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Abstract. The paper is devoted to investigation of S235J2 steel quality criteria variation during 

thirty years’ service life as a part of construction of power-generation unit #1 of Zaporizhia 

Nuclear Power Plant (NPP). The microstructure of the steel has been evaluated by fractal 

methods. Fractal size of the steel structure has higher correlation to mechanical properties of 

the steel compared to microstructure analysis. During service life of the steel YTS ranging 

10.01% (24.9 MPa), UTS ranging 9.42% (39.5 MPa), while elongation ranging 43.16% and 

Reduction of area ranging 39.58%. These values can be explained by strain ageing of the 

S235J2 steel during service life. It has been stated that fractal size of pearlite and strength have 

good correspondence (YTS has fractal model correlation coefficient R² = 0.6194, while UTS 

has R² = 0.8068). The correspondence of ferrite fractal size to ductility has been calculated 

(Elongation has fractal model correlation coefficient R² = 0.6493 and Reduction of area has 

R² = 0.5258). Analysis of the S235J2 quality criteria fractal models let the range quality criteria 

depends on fractal size of the ferrite-pearlite structure of the steel. Experimental results prove 

the possibility of usage the fractal models for predicting remaining life of the steel 

constructions at NPP. Therefore, the fractal modelling may be assumed as a promising 

nondestructive test method for NPP. 

1.  Introduction  

Remaining service life evaluation of constructions in nuclear power industry is a hard task due to 

specific maintenance procedure of such constructions [1-3]. Therefore, for investigations of fusion 

zone reactions and constructions service life predicting widely used the mathematical modelling [4, 

5]. One of the promising approach for evaluation of structure transformation due to thermodynamic 

system parameters is a fractal analysis developed by B. Mandelbrot [6, 7]. The analysis is based on 

intermediate asymptotic, which is non-integer dimension of an investigated object. Usage of fractal 

analysis in the materials science let the evaluation of remaining service life of plane parts [8]. 

Fractal analysis let to range the quality criteria of multiparameter technologies [9, 10], regulate 

partially incorrect physical metallurgy tasks [11] and evaluate the V. Pareto area [12] for quality 

criteria of low carbon steels [13]. 

Analysis of the papers [14-16] prove that fractal formalism can be  used for evaluation of remaining 

service life of cooling pond and reactor shaft parts of power-generation unit #1 of Zaporizhia NPP 

produced of S235J2 steel. 
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2. Materials and methods 

The steel specimens were cut off from Cooling Pond (CP) and Reactor Shaft (RS) of the power-

generation unit #1 construction elements. Specimens of steel S235J2 were cut off of from the 6 mm 

and 4 mm steel sheets. The specimens had sizes: 

RS: RS.1 6х240х230 mm; RS.2 4х115х270 mm; RS.3 4х140х270 mm; RS.4 6х185х215 mm; 

CP: CP.1 6х110х130 mm; CP.2 6х95х150 mm; CP.3 4х82х200 mm; CP.4 4х85х207 mm. 

Chemical composition of the specimens has been investigated by spectrum analysis. Each RS and 

CP specimen has been measured. Average chemical composition of the S235J2 steel is presented in 

Table 1.  

Table 1. Chemical composition of the S235J2 steel. 

Specimen 
weight % 

Fe C Si Cr Mn Cu Ni P S 

CP (mean of 6 

measurements) 

98.969 

±0.030 
0.20 

±0.10 

0.276 

±0.024 

0.112 

±0.007 

0.520 
±0.015 

0.124 

±0.007 

0.167 

±0.010 
<0.04 <0.04 

RS (mean of 6 

measurements) 

99.130 

±0.027 

0.20 

±0.10 

0.266 

±0.021 

0.113 

±0.008 

0.490 

±0.015 

0.110 

±0.007 

0.152 

±0.010 
<0.04 <0.04 

 

Microstructural analysis of the CP and RS specimens has been performed. Typical microstructure 

of the CP and RS specimens after 30 years of service inside power-generation unit of NPP are shown 

on Figure 1 and Figure 2. Analysis of the Fig.1 and Fig.2 shown that steel structure is mostly uniform 

ferrite-pearlite mixture with some pearlite banding due to hot rolling of the sheets. 

 

Figure 1. Microstructure of the CP3 specimen, collage, х100. 

 

Figure 2. Microstructure of the RS2 specimen, collage, х100. 
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Any other microstructural constituents (bainite, martensite, etc.) have not been revealed. Non-

metallic inclusions in the structure of RS and CP specimens are fine and cannot be measured by 

standard scale (Fig.3 and Fig.4). Therefore, it can be concluded that investigated steel S235J2 may be 

characterized as a clean steel with low density of fine non-metallic inclusions. 

 
x400 

 
x1000 

 
x400 

 
x1000 

Figure 3. Fine non-metallic inclusions in 

structure of CP3 specimen. 

Figure 4. Fine non-metallic inclusions in 

structure of RS2 specimen. 

Pearlite fractal size and ferrite fractal size have been calculated by combined method [17]. The 

method is based on calculation the mean value of the cell fractal size (based on F. Hausdorff–

Безиковича equation [18, 19]) and point fractal size [20]. 

3. Results and discussion 
Calculation of fractal size of ferrite-pearlite structure of CP3 specimen (Fig.5) is presented on Figure 

6. For fractal size calculation the microstructure photo has been transformed to black and white mode, 

where black areas has been identified as pearlite and white as ferrite. 

 

 

 

Figure 5. Monochrome image of the 

microstructure, x100. 

Figure 6. Searching for convergence of cell Dtonk and 

point Dtont fractal sizes of pearlite and cell Dfonk and 

point Dfont fractal sizes of ferrite depends on iteration 

step l. 

As it follows from Figure 4 analysis the best convergence of cell and point pearlite fractal sizes has 

been occur at image cell cover size l=8 pix, when Dt=(1.986+1.988)/2=1.987. For ferrite structure 

fractal sizes convergence Dfonk=1.974 and Dfont =1.976 has been occur at tenth iteration step for 

image cell cover size l=10 pix, when Df is equal to mean value 1.975. 

Fractal sizes of all investigated specimens are shown in Table 2. 
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Table 2. Fractal size of microstructure of S235J2 steel. 

Sample 

№  

Fractal dimension of 

pearlite, Dt 

Fractal dimension of 

ferrite, Df 

RS.1.1 1.990 1.981 

RS.1.2 1.985 1.983 

RS.2.1 1.984 1.977 

RS.2.2 1.985 1.974 

RS.3.1 1.989 1.982 

RS.3.2 1.986 1.975 

RS.4.1 1.979 1.965 

RS.4.2 1.978 1.968 

CP.1.1 1.986 1.974 

CP.1.2 1.988 1.973 

CP.2.1 1.979 1.970 

CP.2.2 1.979 1.971 

CP.3.1 1.987 1.975 

CP.3.2 1.990 1.976 

CP.4.1 1.982 1.972 

CP.4.2 1.980 1.973 

CP.5.1 1.990 1.975 

CP.5.2 1.987 1.981 

CP.6.1 1.978 1.971 

CP.6.2 1.981 1.973 

Where: RS/CP1.1 – longitudinal specimen; RS/CP1.2 – transverse specimen. 

Correspondence of structure fractal size to mechanical properties is shown on Figure 5 and 

Figure 7. 

 
а 

 
b 

Figure 7. Correspondence of S235J2 steel strength to fractal size of pearlite. 

Linear models of strength (Figure 5, a, b) and ductility (Figure 8, a, b) to fractal size of structure 

prove the response of mechanical properties to structure fractal size. 
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a 

 
b 

Figure 8. Correspondence of S235J2 steel ductility to fractal size of ferrite. 

Response index Ki calculated as follow [16, 17, 21]: 

Ki = Yi  Yi+1 / Хi  Хi+1, 

where Хi  Хi+1  module of steel quality criteria difference at point i and point i+1 inside area 

i = 1,…n; Yi  Yi+1  module of fractal sizes difference of the structure at these points. 

Ranging of mechanical properties to fractal size of the ferrite and pearlite structure has been made 

based on calculated response function (Figure 9). 

 

Figure 9. Steel S235J2 quality criteria ranging depends on defining factor. 

As it follows from the histogram (Fig. 9) analysis the key parameter is elongation. The elongation 

has the best response to structure transformation due to ageing of the steel during the service life of the 

construction. It proved by highest dispersion (43.16%) of elongation values during mechanical ageing 

of the steel. Therefore, the elongation can be key parameter for construction service life prediction due 

to high response of the elongation to fractal size of the steel microstructure. 

The fractal models of the strength (Figure 7, a, b) and ductility (Figure 8, a, b) for S235J2 steel let 

predict the construction service life without mechanical tests in future. The specimen cut off is 

complicated procedure due to limited access and high radiation inside cooling pond and reactor shaft. 
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4. Summary 

Remaining life period of the S235J2 steel constructions of Cooling Pond (CP) and Reactor Shaft 

(RS) of power-generation unit #1 of Zaporizhia Nuclear Power Plant (NPP) has been evaluated by 

fractal modelling. For fractal modelling next steps have been implemented:   

1. Fractal size of pearlite-ferrite structure has been evaluated by original method based on 

convergence of cell and point fractal dimensions. 

2. Fractal models for predicting the mechanical properties of the steel have been created: 

UTS (R² = 0.8068), YTS (R² = 0.6194), Elongation (R² = 0.6493) and Reduction of area 

(R² = 0.5258). 

3. Correspondence of the fractal size of the ferrite and pearlite to mechanical properties of the 

S235J2 steel has been evaluated. It has been obtained that Elongation (39.24) и Reduction of area 

(35.18) characteristics have best correspondence to steel structure degradation due to ageing during 

service life cycle.  

4. Quality criteria ranging let to define the determinative factor (Elongation) for predicting 

remaining service life of steel elements based on microstructure degradation. 

Experimental results are promising and prove the possibility of fractal modelling for steel 

constructions service life predicting based on microstructure analysis during steel ageing. 

5. References 

[1] Parshin A M 1996 Structure, Strenght and Radiation Damage of Corrosion Resistandt Steels 

and Alloys (Illinoice, USA: American Nuclear Society. La Grange Part) 

[2] Vakhrusheva V S, Dergach T A and Sukhomlin J D 2008 Present-dey requirements to corrosion 

resistance of stainless tubesfor nuclear power engineering PAST 54 (2) 73-77 

[3] Krukovskyi P G, Diadiushko Ye V, Garin V O, Tryfonov O V and Kabanov Yu Yu 2020 CFD 

model as a digital twin of the radiation state of the new safe confinement of the Chernobyl 

NPP PAST 128 (4) 54-62 

[4] Yastrebinsky R N and Karnaukhov A A 2020 Multi-group modeling of protection against 

neutron and gamma radiation by materials based on titanium hydride PAST 126 (2) 119-124 

[5] Yastrebinsky R N, Karnauhov
 
A A and Yastrebinskaya A V 2020 Improving the radiation-

thermal stability of titanium hydride J. Phys.: Conf. Ser. 1515 022002 

[6] Mandelbrot B B 1982 The Fractal Geometry of Nature (New York–San Francisco: Freeman) 

[7] Alekseev V I, Barahtin B K, Zhukov A S, Panova G A, Petrova S G and Shirokina E A 2021 

Probable Ways of Hardening in the Metal Structure Obtained by Selective Laser Melting 

Technology IOP Conf. Ser.: Mater. Sci. Eng. 1079 032042 

[8] Karuskevych M V, Zhuravel' I M and Maslak T P 2012 Application of fractal geometry to the 

problems of prediction of the residual service life of aircraft structures Materials Science 

47 (5) 621-626 

[9] Volchuk V M 2017 On the Application of Fractal Formalism for Ranging Criteria of Quality of 

Multiparametric Technologies Metallofiz. Noveishie Tekhnol. 39 (7) 949-957 

[10] Kroviakov S, Volchuk V, Zavoloka M and Kryzhanovskyi V 2019 Search for Ranking 

Approaches of Expanded Clay Concrete Quality Criteria MSF 968 20-25 

[11] Bolshakov V I, Volchuk V M and  Dubrov Yu I 2018 Regularization of one conditionally Ill-

posed problem of extractive metallurgy Metallofiz. Noveishie Tekhnol. 40 (9) 1165-117 

[12] Pareto V 1935 The Mind and Society vol IV (New York: Harcourt, Brace and Company) 

[13] Volchuk V, Ivantsov S, Tiutieriev I and Fortyhin A 2020 Search for the Evaluation of ‘strength-

plasticity’ Relation in Constructional Steel KEM 864 211-216 

[14] Volchuk V M, Uzlov O V, Puchikov O V, Ivantsov S V and Tiutieriev I A 2021 Fractal model 

of structure-properties effect of low carbon steel IOP Conf. Ser.: Mater. Sci. 

Eng. 1100 012034 

https://vant.kipt.kharkov.ua/ARTICLE/VANT_2020_4/article_2020_4_54.pdf
https://vant.kipt.kharkov.ua/ARTICLE/VANT_2020_4/article_2020_4_54.pdf
https://vant.kipt.kharkov.ua/ARTICLE/VANT_2020_4/article_2020_4_54.pdf
https://link.springer.com/article/10.1007/s11003-012-9436-7#auth-1
https://link.springer.com/article/10.1007/s11003-012-9436-7#auth-3
https://www.scientific.net/author-papers/sergii-kroviakov
https://www.scientific.net/author-papers/volodymyr-volchuk
https://www.scientific.net/author-papers/mykhailo-zavoloka
https://www.scientific.net/author-papers/vitalii-kryzhanovskyi
https://www.scopus.com/authid/detail.uri?authorId=57204787917
http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr
http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr
http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr


Innovations and Technologies in Construction (BUILDINTECH BIT 2021)
Journal of Physics: Conference Series 1926 (2021) 012050

IOP Publishing
doi:10.1088/1742-6596/1926/1/012050

7

 

 

 

 

 

 

[15] Volchuk V M, Uzlov
 
O V, Puchikov

 
O V and Ivantsov S V 2021 Fractals Theory Application 

for Evaluation of Influence of Non Metallic inclusions on Mechanical Properties of S355J2 

Steel IOP Conf. Ser.: Mater. Sci. Eng. 1021 012053 

[16] Bolshakov V I and Volchuk V M 2011 Materials Science Aspects of Using of Wavelet-

Multifractal Approach to an Evaluation of Structure and Properties of Low-Carbon Low-

Alloyed Steels Metallofiz. Noveishie Tekhnol. 33 (3) 347-360 

[17] Kroviakov S, Volchuk V and Zavoloka M 2020 Fractal Model of the Influence of Expanded 

Clay Concrete Macrostructure on its Strength KEM 864 43-52 

[18] Hausdorff F 1919 Dimension und äußeres Maß Math. Ann. 79 157179 

[19] Besicovitch A S 1935 On the sum of digits of real numbers represented in the dyadic system 

Math. Ann. 110 321-330 

[20] Crownover R M 1995 Introduction to Fractals and Chaos (Boston, London: Jones and Bartlett 

Publishers, Inc.) 

[21] Volchuk V, Klymenko I, Kroviakov S and Orešković M 2018 Method of material quality 

estimation with usage of multifractal formalism Teh. Glas. 12 93–97 

 

http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr
http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr
http://scholar.google.com/scholar?cluster=941610343625766296&hl=en&inst=8697446408056752236&oi=scholarr

