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The analysis of operational damages of heat transfer tubes (HTT) in steam generators (SG) of WWER-1000 

power units was carried out. The processes of contamination of the surfaces of HTT of SG PGV-1000M are 

considered. The processes of formation and growth of corrosion pits on the surface of heat transfer tubes are 

analyzed. The process for the initiation of corrosion pits and the development of cracks in the heat transfer tubes 

metal, which includes the combined action of a corrosive environment and non-metallic inclusions in heat transfer 

tubes, was proposed. 

 

INTRODUCTION 

Heat transfer tubes (HTT) are one of the most 

critical elements that determine the actual service life of 

steam generators (SG) at NPPs with WWER. HTTs are 

a barrier between the first radioactive circuit and the 

water of the secondary circuit, which has contact with 

the environment, and therefore this barrier must be 

reliable. The heat transfer tubes in the SG operate under 

very harsh conditions and damage to the HTT during 

operation leads to a long shutdown of the entire power 

unit of the nuclear power plant and to significant 

economic losses. 

In the process of SG operation in water containing 

corrosive components, corrosion cracking (СС) of HТT 

occurs due to the occurrence of chemical and 

electrochemical processes at the interface between the 

metal surface and the aggressive environment. At 

present, a large complex of scientific works is being 

carried out in the world and many works have been 

published [1–5] on the study of the problems of damage 

to the CС of the HTT.  

However, the problem has not been finally resolved. 

The conducted studies have shown that the HTT 

resource during SG operation is determined by the rate 

of several main damaging processes [6–8]: 

• chloride-oxygen CC; 

• the formation of corrosion pits due to the presence 

of copper in sediments; 

• hydrogen embrittlement. 

The joint effect of corrosion processes leads to 

damage to the HТT metal much faster than the action of 

each separately, which leads to complications in 

predicting the life of the HТT. Due to the need to 

consider several simultaneously occurring processes of 

HТT damage, there is no unified approach that allows 

us to evaluate the effect of the above processes on the 

corrosion resistance of austenitic stainless steel 

08Kh18N10T. 

The target of the work is to analyze damage to the 

metal of heat transfer tubes, at which it is possible to 

predict the resource of HTT. When analyzing the HTT 

damage mechanisms, materials were used summarizing 

the operating experience of SG WWER-1000, the 

results of HTT monitoring during operation, the results 

of metallographic studies of cut samples of damaged 

heat exchange tubes, as well as literature data on the 

conditions for the initiation and growth of defects 

during SG operation. 

1. INFORMATION ABOUT STEEL GRADE 

08Kh18N10T AS HTT SG 

Heat transfer tubes are made of steel grade 

Kh18N10T. The chemical composition of the alloy, in 

particular the concentrations of carbon, chromium, 

nickel, titanium, nitrogen, molybdenum, etc., has a 

significant effect on the tendency of steel to undergo 

corrosion. Based on this, it is necessary to know the 

effect of alloying and structural components of 

austenitic stainless steel on their corrosion resistance. 

Table 1 [9–11] summarizes the known literature data on 

the effect of the main alloying elements, carbon and 

second phases on the resistance of austenitic steels 

against local corrosion. 

Table 1  

Influence of alloying elements and second phases of 

austenitic steels on their resistance to local corrosion: 

positive (○), negative (x), neutral (xo) 

Alloying 

elements/ 

phases 

Corrosion resistance in chloride-

containing environments 

CC slotted ICС 

Cr о о о 

Mо о о о 

Si о о о 

N о о о 

Ni о о о 

Mn х х х 

C х х х 

σ-phases х х х 

δ-ferrite хо хо хо 

α̍-phases х х х 

about:blank


ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. №5(147)  35 

It is well known that an increase in the corrosion 

resistance of austenitic steels is achieved by reducing 

the carbon content in them and additional alloying with 

elements that passivate the metal surface. However, the 

problem of preventing local corrosion of austenitic 

steels in a corrosive environment has not been solved 

now and, therefore, it is necessary to continue research. 

Other factors include microstructure and plastic 

deformation. The influence of the structural components 

of austenitic steel on corrosion resistance is mainly 

reduced to the theory of intergranular corrosion (ICC). 

The reason for the manifestation of the tendency of 

austenitic steels to intergranular corrosion is the 

precipitation of secondary high-chromium carbides of 

the Me23C type at the boundaries of austenitic grains 

during heating in the temperature range of 

450…850 °C, which leads to depletion of the grain body 

in chromium and an increase in the heterogeneity of the 

structure. It is noted in [12, 13] that if chromium 

carbides precipitate along grain boundaries, this causes 

not only transcrystalline cracking, but also mixed 

transcrystalline and intergranular cracking. Compared to 

iron, chromium has a greater affinity for oxygen, which 

increases the corrosion resistance of austenitic steels. It 

is noted in [14] that the presence of δ-ferrite in steel 

08Kh18N10T increases its resistance to stress corrosion 

cracking (SCC) and reduces the tendency of steel to 

intergranular corrosion [15, 16]. Intergranular corrosion 

consists in the selective destruction of metal along grain 

boundaries, which usually leads to the formation of a 

network of cracks upon contact with an aggressive 

medium. In heat exchange tubes made of austenitic steel 

grade 08Kh18N10T, CС occurs by the type of 

transgranular damage, but under appropriate conditions, 

intergranular corrosion can occur (Fig. 1). 

 

Fig. 1. ICC in heat transfer tubes made of austenitic 

steel 08X18H10T [17] 

There are two different approaches to ensure the 

resistance of austenitic steel grade 08Kh18N10T against 

MCC: 

1. Stabilization of steels with strong carbide-

forming elements (Ti, Nb) while maintaining the carbon 

content within 0.06…0.12%. In stabilized steels 

titanium and niobium form very stable carbides with 

carbon, which do not dissolve in a solid solution even at 

1323…1373 K. In this steel, the content of carbon not 

bound into titanium and niobium carbides should be 

close to the solubility limit of carbon in austenite at 

room temperature. In this regard, the formation of 

secondary chromium carbides and the depletion of grain 

boundaries in chromium during heating in the 

temperature range of 450…850 °C are largely 

suppressed. For austenitic steels of the Kh18N10T type, 

a ratio was developed, where the contents of niobium 

and titanium in relation to carbon which should exceed 

at least 10- and 5-times the amount of carbon, 

respectively. If the steel is alloyed with nitrogen, then it 

is necessary to stabilize it with niobium, since it is more 

evenly distributed in the cast metal and is less prone to 

the formation of course carbonitride inclusions. The 

resistance of austenitic steels to ICC depends 

significantly on heat treatment and can be improved by 

dissolving chromium carbides. In any case, it is 

advisable to subject austenitic steel to stabilizing 

annealing at ≈ 1100 K. In this case, chromium carbides 

coagulate, and part of the carbon dissolved in the solid 

solution goes to form secondary TiC and NbC carbides. 

2. The reduction in the carbon content in steel 

should not exceed 0.03%, without the introduction of 

stabilizing elements. However, it has also recently been 

noted in the literature that attention should be paid to the 

effect of austenite stability and second phase inclusions 

on corrosion pitting resistance for such steels. If 

stainless steel has an unstable austenite structure, then 

its long-term thermal aging can be accompanied by the 

formation of δ-ferrite and σ-phase, causing the metal to 

be prone to intergranular corrosion and to the formation 

of corrosion pits. 

It should be noted that during deformation, bending, 

welding of austenitic steels (non-magnetic), the metal 

becomes magnetic. This is due to the formation of a 

ferrite phase. Part of the unstable austenite in stainless 

steels turns into martensite (α'-phase), which reduces the 

corrosion resistance of the metal. The metal of the 

spacer grating after punching and НTT during 

manufacture and assembly into a tube bundle 

(deformation, welding) becomes magnetic. Thus, the 

creation of local (permanent) magnetic fields, even with 

an insignificant magnetic intensity, can accelerate the 

process of accumulation of sediments of corrosive 

impurities from the secondary water on the surface of 

the HТT [18]. Therefore, after laying the HTT on the 

spacer grids in the SG, it is necessary to demagnetize 

the HТT along its entire length. In addition, during 

neutron irradiation of austenitic steel, inclusions of δ-

ferrite can turn into a σ-phase (FeCr), which reduces the 

resistance of the metal against local corrosion in places 

depleted in chromium. Based on this, the main task is to 

reduce the tendency of the HТT metal to local types of 

corrosion in corrosive environments. 
 

1.1. DAMAGE OF HEAT TRANSFER TUBES  

SG WWER-1000 

The operating experience of the HTT SG has shown 

that Kh18N10T steel is not without drawbacks. During 

SG operation, the initiation and subsequent 

development of corrosion defects in the heat transfer 

tubes was recorded, which can lead to depressurization 

of the primary circuit. НТТ defects were found both in 

free zones and in slit gaps between spacer grids of HTT 
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[19, 20]. The process of damage to the SG heat transfer 

tubes is due to the arrival of metal corrosion products of 

the equipment of the second circuit of the NPP, which 

are made of carbon steel and copper-containing alloys. 

The following main types of operational corrosion 

damages were recorded on the heat transfer tubes SG 

surface in accordance with GOST 9.908-85 [21]: 

− corrosion pits (damage, the depth of which is 

approximately equal to the width); 

− single corrosion cracks (damage characterized by 

the formation of a deep, branched crack); 

− pitting (damage, the depth of which is much 

greater than the width); 

− corrosion spots (damage having a shallow depth 

and a large area). 

The metallographic analysis of the cutout defective 

HTTs showed that, in general, the defects have the 

character of corrosion pits on the outer surface [22].  

From the analysis of HТT damage, the process of 

CC of austenitic steel can be represented by the most 

common theory [22–24]. During operation, corrosion 

products are sediments on the surface of the HTT. In 

places where corrosion products are sediments, an 

aggressive environment is formed with an increased 

concentration of chlorides and a low pH value, which 

leads to irreversible destruction of the protective layer 

of austenitic steel by replacing oxygen in the oxide layer 

with chloride ions. In this electrochemical process, the 

unprotected metal surface acts as the anode, the oxide 

layer is the cathode, and the anode dissolves in such an 

aggressive environment with the formation of corrosion 

pits. In the presence of significant residual stresses and 

under the influence of working loads, CC occurs in the 

HTT metal. Thus, one of the main conditions for 

reducing HTT damage is to prevent the accumulation of 

sediments on the HTT, inside which an aggressive 

environment is formed containing chloride ions, 

oxygen, hydrogen and causing the destruction of the 

protective film. Therefore, it is necessary to strictly 

comply with the requirements of the water-chemistry 

regime (WCR) at Ph 9.2, according to the regulatory 

guide [28, 29]. 

2. THE MAIN FACTORS INFLUENCING  

THE PROCESS OF HTT DAMAGE 

The main factors influencing the development of 

HTT injuries [25–28] are: 

• Increase in the concentration of corrosive 

impurities in the SG water. Violation of the WCR. 

• Excessive sediments on heat exchange tubes 

(higher than standard). 

• Presence of internal residual stresses and external 

tensile stresses in HTT during SG operation. 

• Influence of temperature on the corrosion damage 

of HTT. 

At present, there is no unified approach to the 

process of corrosion damage in HTT, considering the 

joint influence of the above factors. Based on this, there 

is no single model that describes the process of 

corrosion failure of austenitic steel. 

Corrosion damage to HTT is most often associated 

with the destruction of the protective oxide layer and 

with the anodic dissolution of the metal. The main 

corrosive components in the SG water are chlorine ions 

and oxygen, at a certain concentration of which 

corrosion pits are formed in sediments on the HTT 

surface [29, 30]. It should be noted that the pH near 

cracks is significantly lower than the pH of the 

environment, differs by more than 3 values [31, 32], 

which also significantly accelerates corrosion. 

In addition to the corrosive environment, the damage 

to the HTT is affected by the presence of internal 

residual and external tensile stresses. The presence of 

internal and external stresses contributes to an easier 

flow of SCC of HTT, especially at the operating 

temperature of the SG. SCC manifests itself as a brittle 

propagation of cracks in the metal. The types of cracks 

are of intergranular, transcrystalline, and mixed types 

and largely depend on the alloy composition, 

microstructure, emerging stresses, and corrosive 

environment. Mostly carbon steel, nickel-based alloys 

tend to intergranular cracking, and in austenitic stainless 

steels, as a rule, cracks are initiated at the bottom of 

corrosion pits and transgranular or mixed cracking is 

usually observed, while the cracks have a branching 

appearance. 

2.1. WATER-CHEMISTRY MODE 

 OF THE STEAM GENERATOR 

Salts, acids, chloride ions, sulfates, sodium, 

equipment metal corrosion products, and oxygen are the 

main water contaminants. During long-term operation 

of the SG, most of the corrosion products remain inside 

the vessel in the form of sediments, including on the 

HTT surface. The sludge can only be removed by 

periodic flushing during scheduled maintenance work.  

The organization of the WCR has the goal of 

maintaining the concentration and quantitative 

composition of impurities within the limits that ensure 

reliable and safe operation of equipment for nuclear 

power plants with WWER [31]. The Table 2 shows the 

water quality standards in SG for WWER-1000 

according to regulatory guide [28, 29].  

Thus, to prevent damage to the HTT SG, it is 

necessary: 

• reduction of the total salt content in the SG water 

(chlorides and sulfates); 

• stable maintenance of the pH value of water in 

the weakly alkaline region in all modes of SG operation. 

If the pH drops below the neutral value, additional water 

treatment is necessary; 

• low oxygen content in SG water. 

To maintain pH within the established limits of 

9.0±0.2, corrective water treatment with ammonia is 

carried out at all WWER-1000 power units [33, 34]. The 

volatile part (NH3) does not accumulate in water, but is 

removed with steam, therefore, alkalization of the 

medium does not occur. In some works [28, 31, 32], it is 

noted that while maintaining the pH values of the 

medium at a level of up to 10, an increase in the 

corrosion resistance of austenitic steel is observed. It is 

noted in [31] that at low pH values < 3, the general 

corrosion rate increases significantly and, according to 

GOST 13819-69 [36], becomes dangerous. A shift in pH 

to a higher region (pH > 11) increases the supply of 
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corrosive impurities and can provoke accelerated 

intergranular corrosion or alkaline CC [56]. 

Table 2  

Requirements for the quality of water entering 

 the SG WWER-1000 [35] 

Control indicators 

Maximum 

concentration 

of impurities 

in water of SG 

Concentration of chloride ions, 

µ/kg 
< 100 

Sulfate ion concentration, µ/kg < 200 

Oxygen concentration, µ/kg < 10 

Iron concentration, µ/kg < 15 

Copper concentration, µg/kg < 3 

pH value at 25 °С 9.0±0.2 

Sodium concentration, µg/kg < 300 

Hydrazine concentration, µg/kg 20 
 

It should be noted that the observance of water 

chemistry in the secondary circuit is practically the only 

way to increase the duration of SG operation at 

moderate capital costs. However, it should be noted that, 

in principle, it is impossible to radically remove the 

corrosion of secondary circuit equipment elements by 

changing the water-chemistry. 

2.2. THE FORMATION AND GROWTH 

 OF SEDIMENTS ON THE НTT 

The main part of the resulting corrosion products 

accumulates in the SG. Over time, they accumulate in 

the form of sediments on the HTT and the surface of the 

SG body. When studying the structure and properties of 

sediments on the heating surfaces of austenitic steels, 

some authors [35] concluded that the intensity of 

sediments in austenitic steel depends mainly on surface 

irregularities and roughness. On the surface of pipes 

there are always defects caused by the method of 

production, and which are acceptable in accordance 

with the regulatory documentation. 

The formation of sediments is a complex 

physicochemical process associated with the formation 

of the smallest particles due to an increase in the 

concentration of salts during repeated evaporation of 

water in SG [36, 37]. There are centers of formation of 

sediments from particles, the chemical composition of 

which is closest to the saturation state. It should be 

noted that the rate of sediments accumulation at SG 

operating temperatures on Kh18N10T steel specimens is 

3–4 times lower compared to tests at room temperature 

over the same period [38]. Based on the analysis of the 

sludge removed from the SG during chemical washings, 

it can be concluded that, as a rule, it is difficult for large 

particles to attach to the HTT surface, due to the water 

flow rate in the SG. They continue to grow in the liquid 

volume and settle on the inner surface of the SG. 

Blowing can remove only a part of the corrosion 

products (sludge) that have not yet formed in the form 

of insoluble sediments within 35,000 h. 

The results of metallographic studies of the surface 

of the sediments showed the formation of channels with 

a diameter of ~10 μm [39]; in this case, settled spherical 

particles can be observed on the surface of the 

sediments. In places where sediments are formed, 

overheating of the HTT metal occurs. Soluble salts, 

chlorides, oxides accumulate under the sediments, 

which, when a certain concentration is reached, affect 

the formation of corrosion pits. 

Analysis of the data showed that the rate of 

accumulation of sediments of corrosion products on the 

surface SG for a yearly campaign with hydrazine-

ammonia water chemistry is 11.8 g/m2, and with 

ethanolamine water chemistry it is 4.8 g/m2 [40, 41]. 

The calculated rate of sediments of corrosion products 

on the heat exchange surface SG in the ammonia-

hydrazine mode is 1.48 mg/(m2∙h), while in the 

ethanolamine mode this value decreased to 

0.6 mg/(m2∙h). Estimated calculation of heat transfer 

characteristics in SG at different (hydrazine-ammonia 

and ethanolamine) water-chemistry at the end of a one-

year campaign showed that, under operating modes, 

power limitations begin for ethanolamine water 

chemistry − on day 192, and for hydrazine-ammonia − 

on day 83, which indirectly confirms the formation of 

sediments on the surface of HTT [41]. It should be 

noted that such a change in the water-chemistry allows 

you to increase the period between washing the SG. 

Thus, the process of sediments formation is based on 

the phenomenon of solid phase separation from a 

supersaturated solution of salts in SG water. The 

intensity of the formation of salt sediments is due to 

their content in the water. 

2.3. ESTIMATION OF OPERATING STRESSES 

DURING THE OPERATION OF SG 

In HTT, internal stresses can arise because of 

technological operations at the manufacturing stage, 

after thermomechanical processing, as well as during 

welding, installation and repair. In some cases, the 

magnitude of internal stresses can be comparable to the 

yield strength of steel. In this case, the alloy cannot be 

used in places where stresses occur that exceed the yield 

strength from the combined influence of internal and 

external stresses. Table 3 [42] shows the main 

parameters of the PGV-1000 SG, which affect the 

occurrence of stresses in the HTT. 

Table 3  

Basic data on heat transfer tubes of WWER-1000 SG 

and parameters of the primary and secondary circuits, 

according to regulatory guide [44] 

Parameter Meaning 

Number of tubes, pcs 10978 

Average tube length, m 14 

Tube size, mm 16х1.5 

Stress in metal, MPa 87 

Temperature drop in the tube wall 

(maximum), °C 
45.2 

Steam capacity, t/h: nominal 

                               maximum allowable 

1470 

1573 

Maximum values in the primary circuit:  

       pressure, MPa 

       temperature, °C 

16 

232.7 

Maximum values in the second circuit:  

       pressure, MPa 

       temperature, °С 

6.4 

278.5 
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It is of interest to calculate the sum of stresses that 

may arise in the cross section of the HTT wall during 

normal operation of the SG [42–46]: 

• residual stresses resulting from manufacturing 

technology, welding, installation; 

• operating stresses that arise from the effect of 

pressure difference between the primary and secondary 

circuits; 

• thermal stresses arising from the difference in 

thermal expansion of the inner and outer walls of the 

HTT. 

It should be noted that in a thin layer of the outer 

surface of the pipe ~ 0.1 mm after grinding, residual 

stresses ~ 150…200 MPa can occur [45]. Residual 

stresses arising in the HТT during their manufacture are 

almost completely removed at the austenite temperature. 

The total relaxation of stresses after austenite 

temperature of Kh18N10T steel can be ≈ 30…50 MPa. 

Operating tension arise in the НТT under the action 

of a pressure difference between the I and II circuits. 

Stresses due to internal pressure (σP) can be determined 

according to the “classical” concepts: 

σP = ∆P⋅R/ δ = 46.4 [МРа] ,      (1) 

where ∆Р is the difference in water pressure in the 1st 

and 2nd circuits; R − the average radius of the tube, 

R = 7.25 mm; δ – tube wall thickness; δ = 1.5 mm. 

Thermal stresses (σΤ) in HТT arise because of the 

difference in thermal expansion of the inner and outer 

walls of the heat exchange tube. The maximum thermal 

stresses can be written as: 

σT = (λ⋅E⋅∆ T)/ (2⋅ (1- µ)) = 109 [МРа], (2) 

where λ is the coefficient of linear expansion, for steel 

08Kh18N10T; λ = 1.7∙10-5 deg-1; E − Young's modulus, 

E = 2∙105 MPa; ∆Т − temperature difference across the 

wall thickness; µ − Poisson's ratio, 0.3. 

Proceeding from this, the total design stresses that 

can arise in the cross section of the HТT wall during SG 

operation can reach ≈ 185…240 MPa. The conducted 

studies [46] showed that the stress arising in the HТT is 

≈ 250 MPa. At the same time, it should be noted that 

more than 80% of the total damage occurs in steels with 

high values of residual stresses [47]. 

In [8, 15], based on the analysis of experimental 

data, an empirical dependence was obtained to estimate 

the operating time of the HТT before CС: 

lgк.р. = 4,4 – 0,11,  (3) 

where  is the applied mechanical stress, MPa. This 

formula is valid for steel grade 08Kh18N9, where the 

stress level  was not more than 280 MPa. 

At present, it is possible to draw general 

conclusions, which are that: 

1) CC can manifest itself even in the presence of 

small external tensile stresses, in the presence of 

sufficiently large residual stresses. 

2) With increasing tensile stresses, the susceptibility 

to СС increases. 

2.4. EFFECT OF TEMPERATURE ON DAMAGE 

In almost all studies, an increase in the sensitivity to 

CС of stainless steel with increasing temperature is 

noted. According to the data of [8], СC proceeds most 

intensively at temperatures of 150…250 °C, slows down 

strongly at temperatures below 100 °C, and only slightly 

decreases in the range of 250…300 °C. 

The authors of [8], based on laboratory tests, 

propose the empirical dependence of the time to CС on 

temperature to be calculated by the formula: 

lgк.р. = А + В/Т,   (4) 

where A and B are constants obtained after processing 

the test results. 

According to the data of [18], in an environment 

with an oxygen concentration of ~ 0.1 mg/kg and a 

chloride ion concentration of 300 mg/kg, the 

dependence is valid: 

lgк.р. = -11.25 + 6.5/(T10-3). (5) 

A similar experimental dependence was obtained in 

[15]: 

lgк.р. = -11.4 + 5/(T10-3).  (6) 

3. PROCESSES OF METAL DAMAGE НTT 

Currently, several processes have been proposed for 

the occurrence and development of damage to HТT 

metal [8, 13, 15, 23, 25, 36, 38]. The proposed CC 

hypotheses, due to the presence of many factors, are 

sometimes based on opposite ideas. Most assumptions 

are based on SCC, which is associated with 

electrochemical phenomena. The most recognized of 

them is the destruction of the oxide surface layer, which 

is observed in a corrosive environment in the presence 

of stresses. In this system, the unprotected metal surface 

acts as the anode, the oxide film is the cathode, and the 

anode dissolves in the electrically conductive medium 

under such conditions. The resistance of austenitic steel 

to corrosion damage largely depends on the corrosive 

environment. An analysis of studies [1–22, 31, 32] 

showed that, in general, corrosion damage to HТT 

occurs with the simultaneous occurrence of several 

processes: 

• chloride-oxygen CC; 

• formation of corrosion pits due to the presence of 

copper in sediments; 

• hydrogen embrittlement, decrease in pH. 

In this case, CC is the final stage of HТT destruction 

under the combined influence of the above processes. 

An analysis of the experimental data on the crack 

propagation rate in different alloys under load showed 

almost the same value of at least 10-4 cm/h [12, 13], 

which indicates a long incubation period before crack 

propagation. In this case, the time of the incubation 

period is determined by the properties of the steel, the 

corrosive environment and the magnitude of the 

resulting stresses. 

3.1. OXYGEN-CHLORIDE SCC 

The surface of Kh18N10T steel is covered with a 

strong continuous film, which mainly consists of iron 

and chromium oxides. The protective film consists of 

two layers: the outer magnetite (Fe3O4) and the inner 

one, spinel of the Cr2O3+FeO type. Under the 

continuous oxide film there is a layer consisting mainly 

of chromium oxides. On the surface of the HТT in 

sediments, chloride ions accumulate and the pH of the 
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water decreases, which prevents the restoration of the 

protective layer of the austenitic steel of the HТT. 

During long-term operation of the SG at the interface 

between the HТT surface and the aggressive 

environment, the protective layer of the HТT is 

destroyed and the reaction proceeds with the formation 

of CrC13 and the release of oxygen. It should be 

emphasized that the displacement of oxygen by the 

adsorbed chloride ion occurs at chloride ion 

concentrations CCl- = (35…35)∙10-3 mкg/kg [22]. 

According to the current regulations WCR [49], the 

permissible limit concentration is CCl- = 50…100 μg/kg. 

Consequently, there is always enough chlorides in the 

SG water for the occurrence of corrosion damage in 

austenitic steel. Literature analysis [8, 9, 26, 27] showed 

that the combined presence of chloride ion (activator) 

and oxygen (oxidant) causes a significant increase in the 

rate of corrosion pits on the HТT surface during SG 

operation. 

It is of interest to estimate the time to destruction of 

HТT from the degree of chloride ion concentration in 

the sediments. At a temperature of ≈ 573 K, the 

dissolution of chloride ions in vapor is low, so the 

concentration of chloride ions in the sediment channels 

will increase [6, 16, 24, 27]. Some researchers, based on 

the processing of experimental data, derived empirical 

dependencies for estimating the time to destruction of 

HТT. These formulas lack many factors that affect 

damage to HТT, but they can be used to estimate the 

time to destruction of steel of the Kh18N10T type. 

Thus, the authors of [50] presented a formula for 

estimating the destruction time of AISI-304 steel 

(analogous to 08Kh18N9) on the degree of 

concentration of chloride ions at a temperature of 

366…433 K: 

lg к.р.=4.824+ CCl- (0.028 – 3.310-4 T)– 0.0916T,   (7) 

where к.р. – time to failure, h; СCl− is the chloride ion 

concentration, mg/kg; T is temperature, K. 

A similar formula was presented by other 

researchers [13]: 

lg к.р. = 2.6 – 0.9lgCCl-.  (8) 

In [13], based on the processing of experimental 

data, an empirical dependence was proposed for 

estimating the time to fracture, using two factors, the 

chloride ion and oxygen concentrations: 

lgк.р. = lg0 – 0.5lgCo2 – 1.5lgCCl-,               (9) 

where 0 – coefficient, lg0 = -8+6.5/(T∙10-3); к.р. – time 

to cracking, h; СCl- is the chloride ion concentration, 

mg/kg; CO2 – oxygen concentration, mg/kg; T is 

temperature, K. Based on this, it becomes possible to 

evaluate the effect of one of the concentrations of CCl- 

or Co2 on the time until the destruction of HТT. The 

main disadvantage of this formula is the lack of 

influence of residual and applied tensile stresses. 

An analysis of the test data calculated according to 

the formula for Kh18N10T steel under load in the yield 

strength region at Ttest = 300 °C in “pure” water for 

3500 h showed that CC is not observed (Fig. 2).  

According to the regulatory guide of the water-

chemistry regime for SG, the concentration limit for 

chlorides is CCl- = 0.1 mg/kg and for oxygen – 

Co2 = 0.01 mg/kg. Increasing the oxygen concentration 

to 2 mg/kg (CCl- ≤1  mg/kg) leads to CC after 2500 h. 

An increase in the concentration of chlorides to          

CCl- = 10 mg/kg (Co2 = 0.2 mg/kg) CC is observed in 

less than 1000 h. From the analysis of the figure, it 

follows that CC increases with increasing 

concentrations of chlorides and oxygen in the 

temperature range of 250…300 °C. In this case, 

chlorides have a stronger effect on CC than oxygen. 

 

Fig. 2. Effect of CCl- or Co2 concentrations on the 

time to failure of HTT (calculated values) [14, 53] 

Also, this steel exhibits an increase in the sensitivity 

to CC with increasing temperature. Metallographic 

studies have shown that the development of cracks in 

Kh18N10T steel has a pronounced mixed fracture 

pattern. The calculated data were confirmed in 

experimental studies. 

Based on the analysis of the dependencies it can be 

concluded that the purer the water in terms of chlorides, 

the higher the oxygen content, the CC begins, and the 

less oxygen, the higher the concentration of chlorides is 

permissible. At the same time, the concentration of 

chlorides during SG operation should be more strictly 

controlled relative to other characteristics. It follows 

from the analysis of the data that at normalized 

concentrations of chlorides and oxygen in the SG water, 

delayed CC should be observed in Kh18N10T steel. 

3.2. FORMATION OF CORROSION PITS DUE  

TO THE PRESENCE OF COPPER 

IN SEDIMENTS 

Copper and its alloys tend to form complex 

compounds with ammonia, which is used to raise the 

pH. Good solubility in such water ensures the transfer of 

copper ions into the SG volume, where the reduction of 

metallic copper on the HTT surface takes place. 

Considering that there is practically no oxygen in the 

operating SG when water is boiling, in this case copper 

ions are the strongest oxidant. In the reduction of copper 

on the surface, the HTT creates a system of a steel-

copper microgalvanic cell, in which copper is the 

cathode, and steel is presented as the anode. During the 

operation of such a galvanic couple, the steel dissolves, 

which contributes to the formation of a corrosion pit. It 

should be mentioned that the accumulation of metallic 

copper on the HTT surface occurs because of 

insufficient washing from copper during chemical 

washings of SG. 
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To estimate the rate of formation of corrosion pits 

due to the presence of copper in sediments, we will take 

the following statements as initial data [46-49]: 

• The growth of corrosion pits occurs by the 

mechanism of anodic dissolution. 

• The only possible oxidant in sediments is copper 

ions, in sufficient quantity. 

• The electrochemical reaction is limited to the area 

of the corrosion pit. 

• The surface area of sediments will be taken based 

on the channel diameter of 10 µm (~ 10-9 m2). 

Based on these postulates, it is possible to carry out 

an estimated calculation of the time to the initiation and 

growth rate of a corrosion pit. Volume (VR) of a 

hemispherical corrosion pit with a radius r = 0.5 mm: 

VR = 4πr3 / 6= 2.617∙10-4 [сm3].              (10) 

In this case, the amount of electricity (Qp) required 

to dissolve the metal from a corrosion pit of this volume 

is: 

QP = IP∙tP = VR∙ρsт∙z∙F/ M = 2∙10-3 [А∙h],            (11) 

where IP is the average current of metal dissolution in 

the corrosion pit, A; tP is the time required for the 

growth of a corrosion pit of a given size, h; ρst is the 

specific gravity of steel 08Kh18N10T, we accept 

ρst = 7.8 g/cm3; z is the valency of dissolved metal ions, 

we take z = 2 for steel and copper. F – Faraday number 

– the amount of electricity required to dissolve 1 g 

equivalent of metal, F = 26.8 (A∙h)/g; M is the weight of 

1 g mole of the dissolved metal, for steel 08Kh18N10T 

we take MFe = 56 g, for copper MCu = 64 g. 

The weight of copper GCu sedimented on the surface 

of the HTT from Cu2+ ions with the release of the 

required amount of electricity QP = 2∙10-3 [A∙h] can be 

determined by the formula: 

GCu = QP∙MCu / (z∙F) = 2,3∙10-3 [µg].   (12) 

In this case, the time t of the growth of a corrosion 

pit to a depth of 0.5 mm will be: 

tP = GCu∙n / gCu ≈ 150000 [h],  (13) 

where gCu is the value of the copper flux brought to 1 m2 

of the HTT surface in 1 h. Can be calculated using the 

formula: 

gCu = СCu∙Dsteam = 1250 [µg /m2 h],          (14) 

where Dsteam is the specific steam capacity of PGV-

1000, Dsteam = 250 kg/m2∙h; CCu is the maximum 

allowable value of copper in the SG blowdown water, 

according to regulatory guide, CCu = 5 µg/kg. 

Consequently, the average growth rate of a corrosion 

pit at the initial stage of development will be: 

VP = hP / tP ≈ 3∙10-6 [mm/h].  (15) 

It is obvious that at such a growth rate of a corrosion 

pit during SG operation (with the schedule of chemical 

flushing after ~ 35 thous and h), the maximum depth of 

the corrosion pit will not exceed 0.12 mm. It is likely 

that a corrosion pit of this size will not be detected by 

eddy current testing methods. Thus, under the accepted 

postulates, the presence of copper in sediments can only 

contribute to the formation of damage in the HTT. 

In [7, 51], a somewhat different approach was 

proposed for the influence of copper on the 

development of corrosion processes in HTT SG. The 

approach is since the total corrosion current of the steel-

copper pair is proportional to the mass of copper in 

sediments to the power of 2/3. Based on these ideas, it is 

possible to calculate the approximate time until the 

destruction of the HTT. The relative thinning of the 

HTT wall thickness on the date of measurement can be 

written h1(t)/h, where h1(t) is the depth of the corrosion 

pit during operation (t) of the SG, can be measured by 

eddy current testing, or by other methods, we take 

≈ 0.5 mm; T − thickness of the HTT wall, 1.5 mm. 

Consequently, the relative depth of the corrosion pit will 

grow in proportion to the relative specific contamination 

of HTT with copper to the power of 2/3 and can be 

written as: 

h1(t) / h = [МCu(t) / МCu
мах]2/3.        (16) 

The relative specific contamination of HTT with 

copper can be measured experimentally or can be 

calculated using the assumptions described above. The 

value of the flow of copper brought to 1 m2 of the HTT 

surface in 1 h. Can be calculated using the formula: 

gCu = СCu∙Dsteam = 750 [µg/(m2∙h)],     (17) 

where Dsteam is the specific steam capacity of PGV-

1000, Dsteam = 250 kg/(m2∙h); CCu is the maximum 

allowable value of copper in the SG blowdown water, 

according to regulatory guide, CCu = 3 µg/kg. 

Therefore, for 25,000 h (tH) of operation, the 

contamination of HTT with copper will be: 

МCu (t)= gCu∙tH = 18.75 [g/m2].  (18) 

Experimental data [52] showed that for 25,000 h (tH) 

of operation, the contamination of HTT with copper was 

5 g/m2; chemical washing was possibly carried out. For 

50,000 h of SG operation, the measured concentration 

of copper in sediments at the HTT was 25 g/m2, the 

calculated concentration was 37.5 g/m2. From the 

analysis of the calculated data, it follows that in 

50,000 h the depth of the corrosion pit can reach 

0.94 mm, experimentally measured ≈ 0.5 mm. 

Consequently, the growth rate of the corrosion pit is 

≈ 0.19∙10-4 mm/h, which is slightly higher than the 

calculated parameters presented earlier. In this case, the 

predicted value of the residual HTT resource can be 

~ 80,000 h. Thus, considering the estimation approach 

in the calculations, this representation does not strongly 

contradict the experimental data. 

The analysis carried out allows us to conclude that 

the presence of copper in the sediments is a significant, 

but not a determining factor in the main chain of 

corrosion damage to the HTT. 

3.3. HYDROGEN EMBRITTLEMENT 

It should be noted that hydrogen embrittlement is a 

separate type of damage and does not apply to CC. The 

difference between them lies in the fact that CC occurs 

because of the destruction process at the anode of the 

metal, while hydrogen embrittlement occurs because of 

the formation of hydrogen at the cathode [53]. In many 

cases, the CC process and hydrogen embrittlement exist 
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simultaneously. In stress CC, hydrogen is usually 

responsible for the occurrence of cracks in the metal and 

their propagation, easily penetrating the metal in the 

form of atoms or ions. CC is accompanied by the 

formation of hydrogen, which is adsorbed by the metal, 

which can lead to embrittlement of the alloy. Some 

researchers believe that alloys are destroyed due to 

alternating processes: CC and hydrogen embrittlement 

[54]. Others believe that the main process depends on 

the type of alloy, some alloys are mainly subject to 

anodic corrosion and CC, and others to hydrogen 

embrittlement. In structural alloys, the absorbed 

hydrogen can be in three states: in the atomic state, it is 

dissolved in the lattice; in the molecular one, it is 

localized and is in irreversible traps (pores, vacancies, 

grain boundaries); hydrogenation of alloy components. 
Based on the literature sources [55], the 

hydrogenation of austenitic steel in a SG occurs at low 
steam velocities, high thermal loads, and elevated metal 
temperatures. As a result of electrochemical reactions, 
the hydrogen atom released from water is adsorbed on 
the surface and then diffuses into the metal. In a metal, 
atomic hydrogen, getting into a micropore, combines 
into molecules. It should be noted that hydrogen 
penetrates the metal only in atomic form; molecular 
hydrogen cannot penetrate the metal, much less diffuse 
in it [47]. The more atomic hydrogen penetrates the 
metal and the more it is in molecular form. Also, atomic 
hydrogen can interact with alloy components, creating 
gaseous products and high pressure in irreversible traps. 
As a result, the mechanical properties are reduced and 
the probability of crack formation in the alloy increases. 
It has been experimentally determined that there is 
several times more hydrogen around the cracks than in 
the depth of the metal [33]. In the process of further 
hydrogenation, embrittlement of the metal is observed 
[47, 53–56]. The phenomenon of embrittlement in steels 
already manifests itself at hydrogen concentrations of 
0.8 cm3 per 100 g of metal under normal conditions.  

An analysis of the structure of austenitic steel 
showed that, during hydrogenation, the high-angle 
boundaries remain free of hydrogen ions until the 
appearance of secondary phases [57]. Before they 
appear, the hydrogen ion is localized mainly on 
dislocations inside the grain and on non-metallic 
inclusions (Fig. 3,a). Only after the appearance of 
secondary phases the intensive hydrogen saturation of 
the grain boundaries is observed (see Fig. 3,b).  

Based on this, it can be assumed that during long-
term operation, diffusing carbon contributes to the 
formation of nanosized precipitates of the secondary 
phase at the grain boundaries, mainly carbides. Grain-
boundary precipitates of secondary phases are traps for 
hydrogen and contribute to the creation of local internal 
stresses, which can ultimately lead to the formation of 
cracks. In this case, due to the formation of carbides, the 
protective surface layer of chromium is depleted. Under 
the action of an aggressive medium, anodic dissolution 
of the metal occurs at such boundaries, which can lead 
to intergranular brittle fracture of the metal during SCC. 
 

  

a b 

Fig. 3. The structure of austenitic steel after saturation 

with hydrogen [57] 

The results of studies of the structure and 

mechanical properties of Kh18N10T steel after long-

term operation [18, 20, 22] have shown that 

insignificant secondary phase precipitation is observed. 

Therefore, there will not be many accumulations of 

molecular hydrogen at the interfaces. In this case, slight 

changes in mechanical properties are observed, and the 

plastic properties of steel have undergone the greatest 

changes. 
It is known that alloying with chromium, nickel, and 

titanium significantly reduces the hydrogen 
permeability of Kh18N10T steel [58–60]. In this case, 
the accumulation of hydrogen will occur at an 
insignificant rate and, as a result, during operation can 
only lead to additional tensile internal stresses in the 
steel. Therefore, it can be argued that, compared with 
the process of hydrogen embrittlement, CC is still the 
leading process of damage to HTT metal, but it is 
hydrogen embrittlement that determines the mechanism 
and kinetics of metal fracture under SCC conditions. 

4. INFLUENCE OF LONG-TERM 

OPERATION ON THE METAL OF SG HEAT 

TRANSFER TUBES  

It is known that the corrosion resistance of 
Kh18N10T austenitic stainless steel significantly 
depends on the heat treatment parameters, grain size, 
and residual stresses in the HTT metal. The presence of 
secondary phases in austenitic steel can significantly 
accelerate the rate of local corrosion initiation [57, 61–
66]. It is known that, during plastic deformation during 
manufacture, welding, and installation in austenitic 
steels, a martensitic transformation of the type γ→α or 
γ→ε→α occurs. During annealing, the reverse 
transformation should occur, but, according to the data 
in the table, in Kh18N10T steel, such transformations 
do not proceed to the end. Studies, at room and 
operating temperature of the SG, of the mechanical 
properties of the initial and after long-term operation of 
the HTT showed overestimated values of the strength 
properties, while the elongation is at the level of the RG 
requirements. Nevertheless, the overestimated values of 
the HTT metal indicate the presence of residual stresses 
and structure heterogeneity in the HTT metal. At the 
same time, some researchers note that the corrosion 
resistance of Kh18N10T steel specimens after static 
deformation is higher than that of undeformed 
specimens [67, 68]. Based on this, further research is 
needed in this direction. 
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Table 4 

Mechanical properties of НТТ (steel Kh18N10T) before/after operation 

Temperature 

test, °С 

Defined 

parameter 

Original 

metal 

Long-term 

operation 

Our 

standard* 

Requirements 

PNAE-G-7-002-86 

20 

σb, МРа 745 715 545 510 

σ0.2, МРа 451 431 290 216 

δ, % 53 53 53 35 

300 

σb, МРа – 470 468 412 

σ0.2, МРа – 363 230 176 

δ, % – 49 31 26 

*HT: annealing 1020 °С / 0.5 h; stabilization 720…800 °С/1…3 h. 

 

The microstructure of the steel samples is formed 

from equiaxed austenite grains with the precipitation of 

carbides along the grain boundaries. As a rule, in 

austenitic steels, precipitation of chromium carbides 

along the grain boundaries leads to intergranular 

corrosion. It is known that with a decrease in the grain 

size, the corrosion resistance of Kh18N10T steel 

increases. After annealing 800 °С/10 h, an increase in 

the density of secondary titanium carbonitrides is noted, 

both at the boundaries and inside the grains (Fig. 4). 

Some authors note that TiC inclusions (up to 1 µm) do 

not significantly affect the corrosion resistance of 

Kh18N10T steel [63, 65]. The formation of stable TiC 

solid phases retains Cr in the solid solution, which 

contributes to the protection of the metal from ICC and 

possibly leads to dispersion strengthening of the metal 

base. In contrast to TiC, the presence of a secondary TiN 

phase 5…7 µm in Kh18N10T stainless steel contributes 

to the formation of pitting corrosion due to possible 

galvanic coupling between TiN and the metal base [69]. 

Microvoids are observed around TiN inclusions, which 

are mainly found in undeformed samples with an 

increased grain size [18, 20, 69-72]. Based on this, until 

the microvoid between the TiN particle and the matrix 

surrounding it is filled with an aggressive medium and a 

galvanic connection is not established, the metal will 

not dissolve, and corrosion pits will not develop. Thus, 

it can be assumed that the formation of stable TiC solid 

phases (dispersion hardening of the metal base) and the 

presence of non-metallic TiN inclusions can affect the 

rate of pitting corrosion initiation and the development 

of transgranular CC. 

  

Fig. 4. Precipitation of carbides in the body  

and along grain boundaries [69] 

Fig. 5. Microvoid around non-metallic inclusion 

TiN [20]  
 

CONCLUSIONS 

1. The duration of SG HТT operation is determined 

by the simultaneous development of several damaging 

processes. Based on the data analysis, the main 

influence is exerted by the processes associated with an 

increase in the concentrations of chloride ion, oxygen, 

hydrogen, a decrease in the pH values of water, and the 

presence of internal and external stresses in the HТT. 

Additionally, the concentration of copper affects the rate 

of formation of corrosion pits. 

2. Based on the analysis of the data, an attempt was 

made to estimate the service life of HТT made of steel 

08Kh18N10T depending on the concentration of 

chloride ion, oxygen concentration, operating 

temperature of the metal, and the magnitude of tensile 

stresses. Calculations showed that the HТT resource 

decreases by an order of magnitude with an increase in 

the chloride ion concentration and the presence of 

oxygen. Based on the calculation results, it can be 

argued that chloride ions have a stronger effect on the 

HТT resource than oxygen. Based on this, the 

concentration of chloride ions during SG operation 

should be more strictly controlled in relation to other 

operational characteristics. In this case, it becomes 

possible to increase the НТT resource. 

3. The main reason for the appearance and 

development of damage to HТT is the process of CC. 

Now data analysis allows us to draw only general 

conclusions on this problem. Calculation estimates 

show that if the water chemistry standards are observed 

(according to regulatory guide), the process of СС of 

Kh18N10T steel will proceed at a slow pace. 

4. In our opinion, the calculation of time between 

failures is not entirely correct. Since in austenitic steel 

after 200 thousand hours of operation there are no 
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significant changes in the structure and mechanical 

properties. There is local CC of HТT. Therefore, it is 

necessary to pay attention to improving the “purity” of 

austenitic steel and to comply with the requirements of 

water chemistry standards more strictly. 
 

REFERENCES 

1. Н.Б. Трунов, Ю.Г. Драгунов. Совершен-

ствование конструкции ПГ АЭС с ВВЭР // The 

International Nuclear Forum “Nuclear Energy 

Challenges and Prospect”, Warna, Bulgaria, June 2003. 

2. А.В. Клименко, В.М. Зорин. Теплоэнергетика 

и теплотехника // Тепловые и атомные 

электростанции: Справочник / Под общ. ред. чл.-

корр. РАН А.В. Клименко и проф. Зорина В.М. М., 

2007, 648 с.  

3. Б.И. Лукасевич, Н.Б. Трунов, Ю.Г. Драгунов, 

С.Е. Давиденко. Парогенераторы реакторных уста-

новок ВВЭР для атомных электростанций. М.: ИКЦ 

«Академкнига», 2004, 391 с. 

4. M. Sípova et al. A study on the corrosion 

behaviour of stainless steel 08Cr18Ni10Ti in 

supercritical water // Corrosion Science. 2023, v. 211, 

p. 110853.  

5. В.Н. Воронов, Б.М. Ларин, В.А. Сенина. 

Химико-технологические режимы АЭС с ВВЭР. М., 

2006, 389 с.  

6. Н.Б. Трунов, В.В. Денисов, Ю.Г. Драгунов, 

Г.Ф. Банюк, Ю.В. Харитонов. Работоспособность 

теплообменных труб ПГ АЭС с ВВЭР // 

Целостность трубок парогенераторов. М.: «ЭКИЦ 

ВНИИ АЭС», 2001, с. 12-19. 

7. С.Е. Давиденко, Н.Б. Трунов, В.А. Григорьев, 

С.И. Брыков, В.С. Попадчук. Работоспособность 

теплообменных труб и управление ресурсом 

парогенераторов АЭС с ВВЭР // 7-й 

Международный семинар по горизонтальным 

парогенераторам, ФГПУ ОКБ «ГИДРОПРЕСС», 3-

5 октября 2006. 

8. В.П. Горбатых, А.В. Морозов. Прогно-

зирование ресурса трубных пучков парогенераторов 

АЭС с ВВЭР // Теплоэнергетика. 2003, №5.  

9. В.В. Герасимов. Коррозия сталей в нейтраль-

ных водных средах. М.: «Металлургия», 1981. 

10. А.Д. Каштанов. Разработка и обоснование 

рекомендаций для выбора конструкционных сталей 

теплообменного оборудования реакторов на 

быстрых нейтронах с тяжелыми 

теплоносителями: Автореф. дис. … канд. техн. 

наук. Санкт-Петербург, 2010.  

11. С.Б. Рыжов, А.С. Зубченко, В.С. Степанов и 

др. Конструкционные материалы элементов 

активной зоны и первого контура реакторной 

установки СВБР-100 // Вопросы атомной науки и 

техники. Серия «Обеспечение безопасности АЭС». 

Вып. 24. Реакторные установки СВБР. 2009, с. 123-

131. 

12. А.В. Дуб. ЦНИИТМАШ и его основные 

достижения в области металловедения и 

термической обработки за 75 лет // Металловедение 

и термическая обработка металлов. 2006, №7. 

13. В.П. Погодин, В.Л. Богоявленский, 

В.П. Сентюрев. Межкристаллитная коррозия и 

коррозионное растрескивание нержавеющих сталей 

в водных средах. М.: «Атомиздат», 1970, 421 с. 

14. В.В. Герасимов, В.В. Герасимова. Корро-

зионное растрескивание аустенитных нержа-

веющих сталей. М.: «Металургия», 1976.  

15. Б.В. Антонов, Н.Н. Давиденко, К.А. Корни-

енко. Целостность трубок парогенераторов. М., 

2001.  

16. В.Л. Богоявленский. Коррозия сталей на 

АЭС с водным теплоносителем. М.: «Энерго-

атомиздат», 1984, 168с 

17. В.И. Герасимов, Ю.И. Звездин, Е.В. Кузне-

цов и др. Перспективные материалы для трубных 

систем парогенераторов АЭС // Теплоэнергетика. 

1992.  

18. И.М. Неклюдов, Л.С. Ожигов, А.С. Митро-

фанов, С.В. Гоженко. Исследование причин обра-

зования коррозионных дефектов в теплообменных 

трубах парогенераторов ПГВ-1000 // Сб. научных 

трудов СНИЯЭ и П. 2003, в. 8, с. 50-63. 

19. С.И. Кошоридзе, Ю.К. Левин. Механизм 

снижения накипи при магнитной обработке водного 

потока // Фундаментальные исследования, 2014, №9,  

с. 2433-2439. 

20. A.S. Mitrofanov. Influence of TiN-inclusions 

and vibration loads for damage to heat exchange pipes 

of steam generators PGV-1000 // Вопросы атомной 

науки и техники. Серия «Физика радиационных 

повреждений и радиационное материаловедение». 

2022, №2(138), с. 50-55. 

21. ГОСТ 9.908-85. Металлы и сплавы. Методы 

определения показателей коррозии и коррозионной 

стойкости.  

22. И.М. Неклюдов, Л.С. Ожигов, А.С. Митро-

фанов и др. Коррозионные повреждения 

теплообменных труб парогенераторов Южно-

Украинской АЭС // Вопросы атомной науки и 

техники. Серия «Физика радиационных 

повреждений и радиационное материаловедение». 

2003, №6, с. 71-76. 

23. Г.И. Казаров, В.П. Горбатых, Э.С. Сааков, 

Л.Г. Шейкин. Оценка коэффициента концен-

трирования примесей воды в отложениях при 

кипении // Теплоэнергетика. 1994, №04,  с. 66-68. 

24. G.D Benamati, A. Donato, A. Solina, et al. 

Experimental studies on hydrogen diffusion and 

trapping in martensitic and austenitic stainless steels for 

fussion application // Journal of Nuclear Materials. 

1994, v. 212-215, p. 1401-1405. 

25. Т.И. Петрова, В.Н. Воронов, Б.М. Ларин. 

Технология организации водно-химического режима 

атомных электростанций. М., 2012, 272 с. 

26. В.Н. Воронов, Т.И. Петрова. Водно-

химические режимы ТЭС и АЭС. М., 2009, 240 с.  

27. С.И. Брыков, О.П. Архипов, Л.А. Сиряпина, 

В.А. Мамет. Опыт проведения химических 

промывок парогенераторов АЭС с ВВЭР-1000 в 

период ППР // Теплоэнергетика. 1999, №6, с. 23-25. 

28. ГНД 95.1.10.05.044-99 «Методика опреде-

ления значения удельной загрязненности поверх-

ностей металла парогенераторов ПГВ-1000М со 

стороны второго контура». Киев, 1999. 



44                                                                   ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. №5(147) 

29. ГНД 95.01.06.02.002-04 «Водно-химический 

режим второго контура атомных электростанций 

с реакторами типа ВВЭР. Технические требования 

к качеству рабочей среды. Коррекционная 

обработка гидразингидратом, морфолином, 

гидроксидом лития». Киев, 2004.  

30. І.М. Фольтов. Підвищення надійності 

парогенераторів АЕС шляхом вдосконалення водно-

хімічного режиму другого контуру, проведення 

модернізації і реконструкції // Проблеми безпеки 

атомних електростанцій і Чорнобиля. 2004, в. 1, 

с. 94-104. 

31. И.Г. Овчинников. Влияние водородосодер-

жашей среды при высоких температурах и 

давлениях на поведение металлов и конструкций из 

них // Науковедение. 2012, №04.  

32. K. Matocha et al. The effect of water impurities 

on resistance of 08Cr18Ni10T (AISI 321) steel to SCC 

in high temperature water environment // The 7-s 

International conference on material ISSUES in design, 

manufacturing and operation of nuclear power plants 

equipment, 17-21 June 2002. 

33. В.В. Герасимов, А.С. Монахов. Коррозия 

реакторных материалов. М.: «ЦНИИатоминформ», 

1994. 

34. Н.Б. Трунов, С.А. Логвинов, Ю.Г. Драгунов. 

Гидродинамические и теплохимические процессы в 

парогенераторах АЭС с ВВЭР. М.: «Энерго-

атомиздат», 2001, 316 с. 

35. ПНАЭ Г-7-002-86 «Правила устройства и 

безопасной эксплуатации оборудования и 

трубопроводов атомных энергетических 

установок». М., 2003, 241 с.  

36. ГОСТ 13819-69 «Металлы и сплавы. 

Десятибалльная шкала коррозионной стойкости». 

37. А.В. Нерезько, Н.Б. Карницкий, В.А. Чиж. 

Теплофизические свойства и структура отложений 

на поверхностях нагрева энергетического 

оборудования // Известия высших учебных 

заведений и энергетических объединений СНГ. 

Энергетика: Международный научно-технический и 

производственный журнал. 2007, №1, с. 55-60. 

38. В.А. Мамет., О.И. Мартынова. Процессы 

«хайд аут» (местного концентрирования) примесей 

котловой воды парогенераторов АЭС и их влияние 

на надежность работы оборудования // Теплоэнер-

гетика. 1993, №7, c. 2-7 

39. Т.Х. Маргулова. Водные режимы тепловых 

и атомных электростанций. М.: «Высшая школа», 

1987, 320 с. 

40. О.И. Мартынова. Влияние гидродинамики 

потока и тепловых параметров на отложение 

взвешенных в водном теплоносителе примесей на 

необогреваемой стенке канала. М.: «МЭИ», 1974, 

в. 200, с. 116-125. 

41. R.L. Tapping, C.W. Turner, R.H. Thompson, 

R.H. Thompson // Corrosion. 1991, v. 47, N 6, p. 489-

495. 

42. А.Е. Федосеев, Т.М. Буланова, Ю.Д. Гонча-

ренко. Исследование характера повреждения 

теплообменных труб парогенераторов 2 блока 

Балаковской АЭС. Новые технологии для 

энергетики, промышленности и строительства // 

Сборник статей. Димитровград: ГНЦ РФ НИИАР, 

1998, с. 38-42. 

43. А.В. Шутиков, В.Е. Савченко, Ю.М. Вигра-

ненко, В.А. Хрусталев. Пути совершенствования 

водно-химического режима второго контура АЭС с 

ВВЭР1000 // Известия Томского политехнического 

университета. 2008, т. 312, № 2, с. 39-43. 

44. ПНАЭ Г-7-008-89 «Правила устройства и 

безопасной эксплуатации оборудования и 

трубопроводов атомных энергетических 

установок». 

45. Р. Петерсон. Коэффициенты концентрации 

напряжений. М.: «Мир», 1977, 302 с.  

46. В.В. Панасюк. Механика разрушения и 

прочность материалов: Справочник. Киев: 

«Наукова думка», 1990, т. 4, 680 с.  

47. Нормы для котлов и сосудов давления. 

Оценка дефектов в трубопроводах из аустенитной 

стали // Теоретические основы инженерных 

расчетов. 1986, т. 3, с. 146-171. 

48. В.В. Панасюк, М.П. Саврук, А.П. Дацышин. 

Распределение напряжений около трещин в 

пластинах и оболочках. Киев: «Наукова думка», 

1976. 

49. Г.П. Карзов, С.А. Суворов, В.А. Федорова, 

А.В. Филиппов и др. Основные механизмы 

повреждения теплообменных труб на различных 

этапах эксплуатации парогенераторов типа ПГВ-

1000 // 7-й Международный семинар по 

горизонтальным парогенераторам: Сборник 

трудов. Подольск. ФГУП ОКБ «Гидропресс», 2006. 

50. П.А. Акользин, В.В. Герасимова, В.В. Гера-

симов, В.П. Горбатых. Локальная коррозия металла 

теплоэнергетического оборудования // Под ред. 

В.П. Горбатых. М.: «Энергоатомиздат», 1992, 325 с. 

51. Д.С. Немытов. Влияние эксплуатационных и 

конструкционных факторов на ресурс 

теплообменных труб парогенераторов АЭС с 

ВВЭР-1000: Автореф. дис. … канд. техн. наук. М., 

2009. 

52. P. Hernalsteen, J. Berthe. Strategic mana-

gement of steam generators // The Nuclear Engineer. 

1991, N 32(2), p. 34-37. 

53. В.П. Горбатых, Е.В. Середа. Оценка 

результатов ресурсных испытаний аустенитной 

стали в условиях коррозии под напряжением // 

Теплоэнергетика. 1984, №110, с. 22-25. 

54. Т.П. Хоар. Анодное поведение металлов // 

Новые проблемы современной электрохимии / 

Перев. с англ. М., 1962, с. 284-376. 

55. В.П. Горбатых. Влияние сочетания аммиака 

и медьсодержащих сплавов на коррозионное 

растрескивание трубных пучков парогенераторов из 

аустенитных сталей. Целостность трубок 

парогенераторов // Материалы Регионального 

семинара МАГАТЭ, Удомля, 27-30 ноября 2000. М.: 

«ЭНИЦ ВНИИАЭС», 2001, с. 123-130.  

56. В.П. Горбатых, С.О. Иванов. Дислокацион-

но водородная модель коррозионного растрес-

кивания под напряжением // Надежность и 

безопасность энергетики. 2012, №17, с. 50-54. 

57. И.Г. Овчинников. Влияние водородо-

содержащей среды при высоких температурах и 



ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. №5(147)  45 

давлениях на поведение металлов и конструкций из 

них // Науковедение. 2012, №04. 

58. В.В. Панасюк, А.Е. Андрейкив, В.С. Харин. 

Теоретический анализ роста трещин в металлах под 

воздействием водорода // ФХММ. 1981, №1, с. 61-75. 

59. В.В. Сагарадзе, Ю.И. Филиппов, А.Ф. Мат-

виенко. Структурные аспекты коррозионного 

растрескивания под напряжением сталей 

магистральных газопроводов // Тр. Науч. практич. 

сем. «Проблемы старения сталей магистральных 

трубопроводов». Н. Новгород, 2006, с. 148-163. 

60. Ю.Г. Матвиенко. Модели и критерии 

механики разрушения. M.: «Физматлит», 2006, 328 с. 

61. И.М. Неклюдов, Н.В. Камышанченко. 

Основы физики прочности и пластичности 

металлов: Учебн. пособие. Белгород: Изд-во БелГУ, 

2003, 488 с. 

62. В.В. Чиченин, В.А. Кишневский, А.С Грица-

енко и др. Исследование скорости коррозии и 

накопления отложений при упаривании 

циркуляционной воды в лабораторных условиях // 

Восточно-Европейский журнал передовых 

технологий. 2015, т. 5, №8(77),  с. 52-58. 

63. В.Г. Азбукин, В.И. Горынин, В.Н. Павлов. 

Перспективные коррозионно-стойкие стали для 

оборудования и трубопроводов АЭС. СПб.: Изд-во 

ЦНИИ КМ «Прометей», 1997, 118 с. 

64. A.A. Tiamiyu, U. Eduok, A.G. Odeshi, and 

J.A. Szpunar. Effect of prior plastic deformation and 

deformation rate on the corrosion resistance of AISI 321 

austenitic stainless steel // Mater. Sci. Eng. A. 2019, 

v. 745, p. 1-9. 

65. Е.А. Ульянин. Структура и коррозия 

металлов и сплавов. М.: «Металлургия», 1989, 400 с. 

66. Г.П. Карзов, А.Д. Каштанов, В.Г. Марков. 

Коррозионно-механическая прочность сталей с γ- и 

α-решеткой в контакте с жидкометаллическим 

теплоносителем на основе свинца // Вопросы 

материаловедения. 2009, №3(59), c. 315-328. 

67. K. Guan, X. Xu, H. Xu, and Z. Wang. Effect of 

aging at 700 °C on precipitation and toughness of AISI 

321 and AISI 347 austenitic stainless-steel welds // 

Nucl. Eng. Des. 2005, v. 235, p. 2485-2494. 

68. A. Pardo et al. Influence of Ti, C and N 

concentration on the intergranular corrosion behaviour 

of AISI 316Ti and 321 stainless steels // Acta Mater. 

2007, v. 55, p. 2239-2251. 

69. V. Moura, A.Y. Kina, S.M. Tavares, L.D. Lima, 

and F.B. Mainier. Influence of stabilization heat 

treatments on microstructure, hardness and intergranular 

corrosion resistance of the AISI 321 stainless steel // J. 

Mater. Sci. 2008, v. 43, p. 536-540. 

70. J. Talonen, P. Aspegren, H. Hänninen. 

Comparison of different methods for measuring strain 

induced α-martensite content in austenitic steels // 

Mater. Sci. Technol. 2004, v. 20, p. 1506-1512. 

71. J. Talonen, H. Hänninen. Formation of shear 

bands and strain-induced martensite during plastic 

deformation of metastable austenitic stainless steels // 

Acta Mater. 2007, v. 55, p. 6108-6118. 

72. T. Janda, Š. Jeníˇcek, L. Kuˇcerová, et al. 

Influence of Higher Stabilization Temperatures on the 

Microstructure and Mechanical Properties of Austenitic 

Stainless Steel 08Ch18N10T // Metals. 2023, v. 13, 

p. 975. 

 

Article received 16.08.2023 
 

ОГЛЯД: ДОСЛІДЖЕННЯ ПРОЦЕСІВ ПОШКОДЖЕННЯ ТЕПЛООБМІННИХ ТРУБ 

ПАРОГЕНЕРАТОРІВ ВВЕР-1000 

О.Г. Руденко, С.В. Гоженко 

Проведено аналіз експлуатаційних пошкоджень теплообмінних труб у парогенераторах енергоблоків 

ВВЕР-1000. Розглянуто процеси забруднення поверхонь теплообмінних труб парогенераторів ПГВ-1000М. 

Проаналізовано процеси зародження та зростання корозійних виразок на поверхні теплообмінних труб. 

Запропоновано процес зародження корозійних виразок та розвитку тріщин у металі теплообмінних труб, 

який включає спільну дію корозійно-активного середовища та неметалевих включень у теплообмінних 

трубах. 

 


