elements of approximately the same strength, which proceeds until the accumulation of a critical concentration of microcracks.



The stage of homogeneous fracture is associated with the accumulation of microcracks in the area in front of the top of the crack. If the sample does not have a distinct concentrator, then the stage of homogeneous destruction comprises about 60% of the first stage of destruction. Otherwise, when a concentrator has already formed during the fusion of pores and germination of microcracks, the stage of homogeneous destruction lasts for a shorter period of time. To separate the stage of homogeneous destruction with the help of AE diagnostics, three signs are used:




	
Kinetic—approximation of the time dependence of cumulative AE parameters by homogeneous destruction (determination of the linear section of the AE dependence in semi-logarithmic coordinates) (Table 1);



	
Statistical—taking into account the stabilization of the values of amplitude, frequency, and pause distributions of AE in a temporary area of homogeneous fracture;



	
A sign of elastic deformation—the accumulation of micro-damage corresponding to homogeneous destruction which occurs before the beginning of structural rearrangements during plastic deformation in the upper region of direct elastic deformation.








The time dependence of the number of AE pulses, as a special case of the parameter   ξ  ( t )   , is expressed at this stage as:


   N  ∑ homog .    ( t )  =    k  A E    C 0  K T e x p  [    γ  σ ˙  t −  U 0    K T    ]    γ  σ ˙   τ 0     



(21)







After simple transformations of Equation (21), we obtain a number of diagnostic parameter-concentration-kinetic AE strength indicators:


   X  A E   =   d l n ξ   d t   =   γ  σ ˙    K T    



(22)






   Y  A E   =   d l n ξ   d σ   =  γ  K T    



(23)







The obtained parameters are resistant to the problems of AE equipment and control, consider the heterogeneity of the structure, allow one to track changes in the mechanism of destruction, and can be used in various models for assessing the resources based on the kinetic concept of strength. Considering the form of expressions (21), (22), and (23), in order to separate time period of homogeneous destruction in the time dependence of the logarithm of the AE parameter, it is necessary to select such a linear section, which corresponds to the exponential nature of the curve of the AE parameter itself.



The distribution of the structural inhomogeneity parameter  γ  over the structural elements of the material is bell-shaped, as will be shown below. At the beginning of loading, the most fragile elements with a high value of  γ  “fail” from the region of the “tail of the distribution”. Due to the large variation in the coefficient  γ , the AE parameters at the initial stage are unstable; as a result, at this stage of destruction (inhomogeneous), the angle of inclination of the time dependence of the logarithm of the cumulative AE parameter has high values, representing an initial spike in dependence. After this stage, elements from the “distribution bell” with smaller but relatively equal values of  γ  begin to collapse. In the absence of data on the statistical characteristics of the AE parameters, a linear section of the logarithm of the AE parameter with a smaller angle of inclination is used to isolate the homogeneous fracture stage, which is usually in the upper part of the elastic deformation dependence. The rupture of structural bonds, which proceeds until the point of destruction, is determined by the kinetics of the selected stage with the most stable values of the parameter  γ .



To calculate the activation energy of destruction in accordance with the proposed model, we use the expression (21). Provided that    t *    is the time before destruction,   C  (   t *   )  =  C *    is the critical concentration of microcracks, and    σ ˙   t *  =  σ *    is the destructive stress or tensile strength, then we obtain:


     U 0    K T   = ln  [     C 0  K T    τ 0  γ   σ  C *   ˙     ]  +   γ  σ *    K T    



(24)







We use the proposed concentration-kinetic parameters    Y  A E     and    X  A E    . We also consider that less than 10% of all bonds in the material during thermal fluctuation destruction are overstressed and responsible for strength [6]. This corresponds to the critical value    C *  ≈ 0.01  C 0   ; then, the formula for calculating the activation energy is expressed as:


   U 0  = K T  (   σ *   Y  A E   + 35.54 − ln  X  A E    )   



(25)







The structurally sensitive parameter  γ  can easily be estimated from Equation (23).




2.4. Experimental Data


For the purposes of the paper, a literary review was carried out with respect to scientific publications regarding the results of AE registration during static destructive tests with increasing load. All data sets were obtained during tests of various structural steels and alloys under varying temperature and force conditions of the experiment.



Most of the data sets comprise fracture toughness tests in which AE signals were recorded. These are traditional tests that are very common in engineering practice. Due to the representativeness and accessibility of the data, they can be used to develop approaches based on kinetic equations.



With the help of cumulative acoustic emission characteristics, the durability parameters and the destructive load were calculated for subsequent comparison with real values. We will briefly describe the conditions of each experiment. Loading charts of some samples and test results in the form of a time dependence of the total AE count and the logarithm of the AE count are shown in Figure 5.



The authors of [70] investigated the effect of the slow deformation rate of the Ni 625+ alloy under conditions of electrochemical hydrogen charging. The experimental samples were obtained from a pre-hardened material with a formation of particles having a dense morphology and a cylindrical shape with a diameter of 3.81 mm and a length of 25.4 mm. During deformation at a temperature of 313 K, and at a deformation rate of 10−6 s−1 in a solution of 0.5 M H2SO4 with galvanostatic polarization applied with a cathodic current density of 5 mA/cm2, AE was monitored together with the registration of the total acoustic emission count. The moment of crack initiation corresponded to a stress of 1079 MPa. The data are shown in Figure 5a,b.



In their articles, Cevat Teymuri SINDI [71] and Sajad Mostafavi [61] conducted experiments to determine the crack resistance of AISI D2 tool steel using cumulative AE parameters, such as cumulative acoustic emission count (AECC), acoustic emission energy rate (AEER), and a combination of mechanical characteristics collectively referred to as the sentry function. Samples measuring 36 × 34 × 8 mm were obtained at different annealing times during processing. The paper presents the data of two samples annealed at 450 and 575 degrees Celsius for 1 h followed by air cooling. The notch for the subsequent formation of cracks was made according to the ASTM E399 standard and deformed on an Instron machine at a speed of 0.2 mm/min (Figure 5c,d).



The cited report presents the results of hydraulic tests of three spherical pressure vessels used in the aerospace industry [72]. The vessels were made in two different ways. One of the methods comprised spin molding and the tungsten inert gas (TIG)-welding process, and the other consisted of blow molding and solid-phase diffusion-bonding process. The first vessel, which was made of Ti–15V–3Al–3Cr–3Sn alloy with a diameter of 304 mm and a wall thickness of 4 mm, was designed for the storage of high-pressure nitrogen gas in the orientation system of the apparatus. The second vessel was a helium injection tank used to operate a valve actuator for the storage of high-pressure gaseous helium with a diameter of 180 mm and a wall thickness of 3 mm, which was made of Ti–6Al–4V titanium alloy. The tanks were loaded to a pre-destructive load (Figure 5m,n). The first of the nitrogen storage vessels was never completely disabled; it was loaded up to 31 MPa of internal pressure. The degree of deformation was measured using strain gauges. The testing temperature was room temperature.



The deformational behavior during a standard tensile test of AISI 304 stainless steel using acoustic emission parameters was studied by S. Sahoo [73]. A total of 4 flat (25 × 6 × 5 mm) samples were prepared with different holding times during processing after austenization at 1050 °C for 30 min. The deformation rate was 8.33 × 10−4 s−1 at room temperature. During the tensile test, the AE was converted by the AE sensors into an electrical signal; then, the signal was amplified by a constant rate of 40 dB and passed through a bandpass filter from 10 kHz to 2 MHz. For the analysis, in addition to cumulative counting (Figure 5e,f) of the AE, the RMS voltage, peak amplitude, and incrementation time of the AE signals were also selected.



The authors of [55] present data on acoustic emission tests conducted to determine the fracture toughness of four structural steels: AISI 1080, AISI 1060, SA333, and AISI 304LN. The experiment was carried out using the samples SE(B) and C(T), and preliminary fatigue loading was performed to form an initial crack in accordance with the ASTM E647-03 standard. The thickness of the samples was from 20 to 30 mm, the loading mode is shown in Figure 5h, and the test temperature was room temperature. Based on the total AE count (Figure 5g), it was determined that the nature of changes in cumulative AE parameters over time is different for linear and nonlinear load displacement charts, and the point of origin of a crack in the material can be estimated by the total energy, count, and intensity of AE.



To study a problem as important as the influence of a waveguide on the registration of AE signals, F. Dahmene [74] conducted tensile tests on CT samples at elevated temperatures. The data of the total AE count were used for a sample with dimensions of 48 × 40 × 20 mm made of AISI 304L steel at a temperature of 723 K. The deformation rate was 10−5 s−1.



A.G. Penkin and colleagues in [75] studied the mechanisms of destruction under static tension of flat samples of structural steels of the Russian brands 09G2 and K3, which are widely used in the oil and gas industry, in a defect-free state and after the development of an artificial defect in the form of a fatigue crack, where they used an SDS1008 acoustic emission diagnostic system to record the total AE and employed a fractographic analysis of the crack’s surface. The tests were carried out at room temperature on samples measuring 200 × 20 × 6 mm; accordingly, deformation rates of 5 mm/min for the defect-free and 0.5 mm/min for the defective samples were recorded AE signals.



The crack nucleation point and fracture toughness during the three-point bending test of the weld metal and the base metal of AISI 316LN stainless steel were evaluated using acoustic emission parameters in [52]. The rate of deformation by unilateral bending at room temperature was 0.5 mm/min. The samples were subjected to pre-fatigue treatment to achieve a/W ≈ 0.5 in accordance with the ASTM E647-03.15 standard.



Static bending tests at three points at a deformation rate of 0.2 mm/min on samples of martensitic–austenitic steel 5KHN3MA with dimensions of 12 × 6 × 110 mm at room temperature were carried out by L.R. Botvina and colleagues in [76]. Flat samples were made with a central notch, cut out by a spark with a depth of 4 mm, and the radius of the tip was 0.5 mm. The total AE count was used to estimate the crack generation and propagation energies, the dynamic fracture viscosity, the critical temperature of the transition from plasticity to brittleness, and the parameters of the fracture microrelief. Three types of samples were prepared: after initial heat treatment, after shock wave exposure, and in an annealed state.



The authors of [77] studied the use of acoustic emission to quantify the evolution of microstructural damage during tension from the point of view of the micro-cracking of aluminum alloy 7075. The samples were machined in the rolling direction. A rectangular sample with dimensions of 50 × 12.7 × 6.35 mm in accordance with the ASTM E8 standard was intermittently deformed at a rate of 0.001 s−1. The test temperature was room temperature.



J. Vetrone investigated the effect of various degrees of plastic deformation on the reproducibility of the kinetics of cumulative AE parameters [60]. A new characteristic of acoustic emission was introduced to determine the stage of deformation of metals under quasi-static loading. A new characteristic of the AE was extracted from the derivative of the cumulative energy of the AE in time. For verification, quasi-static deformation was performed at a speed of 0.04 mm/s on high-strength, low-alloy A572 grade 50 steel at room temperature. A total of 9 experiments were performed concerning tension at degrees of deformation from 0.012 to 0.085. The results for a sample with a strain value of 0.072 are shown in Figure 5i,j.



To study the acoustic emission response of various zones associated with the weld of aging martensitic M250 steel, an attempt was made in [78] to compare the AE data obtained by the tension values for 16 welded samples with known defects. Cumulative AE activity, hit frequency, energy velocity, count rate, total AE energy, and hit amplitude distribution were investigated. Four types of samples with dimensions of 200 × 20 × 5 mm were prepared in accordance with the ASTM E8 standard: base metal with an inherent defect (Figure 5k,l), weld metal without defects, weld metal with defects, and damaged metal from the thermal impact zone [79]. Tension was applied at a loading speed of 2.5 kN/min at room temperature.



The paper also presents data from quasi-static tensile tests with flat samples that were carried out at ambient temperature (20 °C) and at a lower temperature −40 °C on GJS-400-15 cast iron samples [80]. Three-point bending tests were performed on curved bars with notches and preliminary cracks with dimensions of 120 × 20 × 10 mm (in accordance with ISO 12135 standard) and a deformation rate of 10−3 s−1. Acoustic emission correlated well with the volume of plastically deformed material in steel, and the size of the plastic zone was estimated during the fracture toughness test. In addition, the acoustic signal was used to determine the beginning of the formation of a stable crack.



In a study conducted by V. Kietov [81] and colleagues, the effect of the additive Al–5Ti–1B on the microstructure, mechanical properties, and acoustic emission characteristics of the aluminum alloy Al 5052 was studied. Cylindrical specimens for tensile testing with a diameter of 20 mm and a length of 40 mm were prepared. These tests were carried out at a deformation rate of 10−2 s−1. The AE results showed that the intensity of the signals increased with an increase in the content of the Al–5Ti–1B ligature, which was associated with the combined effect of dislocation movement and grain grinding.





3. Results


According to the obtained time dependences of the logarithm of the total count and the selected area of homogeneous destruction at the elastic stage, the indicators    X  A E     and    Y  A E     were calculated (columns 2 and 3 in Table 2). Further, with the help of these indicators, the activation energy of destruction was calculated according to Formula (25) (column 8 of Table 2). Table 2 also shows the results of the calculation of the activation energy of destruction according to the quasi-static uniform loading to failure (column 11), according to the fatigue curves (curves and related information in Appendix A) in column 9, according to the formula proposed by Grabar for fatigue curves (column 10), and according to the Moghanlou model (column 12). Next, the parameter  γ  was calculated from the concentration-kinetic index,    Y  A E    , according to Formula (23) (column 4) and according to the Moghanlou model (10) using the Lambert function. Columns 5, 6, and 7 show the destructive stress, the rate of stress growth, and the test temperature, respectively.



For a sample of nickel alloy 625+, the activation energy calculated according to the AE results was 139291   J ·   mole   − 1    , for which the deviations from the calculation results according to the fatigue curves were less than 6%; however, the Moghanlou model gave underestimated results of 123.3   kJ ·   mole   − 1    . Figure 2 shows that the activation energy obtained from the results regarding the long-term strength (creep) at a positive temperature is several times greater than at room temperature and in the dynamic loading mode; the same results were shown by tests of the AISI 304LN samples at a temperature of 723 K (Table 2). So, the    U  0 A E     was 251.9   kJ ·   mole   − 1     at the same temperature, for cyclic loading at 700 K it was 264.6   kJ ·   mole   − 1    , and for high-temperature creep it was 388.5   kJ ·   mole   − 1    . This discrepancy was also noted by other authors [13] and was associated with diffusion processes that manifested at high temperatures.



For the spherical tanks of an aircraft (Ti–15V–3Al–3Cr–3Sn and Ti–6Al–4V), the activation energy values showed similar values for all the calculation methods, although the formula for quasi-static loading yielded lower values. This trend was observed in all samples (Table 2). Apparently, this is due to the presence of microplastic deformation at high stress values and the corresponding internal restructuring. This seems reasonable, since the activation energies of elastic and plastic deformation have significant differences. For the AISI 1060 and 1080 samples, the    U 0    values calculated by Formula (8) were 94 and 92   kJ ·   mole   − 1    ; the values calculated by the multilevel model (107.9   kJ ·   mole   − 1     and 106.7   kJ ·   mole   − 1    ) also had a slight difference.



The effect of processing on the parameter    U 0    was considered for the AISI 304 samples (Figure 5e,f), which had different exposure times during annealing. Although there was a slight decrease in the activation energy as the annealing time increased, the deviation from the initial value was no more than 4%. For the tool steel D2, the annealing temperature produced a slight change in    U 0    at 450 °C, and at 575 °C, this value amounted to 115   kJ ·   mole   − 1    . A different treatment was applied to the 5KHN3MA samples, namely, a traditional heat treatment and shock wave action followed by annealing, which showed close values of activation energy of 120 and 119   kJ ·   mole   − 1    , respectively; however, the deformation of the sample, which occurred only after shock wave action (SWA), gave a value of    U 0    = 131   kJ ·   mole   − 1    . This might have been due to the peculiarities of structural adjustment. For the aging steel M250, the presence of a defect in the weld produced higher activation energy values than for the micro-deformed and defect-free zones. At the same time, similar values corresponded to a defect-free welded joint and a base metal with microdefects. The presence of a defect formed before quasi-static destruction increased the value of the activation energy by about 4% for the steel samples 09G2 and K3; in both cases,    U 0    was greater for the samples with initial defects. In addition, the destruction of the weld led to an increase in    U 0   , as was seen for the samples of 316LN steel.



Good correspondence was shown by a data set from the A572 samples with varying degrees of plastic deformation. All the samples yielded a value of    U 0    = 100   kJ ·   mole   − 1    . The deviation for the samples of aluminum alloy 7075 (rectangular sample) was no more than 3%; however, for alloy 5052 (cylindrical sample), the compliance was worse.



The best correspondence in calculating the durability parameters of the structural alloys was given by the models based on fatigue curves (Figure 6a,b). This allows for the use of a large experimental base of fatigue tests accumulated to date to assess the durability parameters without destructive loads, which, in turn, allows for the use of this methodology for calculating the resource of real objects.



The parameter  γ , as the most variable parameter, changed during structural rearrangements, thermal influences, and changes in the deformation conditions. The task of calculating the coefficient  γ  is still extremely time-consuming due to the uniqueness of this parameter for each real object. Figure 7b shows the results of calculating  γ  using a multilevel model and using Formula (9). A large deviation can be seen in the values.



Using the data from fatigue curves to calculate the activation energy of a material as an available reference material, the destructive stress for a sample or element of equipment can be calculated using the following formula:


   σ f  =      U 0    k T   − 35.54 + ln  X  A E      Y  A E     ,  



(26)







To calculate the destructive load, it is unnecessary—as it can be seen—to precipitate the object’s destruction. The homogeneous fracture site corresponds to the elastic deformation zone. However, there are also differences between the calculated values (Figure 7a), which indicates the need for the strict compliance of fatigue curves according to the type of loading, composition, and the orientation of the sample with respect to the element on which the AE diagnosis was performed.



3.1. Numerical Simulation


To describe the accumulation of damage during homogeneous, finely dispersed destruction at the stage of elastic deformation, a multilevel AE model in the form of Equation (17) is used. The program compiled to estimate the time to destruction according to AE data uses the homogeneous destruction stage for approximation [19].



The structural heterogeneity and unevenness of the stress state in terms of the volume of the material affects the average value of the time of destruction of the structural elements of the body. The durability parameter is not the same for different elements. In order to account for such heterogeneity, a distribution function of the parameter  γ  over structural elements was introduced. The function   Ψ  ( γ )    has different distributions depending on the degree of heterogeneity. In this article, a limited Weibull and logarithmic-normal distribution was used in the destruction of samples of various structural materials.



In this paper, the bounded Weibull distribution is written as


    ( γ )  =  {      0 ,       λ ∈  [  0 , q  )  ,       A  (   k    λ    )     (   γ λ   )    k − 1   e x p  (     (  −  γ λ   )   k   )  ,   γ ∈  [  q , ∞  )  ;          A =  1   ∫ q ∞   (   k    λ    )     (   γ λ   )    k − 1   e x p  (     (  −  γ λ   )   k   )  d γ   .   



(27)




where the distribution parameters are denoted as   k , λ ,   q .      1 A    is the coefficient linking the load in  H  and the stress in MPa, which is the inverse of the working cross–sectional area of the sample.



The logarithmically normal distribution with the parameters    σ z  ,   μ   is as follows:


  Ψ  ( γ )  =  1    2 π    σ z  γ   e x p  [  −      (  l n  ( γ )  − μ  )   2    2  σ z    2     ]   



(28)







The time dependence of microcracking for a structurally inhomogeneous body in accordance with the multilevel model is as follows:


  C  ( t )  =  C 0   ∫   γ  m i n      γ  m a x     Ψ  ( γ )   [  1 − e x p  [  −  ∫ 0 t    d  t ¯     τ 0  e x p  (     U 0  − γ σ  ( t )    k T    )     ]   ]  d γ  



(29)







   γ  m i n     and    γ  m a x     are the minimum and maximum values of the structural parameter in the distribution.



As indicated, the transition to spontaneous destruction and a macroscopic cracking state occurs when the number of destroyed structural bonds reaches    C   C 0    ≈ 0.01  , that is, the approximate number of overstressed bonds in the loaded body. Then, expression (29) assumes the form:


   ∫   γ  m i n      γ  m a x     Ψ  ( γ )   [  1 − e x p  [  −  ∫ 0 t    d  t ¯     τ 0  e x p  (     U 0  − γ σ  ( t )    k T    )     ]   ]  d γ = 0.01  



(30)







To calculate the time to destruction, it is necessary to know the value of the activation energy of destruction of a given material, the time dependence of stresses and temperature, and the distribution parameters of the structural parameter. To obtain these parameters, acoustic emission tests are carried out when the sample is loaded. Having obtained the time dependence of the total AE count, the stage of homogeneous destruction along the linear section of the slope angle of the logarithm of the total count AE over time is selected. Further, the time dependence of the number of acoustic emission pulses is approximated, which is assumed to be proportional to the number of microscopic cracks formed—the main sources of AE. The number of AE pulses is expressed as:


    N  ∑    ( t )  =  k  A E   C  ( t )  ,     N  ∑    ( t )  =  k  A E    C 0   ∫   γ  m i n      γ  m a x     Ψ  ( γ )   [  1 − e x p  [  −  ∫ 0 t    d  t ¯     τ 0  e x p  (     U 0  − γ σ  ( t )    k T    )     ]   ]  d γ .   











   k  A E    —the acoustic emission coefficient is assumed to be constant for loading at a constant speed.



As an example, we used the loading data of samples of the tool steel D2 after two different annealing times and the martensitic aging steel M250 with different types of defects. The description of the experiments, the AE equipment used, and the characteristics of the samples were presented earlier. As a stage of homogeneous destruction, various time intervals were taken, whose beginning and end are indicated by    t 1    and    t 2    in Table 3. The approximation of the theoretical and experimental curves of the total AE count was carried out.



During the approximation, the distribution parameters were selected (Figure 8 and Table 3) so that the average error of approximation    E A    and the error of determining the time to destruction    E  T f     are minimal. For the Weibull distribution, the parameter   k = 3   is the most commonly used and is suitable for the distribution of defects in welded steel samples.



It can be noted that despite a significant error in determining the time to destruction, the parameter    Y  A E     and the structural parameter  γ  found only by the logarithm curve of the total AE count are in the “bell” region of the distribution (Figure 8). This indicates the correctness of the expression describing the experimental curve and the correspondence of the structural elements destroyed in the elastic region to the main array of elements. For the samples of M250 steel of a defective weld, the resulting  γ  for both types of distribution corresponded to the “tail” of the distribution, i.e., an array of the weakest structural elements. It is assumed that this was due to structural changing during welding, due to which relatively less durable structural elements were fractured at the elastic fracture stage. For the samples of M250 steel with inherent microdefects, a shift of the value to the right side of the bell was observed for all types of distribution.



Despite the engineering and practical significance of such a determination of a homogeneous fracture site, it is better to use methods based on the analysis of the AE signature for a more accurate identification of the time interval. The end of the interval is determined by the lesser of the two values, that is, the moments of the beginning of an abrupt increase in the duration of signals (the beginning of plastic deformation) and the beginning of the growth of the overlap coefficient corresponding to the beginning of an avalanche-like restructuring of the structure. The beginning of the plot will be located at the beginning of the linear section to the left of one of these points. Another way to determine the beginning of the section is to determine the point corresponding to the maximum of the amplitude variation coefficient. The increase in this coefficient is explained by the destruction of structural elements with a large variation in size and operating stresses, which occurs with heterogeneous destruction. A decrease in this coefficient indicates the beginning of a homogeneous stage.



Thus, to estimate the spread of the structural parameter of thermal fluctuation destruction, an automated program can be used to approximate the theoretical and experimental curves of the total acoustic emission count, which confirms its applicability to a number of steel samples based on the idea of the kinetic nature of the destruction of structural materials.




3.2. Fatigue Life Calculation


Most real industrial facilities are operated under fatigue conditions with different cycle forms. Fatigue life assessment is one of the most important safety tasks in the modern mechanical engineering of equipment [82,83,84,85]. There are a number of models for the nonlinear summation of fatigue damage [86], some of which require only fatigue curve data [87], as well as methods for determining the characteristics of fatigue failure [88]. To assess the structural changes occurring during fatigue failure, methodological approaches are needed that provide objective information about the kinetics of damage accumulation. A method that is devoid of greater labor intensity and is available for engineering tasks in production conditions is the acoustic emission method, which is also the most widely used non-passive control method.



The traditional Zhurkov equation is used to estimate durability under conditions of constant stress and temperature, which correspond to creep processes. However, there are various modes of loading objects, in which it is necessary to determine their times to destruction. To estimate fatigue life, it is necessary to transform the Zhurkov equation, while accounting for the sinusoidal mode of stress change (Figure 9). Similar transformations are presented in a number of papers [48,89,90,91,92]. Considering the Bailey criterion (Equation (7)) and the ratios of stress changes   σ =  σ ¯  +  σ ^  cos  (  2 π   i Δ t    τ ц     )    and temperature   T =  T ¯  +  T ^  cos  (  2 π   i Δ t    τ ц     )   , we obtain:


   ∫ 0   t f      d t    τ 0   e     U 0  − γ  σ ¯  ( 1 +  (    σ ^   σ ¯    )  cos  (   ω 1  t  )  )   k  T ¯   (  1 +  (    T ^   T ¯    )  cos  (   ω 2  t  )   )        =  1   τ 0   e   (     U 0  − γ  σ ¯    k T    )       ∫ 0   t f     e   (    γ  σ ¯    k  T ¯      σ ^   σ ¯   cos  ω 1  t  )     e   (    γ  σ ¯    k  T ¯      T ^   T ¯   cos  ω 2  t  )    d t = 1 ;  



(31)







Using the Cauchy–Schwartz inequality (32), we obtain:


   ∫ a b  f  ( x )  g  ( x )  d x ≤    [   ∫ a b   f 2   ( x )  d x  ∫ a b   g 2   ( x )  d x  ]    0.5   ,  



(32)






    1   τ 0   e   (     U 0  − γ  σ ¯    k T    )       ∫ 0   t f     e   (    γ  σ ¯    k  T ¯      σ ^   σ ¯   cos  ω 1  t  )     e   (    γ  σ ¯    k  T ¯      T ^   T ¯   cos  ω 2  t  )    d t                                                                                                             ≤  1   τ 0   e   (     U 0  − γ  σ ¯    k T    )         [   ∫ 0   t f       (   e   (    γ  σ ¯    k  T ¯      σ ^   σ ¯   cos  ω 1  t  )     )   2  d t  ∫ 0   t f       (   e   (    γ  σ ¯    k  T ¯      T ^   T ¯   cos  ω 2  t  )     )   2  d t  ]    0.5   .   



(33)







Then, we apply the modified zero-order Bessel function [93]:


    I 0   ( 0 )  = 1 ,     I 0   ( x )  =    e x      2 π x     ,     I 0   (  2 x  )  =    e  2 x       2 π 2 x     =  I 0 2   ( x )    π x     



(34)







   I 0   ( x )    and    I 0   (  2 x  )    are obtained by Hankel expansions based on asymptotic forms for a large value of the argument x [93]. Then,


    ∫ 0   t f     e   (    γ  σ ¯    k  T ¯      σ ^   σ ¯   cos  ω 1  t  )    d t =  t f   I 0   (    γ  σ ¯    k  T ¯      σ ^   σ ¯    )      ∫ 0   t f     e   (    γ  σ ¯    k  T ¯      T ^   T ¯   cos  ω 2  t  )    d t =  t f   I 0   (    γ  σ ¯    k  T ¯      T ^   T ¯    )    



(35)







Using expressions (34) and (35), we transform the right part of equation (33):


  1 ≤  1   τ 0   e   (     U 0  − γ  σ ¯    k T    )       t f     [   I 0   (  2   γ  σ ¯    k  T ¯      σ ^   σ ¯    )   I 0   (  2   γ  σ ¯    k  T ¯      T ^   T ¯    )   ]    0 , 5   .  



(36)







Solving the equation with respect to the time before destruction and neglecting the temperature change, after substituting expression (34), we obtain:


  1 ≤  1   τ 0   e   (     U 0  − γ  σ ¯    k T    )       t f     [   I 0   (  2   γ  σ ¯    k  T ¯      σ ^   σ ¯    )   I 0   (  2   γ  σ ¯    k  T ¯      T ^   T ¯    )   ]    0 , 5   .  








or


   t f  =  τ 0    2 π   γ  σ ^    k  T ¯      ·  e   (     U 0  − γ  (   σ ¯  +  σ ^   )    k T    )    .  



(37)







The equations for determining the number of cycles before destruction are obtained, bearing in mind the relationship between the durability of the sample and the frequency of cyclic loading as follows:


   N f  =  L f  · f ,  











Then, Equation (37) takes the form [89]:


   N f  = f  τ 0    2 π   γ  σ ^    k  T ¯      ·  e   (     U 0  − γ  (   σ ¯  +  σ ^   )    k T    )    .  



(38)







For an example of the implementation of a method for finding the parameters of the durability equation using acoustic emission and calculating fatigue life, we will use the data of L.R. Botvina and colleagues [94,95,96], wherein experiments were conducted concerning the tensile loading of samples after various levels of fatigue life. This study will provide data on testing samples of the steel grades 20 and 15X2GMF used for oil sucker rods.



Tensile tests were carried out after three levels of fatigue life—0.3, 0.5, and 0.7—as well as in the initial state. The time dependences of the total AE count and its logarithm are shown in Figure 5 (reference [96]), in Figure 3 (reference [95]), and in Figure 14 (reference [94]). The frequency of pre-cyclic loading was 30 Hz with the coefficient R = 0.1 at 390, 330, and 800 MPa, respectively.



Fatigue tests were carried out in accordance with GOST 25.502 in all three experiments. Before the tensile tests, fatigue curves were created for this material, according to which the approximate fatigue life was determined. According to the results of the AE diagnostics, sections of homogeneous fracturing corresponding to the upper region of the elastic deformation zone were identified as linear sections of the logarithm of the total AE count. For the samples made of 15X2GMF steel, the data are given with an initial (without fatigue life) condition, after a service life of 0.7, and also the tensile standard sample with other dimensions.



The results of calculating the parameters    X  A E     and    Y  A E    , as well as the structural parameter  γ  and the number of cycles to failure at an amplitude equal to that at which preloading was performed, are summarized in Table 4. Since various structural changes are observed at different levels of the cyclic loading amplitude, fatigue life was estimated only at the amplitude at which static tensile loading was performed and AE data were available. Attempts to construct a fatigue curve based on the results of only one level of pre-cycling stresses lead to a large deviation from the real curve due to the high variability of the structural parameter  γ . As mentioned earlier, this parameter is affected by the loading mode.



The points corresponding to the fatigue life of the samples are marked on the fatigue curves for these samples (Figure 10). It can be noted that the concentration-kinetic AE strength indicators    X  A E     and    Y  A E     showed stable values regardless of the operation time and loading speed. This means that it is possible to apply these parameters to assess the resource at any time of operation of a real object and, knowing the loading history, predict the remaining number of cycles before destruction.



In both cases, the obtained durability parameters yielded results slightly exceeding the average values of the fatigue curve. Obviously, this is due to the unaccounted influence of temperature and the temperature dependence of the durability parameters themselves. It has been repeatedly pointed out [97,98] that temperature differences during cyclic loading can reach values exceeding the initial temperature by tens of degrees. The removal of heat from the samples during the experiments allowed for a more accurate assessment of the resource.



Research of this phenomenon will be the goal of further research.





4. Conclusions


In this study, an analysis of the physical nature of the parameters included in the durability equation based on the kinetic concept of strength was carried out. The calculations show that the acoustic emission method can track changes in the kinetics of damage accumulation from the perspective of thermal fluctuations in the crystal lattice of the material with the subsequent formation of microcracks. The concentration-kinetic parameters of AE obtained from the site of homogeneous, finely dispersed fracturing corresponding to the elastic and elastoplastic deformation zones made it possible to calculate the durability parameters and, above all, the structure parameter  γ  and the activation energy of the fracture.



The parameters calculated using the proposed model showed a good correlation with other methods and models. However, the calculation of the structural coefficient of gamma and the destructive load requires further development and consideration of the temperature and deformation component, as well as the more effective use of frequency and amplitude characteristics to determine the site of homogeneous destruction.



Numerical modeling was also performed in the work using the D2 and M250 steels as examples, which generally confirmed that the obtained values of the structural parameter correspond to the main array of structural elements that are responsible for strength and destruction. The use of modern models for calculating fatigue life based on the kinetic Zhurkov equation applied to three experiments conducted on the 15X2GMF and 20 steel as examples and with various fatigue operating times has been shown in the last part of this work. Some overestimation of the fatigue life was associated with an insufficient consideration of temperature changes and the thermoelastic effect during cyclic loading, which we plan to investigate in future works.
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Figure A1. S–N Curve—Inconel 625 (Temperature—300 K; frequency—10 Hz; R = 0.1) [45]. 






Figure A1. S–N Curve—Inconel 625 (Temperature—300 K; frequency—10 Hz; R = 0.1) [45].
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Figure A2. S–N Curve—Steel D2 (Temperature—293 K; frequency—23 Hz; R = 0.75) [99]. 






Figure A2. S–N Curve—Steel D2 (Temperature—293 K; frequency—23 Hz; R = 0.75) [99].
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Figure A3. S–N Curve—Ti–6Al–4V (Temperature—298 K; frequency—110 Hz). Source—Base Total Material. 






Figure A3. S–N Curve—Ti–6Al–4V (Temperature—298 K; frequency—110 Hz). Source—Base Total Material.
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Figure A4. S–N Curve—Ti-15V-3.0Cr-3.0Al-3.0Sn (Temperature—298 K; frequency—20 Hz). Source—Base Total material. 






Figure A4. S–N Curve—Ti-15V-3.0Cr-3.0Al-3.0Sn (Temperature—298 K; frequency—20 Hz). Source—Base Total material.
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Figure A5. S–N Curve—Steel AISI 304SS (Temperature—293; frequency—50 Hz; R = 1.5) [100]. 






Figure A5. S–N Curve—Steel AISI 304SS (Temperature—293; frequency—50 Hz; R = 1.5) [100].
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Figure A6. S–N Curve—Steel AISI 1080 (Temperature—293 K; frequency—30 Hz; R = −1) [101]. 






Figure A6. S–N Curve—Steel AISI 1080 (Temperature—293 K; frequency—30 Hz; R = −1) [101].
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Figure A7. S–N Curve—Steel AISI 1060 (Temperature—293 K; frequency—30 Hz; R = −1) [102]. 






Figure A7. S–N Curve—Steel AISI 1060 (Temperature—293 K; frequency—30 Hz; R = −1) [102].
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Figure A8. S–N Curve—A516 Grade 70 Steel (Accepted as an analogue of SA333) (Temperature—293 K; frequency—30 Hz). Source—Base Total Material. 






Figure A8. S–N Curve—A516 Grade 70 Steel (Accepted as an analogue of SA333) (Temperature—293 K; frequency—30 Hz). Source—Base Total Material.
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Figure A9. S–N Curve—Steel AISI 304LN (Temperature—293 K; frequency—30 Hz). Source—Base Total Material. 






Figure A9. S–N Curve—Steel AISI 304LN (Temperature—293 K; frequency—30 Hz). Source—Base Total Material.
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Figure A10. S–N Curve—Steel AISI 304L (Temperature—700 K; frequency—40 Hz; R = −1) [103]. 






Figure A10. S–N Curve—Steel AISI 304L (Temperature—700 K; frequency—40 Hz; R = −1) [103].
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Figure A11. S–N Curve—Steel 09G2S (Temperature—293 K; frequency—0.6 Hz) [104]. 






Figure A11. S–N Curve—Steel 09G2S (Temperature—293 K; frequency—0.6 Hz) [104].
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Figure A12. S–N Curve—Steel C55 (accepted as an analogue) (Temperature—293 K; frequency—30 Hz) [105]. 






Figure A12. S–N Curve—Steel C55 (accepted as an analogue) (Temperature—293 K; frequency—30 Hz) [105].
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Figure A13. S–N Curve—Steel AISI 316LN (Temperature—293 K; frequency—10 Hz; R = 0.1) [106]. 






Figure A13. S–N Curve—Steel AISI 316LN (Temperature—293 K; frequency—10 Hz; R = 0.1) [106].
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Figure A14. S–N Curve—4330V (accepted as an analogue) (Temperature—293 K; frequency—50 Hz) [107]. 






Figure A14. S–N Curve—4330V (accepted as an analogue) (Temperature—293 K; frequency—50 Hz) [107].
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Figure A15. S–N Curve—Al 7075 alloy (Temperature—293 K; frequency—60 Hz) [107]. 






Figure A15. S–N Curve—Al 7075 alloy (Temperature—293 K; frequency—60 Hz) [107].
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Figure A16. S–N Curve—Steel S355JR (accepted as an analogue) (Temperature—293 K; frequency—30 Hz) [105]. 






Figure A16. S–N Curve—Steel S355JR (accepted as an analogue) (Temperature—293 K; frequency—30 Hz) [105].
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Figure A17. S–N Curve—Steel M250 (Temperature—293 K; frequency—60 Hz) [108]. 






Figure A17. S–N Curve—Steel M250 (Temperature—293 K; frequency—60 Hz) [108].
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Figure A18. S–N Curve—GJS-400-15 (Temperature—293 K; frequency—20 Hz) [109]. 






Figure A18. S–N Curve—GJS-400-15 (Temperature—293 K; frequency—20 Hz) [109].
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Figure A19. S–N Curve—Al 5052 alloy (Temperature—293 K; frequency—4 Hz). Source—Base Total Material. 






Figure A19. S–N Curve—Al 5052 alloy (Temperature—293 K; frequency—4 Hz). Source—Base Total Material.
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Figure 1. Durability curves: (a)—creep [44]; (b)—fatigue at 300 K [45] for nickel alloy 625+. 
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Figure 2. Graphical interpretation of the determination of the activation energy of the destruction of nickel alloy 625: (a)—for creep processes; (b)—for fatigue failure processes. 
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Figure 3. The destructive and deformational components of the tensile strength of nickel alloy 625. 
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Figure 4. Block diagram of a multilevel model of acoustic emission pulse flow. 
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Figure 5. The total AE count and the logarithm of the total AE count over time: (a) nickel alloy 625+; (c) tool steel D2 (sample E3); (e) AISI 304 steel with 24 h exposure; (g) AISI 1060 steel; (i) A572 steel of grade 50 with a deformation value of 0.072; (k) M250 steel with hidden defects; (m) vessels made of Ti–15V–3Al–3Cr–3Sn alloy; (b,d,f,h,j,l,n)—corresponding loading schedules. 
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Figure 6. Correlation of the results of the calculation of the activation energy of fracture using a multilevel model of the AE pulse flow compared with: (a)—data of fatigue curves of alloys; (b)—Grabar’s formula for fatigue curves; (c)—results of static tests of samples; (d)—Moghanlou’s formula for fatigue tests. 
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Figure 7. (a) Correlation between the actual destructive stress and that calculated by the multilevel AE model; (b) correlation between the structural parameter  γ  calculated from the multilevel AE model and the results of static tests. 
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Figure 8. The distribution of the structural parameter γ during homogeneous fracture: (a)—Weibull distribution for D2 steel samples (red—C2 sample; blue—E3 sample); (b)—logarithmically normal distribution for D2 steel samples (red—E3 sample; blue—C2 sample); (c)—Weibull distribution for M520 steel samples; (d)—logarithmically normal distribution for M520 steel samples (blue–inherent defect, red—weld seam without defect, and gray—weld seam with defect). 
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Figure 9. The scheme of division of the fatigue cycle into elementary time sections. 
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Figure 10. S–N curves for experimental materials with marked points of calculated fatigue life: (a) steel 20 with pre-cycling at 390 MPa; (b) steel 20 with pre-cycling at 330 MPa; (c) 15X2GMF steel with pre-cycling at 800 MPa. 
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Table 1. Diagnostic features of destruction phases and service life appraisal formulas.
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	Stage
	Destruction Phase
	Diagnostic Features of the Destruction Phase





	I
	Delocalized, finely dispersed inhomogeneous
	d2ξ/dt2< 0 at σ = 0; d2lnξ/dt2 < 0 at σ = 0; dkae/dt < 0 (dPU / dt < 0); ω2/ω1 > 1, ω2/ω0 > 1;

σ3 > μ; ATD* = var



	I
	Delocalized, finely dispersed homogeneous
	d2ξ/dt2= 0 at σ = const; d2lnξ/dt2 = 0 at σ = const; dkae/dt = 0; ω2/ω1 < 1, ω2/ω0 < 1;

σ3 < μ; ATD = var



	I
	Localized, finely dispersed inhomogeneous
	d2ξ/dt2< 0 at σ = 0; d2lnξ/dt2 < 0 at σ = 0;

dkae/dt < 0 (dPU/dt < 0); ω2/ω1>1, ω2/ω0 > 1;

σ3 > μ; ATD = invar



	I
	Delocalized, finely dispersed inhomogeneous
	d2ξ/dt2< 0 at σ = 0; d2lnξ/dt2 < 0 at σ = 0; dkae/dt < 0 (dPU / dt < 0); ω2/ω1 > 1, ω2/ω0 > 1;

σ3 > μ; ATD* = var



	II
	Crack formation and propagation
	d2ξ/dt2> 0 at σ = const; d2lnξ/dt2 > 0 at σ = const;

dkae/dt > 0 (dPU/dt < 0); ω1/ω0 > 1, ω2/ω0 > 1; σ3 > μ; ATD ≈ invar



	II
	Ductile rupture
	d2ξ/dt2< 0 at σ = const; d2lnξ/dt2 < 0 at σ = const; dkae/dt < 0 (dP∆t/dt < 0); ω1/ω0 < 1, ω2/ω0 < 1; σ3 < μ; ATD ≈ invar
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Table 2. Results of calculation of concentration-kinetic AE strength indicators, kinetic parameters, and activation energy of destruction.
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№

	
Material

	
     X  A E   ,    

      s   − 1      

	
     Y  A E   ,    

     M P    a   − 1      

	
   γ   

	
     P f  ,    

     M P a     

	
     ϑ s  ,      

       M P a    s      

	
    T ,    

    K    

	
     U  0 A E   ,      

      J    m o l e       

	
     U  0 S N  1  ,    

      J    m o l e       

	
     U  0 S N  2  ,    

      J    m o l e       

	
     U  0 s t   ,    

      J    m o l e       

	
     U  0 S N  3  ,    

      J    m o l e       




	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
1

	
Ni alloy 625+ [69]

	
0.000478

	
0.010304

	
4.45 × 10−23

	
1106

	
0.046

	
313

	
141,974

	
131,069

	
136,695

	

	
123,326




	
2

	
Tool steel D2 [60]

	
0.007583

	
0.003936

	
1.59 × 10−23

	
685

	
1.926

	
293

	
104,990

	
118,288

	
126,203

	
101,779

	
114,182




	
3

	
Tool steel D2 [60]

	
0.023035

	
0.012704

	
5.14 × 10−23

	
551

	
1.813

	
293

	
114,688

	
118,288

	
99,110

	
114,092




	
4

	
Ti–15V–3Al–3Cr–3Sn [71]

	
0.007166

	
0.018929

	
7.65 × 10−23

	
595

	
0.379

	
293

	
125,986

	
114,491

	
113,260

	
112,335

	
108,515




	
5

	
Ti–15V–3Al–3Cr–3Sn [71]

	
0.006134

	
0.013623

	
5.51 × 10−23

	
580

	
0.450

	
293

	
118,181

	
114,491

	
113,260

	
104,529

	
108,515




	
6

	
Ti–6Al–4V [71]

	
0.011777

	
0.012317

	
4.98 × 10−23

	
455

	
0.956

	
293

	
110,999

	
108,979

	
108,911

	
97,339

	
103,811




	
7

	
AISI 304 [72]

	
0.038531

	
0.010372

	
4.19 × 10−23

	
685

	
3.715

	
293

	
111,767

	
108,352

	
111,981

	

	
101,140




	
8

	
0.032822

	
0.008835

	
3.57 × 10−23

	
685

	
3.715

	
293

	
109,594

	
108,352

	

	
101,335




	
9

	
0.028785

	
0.007749

	
3.13 × 10−23

	
685

	
3.715

	
293

	
108,101

	
108,352

	

	
101,495




	
10

	
0.026145

	
0.007038

	
2.85 × 10−23

	
685

	
3.715

	
293

	
107,149

	
108,352

	

	
101,612




	
11

	
AISI 1060 [54]

	
0.012092

	
0.006982

	
2.82 × 10−23

	
629

	
1.732

	
293

	
107,981

	
110,316

	
108,526

	
94,300

	
101,722




	
12

	
AISI 1080 [54]

	
0.027879

	
0.018437

	
7.45 × 10−23

	
254

	
1.512

	
293

	
106,657

	
108,352

	
111,158

	
92,984

	
102,152




	
13

	
AISI 304LN [54]

	
0.028509

	
0.009174

	
3.71 × 10−23

	
659

	
3,108

	
293

	
109,920

	
111,230

	
112,893

	
96,263

	
104,639




	
14

	
SA333 [54]

	
0.009124

	
0.0237

	
9.58 × 10−23

	
232

	
0.385

	
293

	
111,362

	
115,363

	
115,675

	
97,701

	
107,802




	
15

	
AISI 304L [73]

	
0.004308

	
0.003218

	
3.21 × 10−23

	
293

	
1.339

	
723

	
251,932

	
264,646

	
308,930

	
215,281

	
228,173




	
16

	
09Γ2C [74]

	
0.110384

	
0.007903

	
3.20 × 10−23

	
464

	
13.967

	
293

	
100,833

	
105,078

	
112,620

	

	
98,555




	
17

	
0.011341

	
0.008497

	
3.44 × 10−23

	
365

	
1.335

	
293

	
104,996

	
105,078

	

	
98,467




	
18

	
K3 [74]

	
0.117816

	
0.008235

	
3.33 × 10−23

	
712

	
14.306

	
293

	
106,022

	
105,596

	
106,966

	

	
98,827




	
19

	
0.024145

	
0.015517

	
6.27 × 10−23

	
433

	
1.556

	
293

	
111,965

	
105,596

	

	
98,056




	
20

	
AISI 316LN [51]

	
0.003047

	
0.000329

	
1.33 × 10−24

	
889

	
9.264

	
293

	
101,357

	
117,953

	
120,460

	

	
115,817




	
21

	
0.051016

	
0.006849

	
2.77 × 10−23

	
736

	
7.448

	
293

	
106,058

	
117,953

	

	
111,277




	
22

	
5XH3MA [75]

	
0.079202

	
0.009542

	
3.86 × 10−23

	
1212

	
8.301

	
293

	
120,871

	
120,481

	
119,916

	
107,220

	
113,186




	
23

	
0.040355

	
0.012987

	
5.25 × 10−23

	
1165

	
3.107

	
293

	
131,194

	
120,481

	
117,543

	
114506




	
24

	
0.030321

	
0.009701

	
3.92 × 10−23

	
1167

	
3.125

	
293

	
122,617

	
120,481

	
108,966

	
113340




	
25

	
Al Alloy 7075 [76]

	
0.633642

	
0.011266

	
4.56 × 10−23

	
577

	
56.245

	
293

	
103,476

	
102,397

	
106,647

	

	
96021




	
26

	
High-strength low-alloy steel grade A572 мapки 50 (HSLA) [54]

	
0.019052

	
0.002965

	
1.20 × 10−23

	
486

	
6.425

	
293

	
996,91

	
106,460

	
109,038

	

	
101256




	
27

	
0.029453

	
0.004584

	
1.85 × 10−23

	
486

	
6,425

	
293

	
100,546

	

	
100725




	
28

	
0.03203

	
0.004985

	
2.02 × 10−23

	
486

	
6.425

	
293

	
100,816

	

	
100,623




	
29

	
0.036099

	
0.005619

	
2.27 × 10−23

	
486

	
6.425

	
293

	
101,274

	

	
100,478




	
30

	
0.005005

	
0.000779

	
3.15 × 10−24

	
486

	
6.425

	
293

	
100,358

	

	
100,731




	
31

	
0.03196

	
0.004975

	
2.01 × 10−23

	
486

	
6.425

	
293

	
100,809

	

	
100,626




	
32

	
0.045614

	
0.0071

	
2.87 × 10−23

	
486

	
6.425

	
293

	
102,457

	

	
100,193




	
33

	
0.043259

	
0.0071

	
2.87 × 10−23

	
486

	
6.425

	
293

	
102,153

	

	
100,821




	
34

	
Steel M250 [77]

	
0.002043

	
0.006605

	
2.67 × 10−23

	
1174

	
0.309

	
293

	
130,149

	
126,814

	
132,243

	
106,847

	
119,861




	
35

	
0.002333

	
0.006924

	
2.80 × 10−23

	
1915

	
0.337

	
293

	
133,581

	
126,814

	
132,243

	
119,930

	
119,803




	
36

	
0.003785

	
0.010223

	
4.13 × 10−23

	
1681

	
0.370

	
293

	
141,961

	
126,814

	
132,243

	
128,310

	
118,910




	
37

	
Alloy

GJS-400-15 [78]

	
0.005369

	
0.035255

	
1.43 × 10−22

	
315

	
0.152

	
293

	
126,306

	
112,058

	
130,205

	

	
104,670




	
38

	
0.004344

	
0.028838

	
1.01 × 10−22

	
324

	
0.151

	
253

	
105,804

	
112,058

	
130,205

	

	
105,934




	
39

	
Al Alloy 5052 [79]

	
0.010626

	
0.006312

	
2.55 × 10−23

	
114

	
1.684

	
293

	
100,369

	
111,851

	
112,002

	

	
106,418
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Table 3. Distribution parameters of the structural coefficient.
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Sample

Number

	
     t 1     

	
     t 2     

	
Weibull

	
Logarithmically Normal




	
   k   

	
   λ   

	
   q   

	
    E A    , %

	
     E  T f   ,   %    

	
      σ   z      

	
  μ  

	
     E A  ,   %    

	
     E  T f   ,   %    






	
Steel D2-1

	
38.2

	
76.5

	
3

	
36

	
0

	
17

	
25

	
0.47

	
3.05

	
13

	
24




	
Steel D2-2

	
144.1

	
219.9

	
3

	
27

	
15

	
11

	
36

	
0.29

	
3.12

	
9

	
41




	
Steel M250-1

	
3871

	
4641

	
3

	
12,5

	
0

	
6

	
39

	
0.35

	
2.3

	
5

	
38




	
Steel M250-2

	
4178

	
4345

	
3

	
18

	
0

	
4

	
51

	
0.35

	
2.7

	
4

	
55




	
Steel M250-3

	
4391

	
4688

	
3

	
12

	
7

	
3

	
50

	
0.15

	
2.7

	
4

	
30
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Table 4. Results of fatigue life calculation using concentration-kinetic AE strength indicators.
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Material

	
Spent Fatigue Life

	
     X  A E   ,    

      s   − 1      

	
     Y  A E   ,    

     M P    a   − 1      

	
    γ ,    

      J    m o l e  ·  M P a       

	
     U 0  ,    

      J    m o l e       

	
     σ  m a x   ,      

     M P a     

	
     N f  ,    

     c y c l e     






	
Steel 20 [96]

	
Initial

	
0.01557

	
0.00924

	
22.507

	
107,160

	
390

	
3,377,507




	
0.3

	
0.01103

	
0.01295

	
31.543

	
109,893

	
2,889,932




	
0.5

	
0.01027

	
0.01206

	
29.373

	
109,215

	
2,988,131




	
0.7

	
0.00928

	
0.01090

	
26.563

	
108,357

	
3,133,187




	
Steel 20 [95]

	
Initial

	
0.00674

	
0.00605

	
14.720

	
105,439

	
330

	
6,200,262




	
0.3

	
0.00250

	
0.00215

	
5.228

	
103,582

	
6,237,870




	
0.5

	
0.00293

	
0.00249

	
6.060

	
103,590

	
6,018,547




	
0.7

	
0.00123

	
0.00107

	
2.594

	
104,076

	
7,692,749




	
15Kh2GMF [94]

	
Initial

	
0.00102

	
0.00152

	
3.693

	
107,336

	
800

	
23,019,230




	
0.7

	
0.00110

	
0.00169

	
4.121

	
107,615

	
23,697,629




	
Tensile strength sample

	
0.00346

	
0.00468

	
11.397

	
112,452

	
26,313,080
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