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Abstract: The use of acoustic and magnetic methods of non-destructive testing to detect zones of 

stable localization of deformation in order to assess and predict the performance of long-term 

equipment is of scientific and practical interest at present. A structural-mechanical criterion has been 

developed, that reflects the revealed relationships between the structural and substructural states, 

internal stress fields and stable localization of deformations with the characteristics of non-

destructive tests in the metal of long-term equipment made of structural 0.2 С steel and heat-

resistant 0.12C-1Cr-1Mo-1V steel. The values of the structural-mechanical criteria Ks.-m for structural 

0.2 С steel and for heat-resistant 0.12C-1Cr-1Mo-1V steel, corresponding to the moment of stable 

localization of deformation, are established. At the same time, it is recommended to replace the 

checked equipment nodes due to the exhaustion of the resource. The proposed and justified 

approach to assessing and predicting the performance and residual life of long-term power 

equipment, based on the identified relationships between the structural and substructural states, 

internal stress fields and stable localization of deformations with the characteristics of non-

destructive tests and the calculation of the structural-mechanical criterion, was applied at a number 

of power plants in the Kemerovo region – Kuzbass. A methodology has been developed for 

evaluating the residual life, based on the identification and use of relationships between structural 

and substructural states, internal stress fields and stable localization of deformations with the 

characteristics of non-destructive tests and the calculation of a structural-mechanical criterion. 

Keywords: structural and heat resistant steels; power equipment; mechanical properties acoustic 

and magnetic characteristics; structural-phase state; structural-mechanical criterion; deformation 

localization zone 

 

1. Introduction 

The main part (more than 80%) of the equipment of Russian power industry enterprises was put 

into operation in the period from 1960 to 1985, therefore, its operating time is from 30 to 50 years [1]. 

After this period, there was a significant slowdown in the commissioning of new generating 

capacities, a delay in the development and creation of modern economical equipment for TPPs [2–4], 

while maintaining regulated requirements for its safety. As a result of a complex of large-scale studies 

conducted by specialists from many leading organizations of the country, the concept of "park 

resource" was introduced, which made it possible to increase the service life of the main equipment 

of TPP by 1.5–2.0 times [4]. The concept of "park resource" was extended to the most critical thermal 

mechanical equipment of thermal power plants [5], mainly operating under creep conditions or 

under severe loading conditions, causing potentially dangerous damage to the metal. 
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This article is a continuation and conclusion based on the materials that were presented in [6]. 

On the basis of the presented results and their discussion, on the one hand, it can be argued that 

information on the localization of macrostrain, together with the data of the spectral-acoustic method, 

can be used to estimate the residual life of long-term power equipment. Studies of the structural-

phase state of the metal of samples without operation, after operation without destruction and with 

destruction from structural and heat-resistant steels in the zone of stable localization of 

macrodeformations were carried out. A relationship has been established between the processes of 

localization of macrostrains and the evolution of the substructural state for structural and heat-

resistant steels. 

To establish the characteristics of non-destructive tests that are most suitable for evaluating one 

or another structural or deformation indicator, using statistical processing of research results based 

on a comparison of the obtained values of the correlation coefficients for equipment made of 

structural and heat-resistant steels, the dependences of structural and deformation indicators on 

acoustic and magnetic characteristics were selected , which made it possible to evaluate the structural 

and mechanical parameters with a sufficient degree of reliability. 

In science and technology, a large number of methods and approaches are used to assess the 

performance of heat-resistant materials. So the basis of these methods was born in the 70-90s of the 

last century by such scientists as Allen Forrest, Antikain P.A., Berezina T.G., Botvina L.R., Bochvar 

A.A., Bugay N.V., Veksler E.Ya., Golyansky S.P., Gofman Yu.M., Zlepko V.F., Kovpak V.I., Krutasova 

E.I., Kumanin V.I., Makhutov N.A. [7–10]. 

Currently, the issues of assessing creep in heat-resistant steels used in thermal power 

engineering are occupied not only by legal organizations, but also by research teams led by such 

scientists as Khazhinsky G.M., Lokoshchenko A.M., Botvina L.R., Makhutov N. A. and others [11–
25]. In particular, they consider the issues of not only directly conducting long-term tests, but also the 

development of software products that are close to real processes that occur with the material during 

long-term operation. 

To solve production problems, often, many of the above methods are unacceptable due to the 

long duration of the test. In this regard, in recent years, express methods for assessing heat resistance 

based on changes in various mechanical, structural and physical characteristics of the material have 

been widely developed. 

One of the shortcomings of express methods is the predominant selection of one or several 

factors (the content of alloying elements in the carbide deposit, the density of carbide particles, etc.) 

from the entire complex of characteristics of the material under study that determine the heat 

resistance. 

2. Materials and Methods 

As mentioned in the introduction, this article is a continuation and conclusion based on the 

materials that were presented in [6]. Samples of structural 0.2 С steel and heat-resistant 0.12C-1Cr-

1Mo-1V steel were used for research. In this case, samples of three batches were used both from 

structural 0.2 С steel and from heat-resistant 0.12C-1Cr-1Mo-1V steel. Thus, samples were cut from 

structural 0.2 С steel without operation from the culvert of the front screen of power equipment, after 

operation for 219 thousand hours without destruction and for 242 thousand hours before destruction. 

Samples were cut from heat-resistant 0.12C-1Cr-1Mo-1V steel without operation from the bend of the 

steam pipeline in front of the exhaust valve, after operation for 260 thousand hours without failure 

and for 263 thousand hours before failure. The chemical composition of the studied steels is given in 

Table. 1. 

Table 1. Chemical composition (wt. %) of the investigated steels. 

Steel 
Mass fraction of elements, % 

C Si Mn Cr Ni Mo S P V Fe 

0.2 С steel 0.17-0.24 0.17-0.37 0.35-0.65 till 0.25 till 0.25 till 0.25 till 0.04 till 0.035 till 0.08 ~98 
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0.12С-1Сr-

1Mo-1V 
0.08-0.15 0.17-0.37 0.4-0.7 0.9-1.2 till 0.3 0.25-0.35 till 0.025 till 0.03 0.15-0.3 ~96 

The dimensions of the working part were 40 × 6 × 2 mm for testing samples of the “dog-bone” 
shape were used (Figure 1). 

 

Figure 1. Samples for experimental studies, shape and dimensions. 

The microstructure of the samples was studied using a Neophot-21 (Carl Zeiss Jena, Germany) 

optical microscope and a UCMOS03100KPA digital technical video camera. The evaluation of 

mechanical characteristics was carried out for uniaxial tension at a constant rate on a universal testing 

machine Walter+Bai AG LFM-125 (Walter+Bai AG, Switzerland) under room temperature conditions. 

In quasi-static tests, the moving gripper travel speed was 0.4 mm/min. The registration of strain 

localization patterns by digital image correlation (DIC) was performed simultaneously with 

stretching [22–26]. The method of digital image correlation (DIC) was carried out using a PL-B781F 

video camera (Pixelink, Canada) with illumination of the working part with an SNF-xxx-635-30-KB 

laser. The same experiments were carried out on similar samples obtained from pipes of the same 

dimensions that were not in operation (initial state) for comparison. 

The method of transmission electron microscopy (TEM) on foils was used to study the fine 

structure of metal in localized deformation zones using an EM-125 electron microscope (Sumy 

electronic devices plant, Ukraine) [27–30]. The studies were carried out at a working magnification 

in the microscope column of 25,000 times and an accelerating voltage of 125 kV. 

For each sample, as a result of the research, the phase composition (qualitative and quantitative) 

was studied, and an assessment was made of such parameters of the fine structure as: structural 

components of steel and their volume fractions, dislocation densities: scalar and excess, curvature-

torsion of the crystal lattice, amplitude of internal stress fields: shear stresses and long-range stresses. 

The fine structure parameters were evaluated both for each sample as a whole and for each structural 

component of the steel [31–34]. 

Tests by non-destructive control methods were performed with samples both before and after 

plastic deformation. In this case, such methods were used as: spectral-acoustic method (measuring 

and computing complex "ASTRON" [20, 39]), as well as magnetic noise method (structure and stress 

analyzer "Introscan" (NPF Diagnostics LLC, Belarus) [20]). At the same time, such characteristics as 

the intensity of magnetic noise, the speed and delay time of the Rayleigh waves, the attenuation 

coefficient, and the amplitude of the received signal were evaluated. 

3. Theoretical part 

For a more reliable assessment of performance, an integral physical research method is required, 

based on recording changes in the mechanical and structural characteristics of the metal during long-

term operation of power equipment [43–51]. 

Approaches to predicting performance and evaluating the residual life are being developed on 

the basis of non-destructive testing methods related to structuroscopy. A number of criteria for the 

limiting state of a long-term operating base metal and welded joints have been developed. 
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The established relationships between the long-term strength of chromium-molybdenum-

vanadium steels, determined by the level of local fields of internal stresses, confirmed that for 

structural steels, the magnitude of internal stresses and the nature of the distribution of their sources 

is the most important performance indicator for assessing the resource of TPP steam pipelines [1, 28]. 

It is possible to quantify the time, as well as the place of future destruction, by establishing a 

zone of stable localization of deformations. The scientific team of the Laboratory of Strength Physics, 

ISPMS SB RAS, has proposed an approach to the observation of Chernov-Luders deformations in the 

process of uniaxial tension under a laser and during high-speed filming. One of the main advantages 

of this approach is the fundamental possibility of detecting the place of future destruction of the 

sample – the zone of stable localization of deformation before the formation of a "neck" (autowave 

collapse). 

Of greater scientific and practical interest is the use of acoustic and magnetic methods of non-

destructive testing to detect zones of stable deformation localization in order to assess and predict 

the performance of long-term equipment [6]. 

A structural-mechanical criterion has been developed [52] that reflects the revealed relationships 

between the structural and substructural states, internal stress fields, and stable localization of 

deformations with the characteristics of non-destructive tests in the metal of long-term power 

equipment made of structural 0.2 С steel and heat-resistant 0.12C-1Cr-1Mo-1V steel. 

The current state of the equipment at the time of diagnosis is characterized by the indicator Kt, 

which can be represented as 

, ,( , , )
t str fr def mech

K f K K K K
 (1) 

where Kstr - are the parameters of the metal structure in the current state, determined using 

metallography; Kfr - operating modes (temperature, pressure (load), cyclicity, environment), Kdef - the 

presence of defects in manufacturing, installation and repair, detected by physical methods of non-

destructive testing; Kmech - metal characteristics obtained by destructive tests. 

Due to the fact that the previously proposed complex criteria for the degree of damage to the 

metal in relative units and based on the use of the delay time of the surface acoustic wave (R, ns) 

cannot be used when the metal is in the region of plastic deformations (0.2<<str), then we propose 

to introduce into this system (2) the structural-mechanical criterion of localized deformation of the 

metal in the current state (Ks.-m), determined by the method of transmission electron microscopy and 

taking into account deformation indicators, as well as the degree of achievement of a stable zone of 

localization of deformation (3): 

.
( , , )

t s m fr def
K f K K K

 
(2) 

. 1 2 0,2
( , , , , , , / )

s m l d
K f а а      

 
(3) 

where σd - is the amplitude of internal stress fields, MPa; σl – tangential stresses, MPa; ρ± – excess 

density of dislocations, cm-2; ρ - is the scalar density of dislocations, cm-2; а1 and а2 - are deformation 

indices reflecting the degree of achievement of a stable zone of deformation localization, σ0.2/δ – is the 

ratio of the yield strength to relative elongation (determined at room temperature). 

For the studied steels, a structural-mechanical criterion was proposed, which was tested on long-

term heat-resistant steels of power equipment at all stages of the life cycle (from the initial state 

without operation to reaching the limit state and destruction) and which has the following form: 

0,22 1

.

2 1

( ) lnl
s m

d

а а
K

а а
 

  



   


 

(4) 

During the calculations, the values of the structural-mechanical criterion were established, 

corresponding to the moment of stable localization of deformation: for structural 0.2 С steel, with 

values of Kc.-m  0.75, it is recommended to replace the checked equipment unit due to the exhaustion 

of the service life; for heat-resistant 0.12C-1Cr-1Mo-1V steel is recommended to replace the tested 

unit of equipment due to the exhaustion of the service life at values of Kc.-m  0.78 (figure 2). 
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Figure 2. Calculated values of the structural-mechanical criterion Ks.-m of all groups of the studied 

samples of power equipment made of structural 0.2 С steel and heat-resistant 0.12C-1Cr-1Mo-1V steel 

in different states:. 1 - state without operation; 2 - condition after long-term operation (219 thousand 

hours – structural 0.2 С steel, 260 thousand hours - heat-resistant 0.12C-1Cr-1Mo-1V steel) without 

destruction; 3 - condition after long-term operation (242 thousand hours – structural 0.2 С steel, 263 
thousand hours – heat-resistant 0.12C-1Cr-1Mo-1V steel) and destruction at a distance of 30 mm from 

the crack; 4 – state after long-term operation (242 thousand hours – structural 0.2 С steel, 263 thousand 
hours – heat-resistant 0.12C-1Cr-1Mo-1V steel) and destruction near the crack; 5 – deformation 

localization zone 

In addition, the values of tangential shear stresses (d, MPa) were established at certain values 

of the structural-mechanical criterion (Ks.-m.) for samples of power equipment made of heat-resistant 

0.12C-1Cr-1Mo-1V steel (Figure 3). 

 

Figure 3. Influence of tangential shear stresses (d, MPa) on the value of the structural-mechanical 

criterion (Ks.-m.) for samples of power equipment from heat-resistant 0.12C-1Cr-1Mo-1V steel. 

The total operating time of any equipment (5) is the sum of the operating time of the equipment 

until the moment of inspection (current state) τcur and further equipment operation time until the 

limit state τrem is reached (residual life): 

.l s cur rem
   

, (5) 
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Provided that Kfr and Kdef remain relatively constant throughout the life of the equipment, 

expressions (1) and (5) can be written as: 

.
( )

t s m
K f K 

 (6) 

. .-

.

,rem l s s m

cur l s

K K

K







, 
(7) 

where Kl.s - coefficient characterizing the technical condition of the equipment at the moment of 

reaching the limit state. 

Based on the results of structural studies by transmission electron microscopy and non-

destructive tests, loading diagrams were superimposed for specimens in different states (without 

operation and after long-term operation (219 thousand h) with a common start of loading (figure 4). 

As a result of superimposing the diagrams, it was found that the time intervals from the beginning 

of loading to the moment of stable localization of deformation are not equal ((tloc)1 ≠ (tloc)2). However, 

the time intervals from the moment of stable localization of deformation to the destruction of the 

samples are equal ((tcrac)1 – (tloc)1 = (tcrac)2 – (tloc)2) for different states (the state without operation and 

the state after long-term operation (219 thousand h). 

 

Figure 4. Combination of "stress-strain" diagrams of structural 0.2 С steel samples in different states 

(without operation (1) and after long-term operation (219 thousand hours) (2)). 

The moment of achieving stable localization of deformation can be used to assess and predict 

the performance and residual life of a technical device. With this in mind, the residual operating time 

can be divided into the time until stable localization of deformation is reached (τrem.adj - adjusted 

residual life) and the time from stable localization of deformation to failure (τsld). Then expression (5) 

will take the form: 

. .cur rem adj sld l s
     

 
(8) 

Since the state of stable deformation localization was used instead of the limiting one, formula 

(7) will look as follows: 

. .- ,
rem adj sld s m

cur sld

K K

K







 

(9) 

where Ksld – coefficient characterizing the technical condition of the equipment at the moment of 

achieving stable deformation localization. 

From formula (9), having carried out mathematical transformations and substituting the results 

of calculations and studies into the formula, the desired result is obtained - the residual operating 

time of the equipment. 
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.

( )
.cur sld s m

rem adj

sld

K K

K

 


 

(9) 

4. Calculation of the structural-mechanical criterion and residual operating time 

The process of calculating the structural-mechanical criterion and predicting performance on its 

basis requires high qualification of the operator and takes a relatively long time. Therefore, to simplify 

the calculation process and reduce labor intensity, an automated system for evaluating and 

predicting the performance of long-term power equipment based on the limit state criteria and the 

structural-mechanical criterion was developed. The software module for assessing the state of long-

term power equipment was developed on the basis of the spectral-acoustic method of control and, 

accordingly, the measuring and computing complex “ASTRON”. The operation of the hardware part 
of the complex is based on the method of taking into account the entire series of reflected acoustic 

pulses for its subsequent processing by means of the software of the complex. In the processing part 

of the system, the oscillogram of reflected pulses is sequentially converted with a certain sampling 

step from the moment of probing the material under study until the arrival of the nth reflected pulse 

to transmit primary acoustic information. With the MKK "ASTRON" surface wave converters are 

used, which are a wave emitter and receiver made in one housing. In this work, a 4 MHz transducer 

with an 18 mm base was used. 

The application “Assessment and prediction of health” uses a form with the “Forecast” tab 
(Figure 5, b) is designed to assess both the current state of the metal of welded joints of power 

equipment operated for a long time in difficult stressful conditions and forecasting residual resource. 

The algorithm for working with the "Main" tab is to select the type of sensor - 4 or 6 MHz, select 

the appropriate steel grade and service life in hours. After selecting these parameters, the values of 

the characteristics taken from the device R (ns) and Kzat (1/µs) are then manually entered. The 

calculation of the structural-mechanical criterion is launched and the result of the calculation is 

displayed - the metal can work without repair and restoration work, or the metal needs to be repaired 

and restored. In the latter case, the recommended number of hours is given for which the resource 

can be extended. 

The "Database" tab, which is planned to be added, will allow accessing the results of previous 

measurements for structural 0.2 С steel and heat-resistant 0.12C-1Cr-1Mo-1V steel. In addition, it will 

be possible to add new measurement results to the database both for structural 0.2 С steel and heat-

resistant 0.12C-1Cr-1Mo-1V steel, and for new steels for which measurements are made. At the same 

time, in order to obtain adequate calculation results, it is necessary to enter data on steels in at least 

two states: in the initial (without operation) and after long-term operation until failure. By pressing 

the "Help" button (Figure 5, b), you can find out theoretical information on the values used in the 

calculations. 

The automated performance evaluation and forecasting system was tested under industrial 

conditions on a number of sections of steam and hot water steam pipelines made of structural 0.2 С 

steel and heat-resistant 0.12C-1Cr-1Mo-1V steel. So, for 36 steam pipes made of structural 0.2 С steel, 

after 219–242 thousand hours of operation, the residual life was estimated, which showed that for 

70 % of the pipes the residual life was 50–75 thousand hours, 20 % – 25– 50 thousand hours, and for 

10 % it is necessary to replace due to the exhaustion of the service life. For 29 steam and hot water 

pipelines made of heat-resistant 0.12C-1Cr-1Mo-1V steel after 180–263 thousand hours of operation, 

the calculation showed that for 60 % of the steam pipelines, the residual life was 50–70 thousand 

hours, 25 % – 25–50 thousand hours, and for 15 % it is necessary to make a replacement due to the 

exhaustion of the service life. 

The results of the calculation of the residual life according to the structural-mechanical criterion 

were compared with the results obtained by the expert organization during the examination of 

industrial safety. The coincidence of the residual life assessment results was 95 %. 

The results of the implementation of the developed solutions for predicting the performance and 

evaluating the residual life of long-term operating power equipment in industry in the form of an 

automated system are presented. 
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The process of calculating the structural-mechanical criterion and predicting performance on its 

basis requires high qualification of the operator and takes a relatively long time. Therefore, to simplify 

the calculation process and reduce labor intensity, an automated system for evaluating and 

predicting the performance of long-term power equipment based on the limit state criteria and the 

structural-mechanical criterion was developed (figure 5). 

 

 

a b 

Figure 5. Automated evaluation and forecasting system health:. a – an example of calculating the 

complex criterion of the limiting state of a long-term metal that can operate without repair and 

restoration work, the tab "Evaluation of working metal"; b – calculation of the remaining operating 

time, tab "Evaluation and forecasting of working capacity". 

5. Discussion 

When comparing the results of calculating the residual life of power equipment in an automated 

system, a high convergence was established with the results obtained by calculating directly the 

parameters of the microstructure (electron microscopy) and deformation parameters. Comparison 

with the results obtained by the expert organization when performing the industrial safety expertise 

showed a higher reliability in the assessment of the residual life according to the calculation of the 

structural-mechanical criterion. 

The proposed and justified approach to assessing and predicting the performance and residual 

life of long-term power equipment, based on the identified relationships between the structural and 

substructural states, internal stress fields and stable localization of deformations with the 

characteristics of non-destructive tests and the calculation of the structural-mechanical criterion, was 

applied at a number of power plants in the Kemerovo region-Kuzbass. 

6. Conclusions 

1. A structural-mechanical criterion Ks.-m has been developed based on the established 

relationships between the structural state, internal stress fields and stable localization of 

deformations with the characteristics of non-destructive tests in the metal of long-term power 

equipment made of structural 0.2 С steel and heat-resistant 0.12C-1Cr-1Mo-1V steel. It has been 

established that with the values of the structural-mechanical criterion Ks.-m  0.75 for structural steel 

20 and Ks.-m  0.78 for heat-resistant 0.12C-1Cr-1Mo-1V steel, corresponding to the moment of stable 

deformation localization, it is recommended to replace the checked equipment components due to 

the exhaustion of the resource. However, the structural-mechanical criterion requires a large number 

of calculations that can be automated using intelligent systems. 

2. The proposed and justified approach to assessing and predicting the performance and residual 

life of long-running power equipment, based on the identified relationships between the structural 

and substructural states, internal stress fields and stable localization of deformations with the 

characteristics of non-destructive tests and the calculation of the structural-mechanical criterion, was 

applied at a number of power plants Kemerovo region – Kuzbass. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 April 2023                   doi:10.20944/preprints202304.0610.v1

https://doi.org/10.20944/preprints202304.0610.v1


 9 

 

3. When comparing the results of calculating the residual life of power equipment in an 

automated system, a high convergence was established with the results obtained when calculating 

directly the parameters of the microstructure (electron microscopy) and deformation parameters. 

4. A methodology has been developed for evaluating the residual life, based on the identification 

and use of relationships between structural and substructural states, internal stress fields and stable 

localization of deformations with the characteristics of non-destructive tests and the calculation of a 

structural-mechanical criterion, and which has found application at a number of power plants in the 

Kemerovo region. An automated system for predicting the performance and evaluating the residual 

life of long-term power equipment has been developed, the basis of which is the structural-

mechanical criterion, and has been tested in industrial conditions on a number of sections of steam 

and hot water steam pipelines made of structural 0.2 С steel and heat-resistant 0.12C-1Cr-1Mo-1V 

steel. The results of the calculation of the residual life according to the structural-mechanical criterion 

were compared with the results obtained by the expert organization during the examination of 

industrial safety. The discrepancy between the residual life assessment results did not exceed 5 %. 
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