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The article presents an analysis of the corrosion properties of structural ma-
terials for primary circuit of light-water reactors. Results of autoclave test-
ing of austenitic stainless steels 06Cr18Ni10Ti, 08Cr18Ni10Ti and chromi-
um–nickel alloy 42CrNiMo in a model environment of primary coolant at a 

temperature of 350°C and a pressure of 16.5 MPa are presented. Corrosion 

resistance is estimated by the rate of mass change and the appearance of the 

samples, the microstructure of the oxide films, and the amount of metal that 

entered into reaction with the corrosion environment. As established, the 

samples of the 42CrNiMo alloy, in contrast to the Cr18Ni10Тi steel samples, 

are oxidized with a mass gain of 9 mg/dm2
 for 10 000 hours of testing. The 

mass index of stainless-steels’ corrosion during the same exposure time al-
most did not change and is of 0–−2 mg/dm2. The reflectivity of the surface of 

the samples is decreased slightly, the oxide film is firmly attached to the 

metal substrate; there is no local corrosion or deposits that indicates the high 

corrosion resistance of the studied materials. The study of the morphology of 

the oxide-films’ surface reveals that compact pyramidal-shaped microcrys-
talline precipitates grow during autoclaving. The corrosion products are 

chemically removed from the surface of the samples to evaluate the corrosion 

damage of the studied materials. As shown, after 10 000 hours, the corrosion 

loss of Cr18Ni10Ti grade steels is of 55 mg/dm2, and for 42CrNiMo alloy, it is 

5 mg/dm2. As established, the dissolution coefficient of oxide films, that is 
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the ratio of the mass of the oxide film transferred to the corrosion environ-
ment to the total mass of oxide formed during oxidation of the material, is 

almost zero for the 42CrNiMo alloy, while it is of 30% for stainless steels. 
This indicates that the application of the 42CrNiMo alloy as a reactor-core 

structural material will allow eliminating significantly such an undesirable 

phenomenon as the transfer of corrosion products into the circuit and their 

further activation. The dependence approximating the corrosion kinetics of 

stainless steels and Cr–Ni alloy is established. At the initial stages of auto-
clave exposure (up to 1000 hours), mass loss is described by a power law with 

an index of power of 0.817 and 0.720 for steels 06Cr18Ni10Ti and 

08Cr18Ni10Ti, respectively. Moreover, the indices of power are of 0.347 and 

0.352 for longer tests. The experimental results of the mass change of the 

42CrNiMo-alloy samples obtained over the entire period of testing are de-
scribed by one law with an index of power of 0.510. Based on the results of the 

work, the main conclusion is made that the chrome–nickel alloy 42CrNiMo, 

in contrast to the stainless steels Cr18Ni10Ti, possess a higher corrosion re-
sistance under model conditions of the light-water reactors’ primary coolant. 

Oxide films growing on 42CrNiMo surface have almost no tendency to dis-
solve, in contrast to Cr18Ni10Ti steels with the dissolution coefficient of 

30%. 

Key words: corrosion, water reactor, oxide, autoclave testing, kinetics of 

corrosion, 42CrNiMo, Cr18Ni10Ti. 

У статті проведено аналізу корозійних властивостей конструкційних ма-
теріялів першого контуру легководних реакторів. Наведено результати 

автоклавних випробувань аустенітних неіржавійних криць 06Х18Н10T, 

08Х18Н10T та хромоніклевого стопу 42ХНМ в модельному середовищі 
теплоносія першого контуру за температури у 350°C і тиску у 16,5 МПа. 
Корозійна стійкість оцінювалася за швидкістю зміни маси та зовнішнім 

виглядом зразків, мікроструктурою окисних плівок і кількістю металу, 

який вступив у взаємодію з корозійним середовищем. Встановлено, що 

зразки зі стопу 42ХНМ, на відміну від криць Х18Н10Т, окиснювалися з 

приростом маси у 9 мг/дм2
 за 10 000 годин випробувань. Масовий показ-

ник корозії криць за цей самий час майже не змінювався та становив 0–
−2 мг/дм2. Відбивна здатність поверхні металів знизилася незначно, окис-
на плівка була міцно зчеплена з основою, будь-які прояви локальної коро-
зії та відкладень були відсутні, що свідчить про високу корозійну стій-
кість досліджуваних матеріялів. Дослідження морфології поверхні окис-
них плівок показало, що під час автоклавування на їхній поверхні фор-
муються компактні мікрокристалічні виділення пірамідальної форми. 

Для визначення корозійного ураження досліджуваних матеріялів прове-
дено видалення продуктів корозії хемічним способом з поверхні зразків. 
Показано, що за 10 000 годин корозійні втрати криць Х18Н10Т станов-
лять 55 мг/дм2, стопу 42ХНМ  5 мг/дм2. Встановлено, що коефіцієнт ро-
зчинення окисних плівок, який показує відношення маси окисної плівки, 

що перейшла до корозійного середовища, до загальної маси окису, що 

утворився при окисненні матеріялу, для стопу 42ХНМ дорівнює нулю, в 

той час як для криць він становить 30%. Це свідчить про те, що застосу-
вання стопу 42ХНМ у якості конструкційного матеріялу активної зони 
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уможливить в значній мірі нівелювати таке небажане явище, як винесен-
ня продуктів корозії в контур і подальша активація їх. Визначено залеж-
ність, що апроксимує кінетику корозії криці та стопу. На початкових ста-
діях корозії (до 1000 годин) втрата маси описується степеневою залежніс-
тю з показником степеня 0,817 і 0,720 для криць марок 06Х18Н10T та 

08Х18Н10T відповідно. За більш тривалих випробувань показники сте-
пеня становили 0,347 і 0,352. Експериментальні результати щодо зміни 

маси зразків стопу 42ХНМ, одержані за весь період дослідження, опису-
ються однією залежністю з показником степеня 0,510. За результатами 

роботи зроблено основний висновок, що хромоніклевий стоп 42ХНМ на 

відміну від неіржавійних криць Х18Н10Т в модельних умовах теплоносія 

першого контуру легководного реактора має більш високу корозійну 

стійкість. Окисні плівки, які утворюються на його поверхні, майже не 

мають схильности до розчинення на відміну від криць Х18Н10Т, для 

яких коефіцієнт розчинення становить 30%. 

Ключові слова: корозія, водяний реактор, окис, автоклавне випробуван-
ня, кінетика корозії, 42ХНМ, Х18Н10T. 
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1. INTRODUCTION 

There are numerous physical and chemical issues related to ensuring 

equipment reliability and safety under the operation conditions of nu-
clear power plants (NPPs) with a water coolant: corrosion of structural 
materials in the coolant flow; mass transfer and deposition of corro-
sion products; concentration of impurities; accumulation of radioac-
tive corrosion products and their removal from circuits. 
 Corrosion resistance of structural materials for the nuclear power 

installations equipment largely depends on the water chemistry regu-
lation. Therefore, even after the commissioning of the first NPP, the 

problem of establishment and maintaining such physicochemical pa-
rameters of the coolant that would prevent damage to circuit equip-
ment remains relevant [1]. Depending on the material, there is always 

a certain loss of structural material due to general corrosion (from 

≅ 0.2 mm/year to 2 mm/year) [2, 3]. The accumulated experience makes 

it possible to ascertain that there is no comprehensive description of 

the mechanism of corrosion products formation, mass transfer and 

deposition in the nuclear installation circuits. 
 Austenitic stainless steels are widely applied in nuclear reactor en-
gineering due to satisfactory mechanical characteristics. In the first 

reactors of the Soviet design at the beginning of nuclear power indus-
try time, the fuel rod claddings were made of Cr18Ni10Ti steel. Aus-
tenitic steels and high-nickel alloys were also applied in western-design 

reactors [4]. However, a significant genetic disadvantage of these ma-
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terials is susceptibility to stress corrosion cracking (SCC) due to radia-
tion-induced depletion of grain boundaries by chromium [5, 6]. 
 Chromium-nickel alloy 42CrNiMo, developed at JSC ‘VNIIM’, con-
tains 42% by mass of chromium, 1.5% by mass of molybdenum, and the 

rest is nickel. It is widely applied as a material for fuel rod claddings in 

the nuclear marine propulsion reactors [7–10]. Experience has demon-
strated that the application of the 42CrNiMo alloy as a material for 

fuel rod claddings has never been accompanied by the depressuriza-
tion, including tests of fuel assemblies with claddings 0.15 mm thick 

[11]. Recently, the increased interest in this alloy is due to its applica-
tion as a cladding material for the absorbing rods of the rod cluster 

control assembly (RCCA) of VVER reactors [7, 10, 12, 13]. This alloy is 

promising for application as fuel rod cladding material for low-power 

nuclear reactors and VVERs [14, 15]. 
 The 42CrNiMo alloy possess exceptionally high corrosion resistance 

in water and water steam with impurities of chlorine ions and other 

aggressive environments. Unlike steels, it is not susceptible to SCC, 
and unlike zirconium alloys, in accidents it is almost not susceptible to 

reaction with water steam accompanied by increased hydrogen release. 
The alloy is structurally stable at temperatures of 300–350°C and test-
ing exposure time of 60 000 hours, it possesses high strength and plas-
ticity, and high manufacturability. A positive property of the alloy is 

high plasticity at operating temperatures in the irradiated state [16]. 

According to the set of characteristics, the alloy even has the prospect 

of being applied for a fairly large resource as a material for reactor 

pressure vessel, steam generator vessel and piping systems, as well as 

systems of the first wall of the water-cooled blanket of the Interna-
tional Experimental Thermonuclear Reactor [7]. 
 After the Fukushima accident, a requirement arose to develop acci-
dent tolerant fuel rods. It was necessary to make a choice among the 

materials that guarantee high performance characteristics, as well as 

the integrity of fuel rod claddings and fuel assemblies under condi-
tions of maximum design accidents and in some cases of beyond-
design-basis accidents [17]. Not a single case of depressurization of the 

42CrNiMo alloy as a material for fuel rod claddings of nuclear marine 

propulsion reactors was detected during the operation, including tests 

of fuel assemblies with a 0.15 mm fuel rod cladding wall thickness 

[11, 18]. 
 A feature of the VVER-1000 reactor core is the significant surface 

area of the fuel rod claddings, which are in contact with the coolant 

(≅ 12500 m2). In addition, the surface area of steam generator tubes 

made of stainless steel Cr18Ni10Тi is more than 600 m2. The corrosion 

process of stainless steel in the VVER primary circuit is accompanied 

by the transfer of corrosion products into the coolant [1]. 
The potential replacement of zirconium alloys for fuel rod claddings 
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with 42CrNiMo alloy in the case of even a slight release of corrosion 

products may result in their activation with a further increase in the 

radioactivity of the equipment and radiation burden to personnel. 
However, due to the specifics of the 42CrNiMo alloy application, there 

is no publicly available information on its oxidation kinetics. At the 

same time, the kinetics can be approximated by several laws: linear, 
parabolic, cubic, and logarithmic [19]. 
 The corrosion resistance of a metal is specified by the corrosion rate 

under certain conditions. Corrosion resistance can be estimated by the 

mass change of the metal because of corrosion process, related to a unit 

of surface area and a unit of time. The mass of some metals and alloys 

can increase or decrease because of corrosion process. It is known that 

under the conditions of the VVER-1000 primary circuit, the corrosion 

of austenitic stainless steels of the Cr18Ni10Ti grade is accompanied 

by a mass loss and, according to [20, 21], after 120000 hours of testing 

it is 1⋅10–4
 g/m2⋅h. The amount of corrosion products (CP) transferred 

to the coolant due to corrosion process of the VVER-440 equipment is 

more than 12 kg/year [22]. 
 The mass loss of Cr18Ni10Ti steel equipment components under the 

conditions of the VVER-1000 primary circuit is caused by the partial 
dissolution of the outer surface layer of the multilayered oxide film 

under certain conditions. In some cases (significant fluctuations in 

pH, high flow rate of the coolant), the mass loss can result in a nega-
tive value of the mass index of corrosion. That is, the mass index of 

corrosion, which is based on the mass change of samples during the 

testing, is not informative for such materials, since conditions may 

arise in the environment when the mass index would be constant (the 

rate of oxide formation will coincide with the rate of dissolution). Nev-
ertheless, this does not mean that corrosion does not occur. 
 The research of the above-mentioned structural materials and the 

assessment of their corrosion resistance are of great importance both 

for the building of state-of-the-industry nuclear installations and for 

life extension of existing ones. This issue is relevant against the back-
ground of global trends in the designing of SMR reactors with reduced 

maintenance. It will be possible to design installations and the coolant 

purification system at a state-of-the-industry level if foreknow such 

parameters as the rate of metal loss or the rate of wall thinning of the 

workpiece due to corrosion, as well as the kinetics of the corrosion 

products transfer to the corrosion environment. 
 The purpose of the research was to evaluate the corrosion resistance 

of austenitic stainless steels of the Cr18Ni10Ti grade and the 

42CrNiMo chromium-nickel alloy under the conditions of the VVER-
1000 primary water chemistry and the corrosion resistance of the 

42CrNiMo alloy compared to the results for 06Cr18Ni10Ti and 

08Cr18Ni10Ti steels. 
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2. PROBLEM STATEMENT AND OBJECTIVE OF THE STUDY 

Thin-walled weldless tubes made of stainless steels 06Cr18Ni10Тi, 
08Cr18Ni10Тi and chromium-nickel alloy 42CrNiMo with an outer di-
ameter of 8.2 mm and a wall thickness of 0.6 mm, manufactured ac-
cording to the technical specifications given in Table 1, were selected 

for the research. The production of these tubes is currently mastered 

by some Ukrainian enterprises. The selected materials are of high qual-
ity, as these enterprises have been supplying products of the 1st

 and 2nd
 

safety classes for SE ‘NNEGC ‘Energoatom’ for many years. These 

products are used in the equipment of all 15 nuclear power units of 

Ukrainian NPPs both directly in the core and in the 2nd
 and 3rd

 circuits. 
 The production and preparation of samples for corrosion tests was 

carried out in accordance with the requirements of GOST 9.908-85 

[23]. The tests were carried out in static autoclaves at a temperature of 

350°C under a pressure of 16.5 MPa in accordance with the require-
ments of the ASTM-G2M standard. The total testing exposure time was 

10000 hours. The composition of the corrosion environment was as fol-
lows: chemically demineralized water, H3BO33 g/dm3, NH33 

mg/dm3, KOH12.3 mg/dm3, pH25=7.2. The test was divided into stag-
es. The duration of the stages was 75, 150, 300, 500, 1000, 1 800, 

2 500, 6 000, 6 500, 7 000, 8 000, 9 000 and 10 000 hours. At the end of 

each stage, 3 samples were removed from the autoclave testing for 

weighing and examination of the appearance. 
 Corrosion resistance was estimated according to [23]the ratio of 

mass change rate of the samples to the surface area (when testing for 

resistance to general corrosion) and to the exposure time. 

3. RESEARCH RESULTS 

3.1. Autoclave testing 

The generalized results of mass change of 42CrNiMo alloy as well as 

06Cr18Ni10Ti and 08Cr18Ni10Ti steels samples after autoclave test-

TABLE 1. Materials’ composition. 

Material 
Technical 
Specifica-

tions 

Mass fraction of elements, % 

С Si Mn Mo Cr Ni Fe S 

Cr18Ni10Тi 14-3-219-89 0.03−
0.06 

< 0.8 1.0− 

2.0 
− 17.0−

19.0 
10.0−
11.0 

Base < 0.015 

42CrNiMo 14-1-5436-2001 < 0.03 < 0.25 < 0.2 1.0− 

1.5 
41.0−
43.0 

Base < 0.6 < 0.01 
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ing are given in Fig. 1. The obtained results revealed that corrosion of 

06Cr18Ni10Ti steel samples is accompanied by a mass loss (Fig. 1. a). 
Based on information in literature sources [24], the main mechanism 

of mass loss is the dissolution of the oxide film surface layers. The 

most intensive mass change was observed at the first stages of testing 

(up to ≅ 1.800 hours). Further testing resulted in mass loss at almost 

the same rate. The mass loss of 06Cr18Ni10Ti steel samples was 

3 mg/dm2
 after 10 000 hours of testing. 

 At the initial stages of testing (up to 500 hours), a small mass gain 

(≅ 1–2 mg/dm2) was detected for 08Cr18Ni10Ti steel samples 

(Fig. 1. b). Further testing resulted in a mass loss. The rate of mass loss 

of the 06Cr18Ni10Ti and 08Cr18Ni10Ti steel samples was almost the 

same after exposure for more than 2000 hours, as evidenced by the 

slope of the curves in Fig. 1. a and Fig. 1. b. It can be assumed that the 

most likely reason for the temporary mass gain of the 08Cr18Ni10Ti 
steel samples at the initial stages of testing (up to 500 hours) is the dif-
ference in the surface treatment from the 06Cr18Ni10Ti samples. 
 Corrosion of 42CrNiMo alloy samples is characterized by a constant 

mass gain, in contrast to 06Cr18Ni10Ti and 08Cr18Ni10Ti samples. 

  
a b 

 
c 

Fig. 1. Mass change of samples during autoclave tests at 350°C and 16.5 MPa: 
a06Cr18Ni10Ti, b08Cr18Ni10Ti, c42CrNiMo. 
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The rate of mass gain of 42CrNiMo samples was not constant, and at 

the initial stages of testing (up to 1.800–2.500 hours) it was higher 

than at the final stages (from 2 500 to 10 000 hours). The dependence 

that describes the mass change of the samples on the test time 

(Fig. 1. c) is damping, which indicates the protective properties of the 

oxide films. The mass gain of 42CrNiMo samples was almost 9 mg/dm2
 

after 10 000 hours of testing. 

3.2. Appearance of samples 

The surface of the 42CrNiMo samples became a solid dark yellow 

(straw) colour without cracks and defects, with high reflectivity after 

autoclave tests. The surface of 06Cr18Ni10Ti and 08Cr18Ni10Ti sam-
ples had the same dark grey colour. Based on the general concept of 

corrosion, the high reflectivity of the samples surface and the absence 

of loose deposits on the surface indicate the high corrosion resistance 

of the researched materials. 
 The surface morphology of the oxide films was studied at a magnifi-
cation of up to 25 000 times by means of SEM. On the SEM micrograph 

of surfaces of the oxide films both 42CrNiMo alloy and Cr18Ni10Ti 
steels samples, it is noticeable that, compact pyramidal-shaped micro-
crystalline precipitates formed during autoclaving (Fig. 2). The most 

likely mechanism of their formation is the dissolution of the surface 

layers of the oxide film and the subsequent formation of pyramidal 
precipitates. It can be noted that on the 42CrNiMo samples, most of the 

pyramidal precipitates have a quadrangular base (Fig. 2, a), and on the 

Cr18Ni10Ti samples they have a pentagonal base (Fig. 2, b). The sur-
face morphology of the samples was studied at all stages of testing and 

  
a b 

Fig. 2. SEM micrographs of surface morphology of oxide films on 42CrNiMo 

samples (a) and Cr18Ni10Ti samples (b) after 500 hours of autoclave testing. 
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it almost does not differ from the micrographs given in Fig. 2. 

3.3. Estimation of the amount of metal transformed into oxide after 

long-term autoclave tests by chemical removing corrosion products 

from the surface of the samples 

The results of autoclave tests revealed that mass gain of 42CrNiMo 

samples was 9 mg/dm2
 after 10 000 hours of testing, and Cr18Ni10Ti 

samples2–3 mg/dm2. A greater mass gain of 42CrNiMo samples does 

not mean lower corrosion resistance. Two mutually competing process-
es occur during oxidizing of similar materials: the formation of oxide 

film results in a mass gain; dissolution/spalling of the outer layers of 

the oxide filma mass loss. To establish the valid corrosion rate is pos-
sible only after establishing the actual amount of metal lost during 

corrosion process. It becomes possible only after removing the oxide 

film, which has a strong adhesion to the metal surface. 
 According to GOST 9.908-85 [23], it is advisable to implement the 

mass index of corrosion for materials that oxidize with formation of 

loose or soluble corrosion products on the surface. The mass index of 

corrosion reflects the mass loss per unit of surface area. It is necessary 

to remove the oxide film from the surface of the sample to determine 

the mass of the material that transformed into oxide during testing. 
The removal of the oxide film is regulated by ISO 8407:1991 [25]. The 

methods specified in this standard are designed to remove corrosion 

products without significant dissolution of the base metal. This allows 

estimating accurately the corrosion losses of samples after exposure in 

a corrosion environment. 
 Based on the experience of performing similar works on the removal 
of corrosion products formed on samples during autoclave tests at 

350°C and 16.5 MPa [26], a method was chosen that consists in the oxi-
dation of the constituent oxide films in a KMnO4 solution and subse-
quent two-stage etching in the solution of EDTA (ethylenediaminetet-
raacetic acid) and H3Cit (citric acid) at temperatures in the range of 

90–160°C. The micrograph of the 08Cr18Ni10Ti stainless-steel sample 

surface after autoclave testing for 3500 hours and after different 

stages of the oxide film removal process is given in Fig. 3. The appear-
ance of the oxide films indicates that one cycle of surface etching after 

KMnO4 treatment is sufficient. 
 Evaluation of the effect of the studied solutions for removing the 

oxide film revealed that the etching stages do not result in significant 

dissolution of the base metal by the method described above. The mass 

change of the samples after one stage (cycle) of removal did not exceed 

0.25 mg/dm2. Mainly the components of the oxide film undergo oxida-
tion in the KMnO4 solution. Therefore, it can be assumed with some 

certainty that, because of sequential treatment of the samples with the 



490 V. A. ZUYOK, R. A. RUD, M. V. TRETYAKOV et al. 

specified solutions, only the oxide layer is removed, without signifi-
cant dissolution of the base metal. 
 When removing the oxide film from the surface of the samples of 

each batch, control samples of the same alloys, but with an unoxidized 

surface, were used to confirm significant etching of the base by solu-
tions. After three surface treatments of 06Cr18Ni10Ti and 

08Cr18Ni10Ti samples, it was established that the mass change before 

and after testing did not exceed 1 mg/dm2
 for the first treatment cycle, 

and 0.25 mg/dm2
 for subsequent treatment cycles, which, according to 

[25], makes this recipe acceptable for chemical removal of the oxide 

film without significant effect on the base metal. 

  
a b 

  
c d 

Fig. 3. SEM micrographs of surface morphology of 08Cr18Ni10Тi samples af-
ter autoclave testing and after different stages of oxide film removal: 
aafter autoclave testing, 3500 hours; boxidation in КMnO4 solution; 
cetching for 4 hours in EDTA and Н3Cit; detching for 4 hours in EDTA 

and Н3Cit. 
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 It should be noted that the specified recipe had a significant effect 

on the metallic base of the 42CrNiMo alloy samples. The weight loss of 

the samples during processing reached 3 mg/dm2
 in one cycle. It was 

decided to reduce the processing temperature from 160°C to 95°C to 

reduce the effect on the base metal. This resulted in lower losses of the 

base metal (2 mg/dm2), but the surface of the samples after processing 

remained dark and without a characteristic metallic lustre. Since this 

method of removing oxide films formed during autoclave tests proved 

to be the most optimal, its composition and processing parameters were 

optimized for the 42CrNiMo alloy. 
 The dependence of the mass change of austenitic stainless steels 

samples and chromium-nickel alloy, pre-oxidized in an aqueous envi-
ronment at a temperature of 350°C and a pressure of 16.5 MPa after 

removal of oxide films, on the testing exposure time is shown in Fig. 4. 
According to the obtained results, not all the oxide film transfers into 

the aqueous environment during autoclave tests. The amount of metal 
that has turned into oxides increases with the exposure time of the au-
toclave testing. 

  
a b 

 
c 

Fig. 4. Mass change of samples after autoclave tests at 350°С and 16.5 MPa 

and chemical removal of oxide films: a06Cr18Ni10Ti; b08Cr18Ni10Ti; 

c42CrNiMo. 
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 At the initial stages of testing (up to 1000−1800 hours), all steel 
samples were characterized by a high rate of oxidation, that was evi-
denced by a more intense mass change after removing the remains of 

the oxide film. The rate of mass loss decreases with increasing testing 

exposure time. The first 1000 hours of testing resulted in a metal mass 

loss of ≅ 30 mg/dm2
 for 06Cr18Ni10Ti samples (Fig. 4, a) and 

≅ 25 mg/dm2
 for 08Cr18Ni10Ti (Fig. 4, b), which corresponds to an av-

erage mass loss rate of 0.030 mg/(dm2·h) and 0.025 mg/(dm2·h), respec-
tively. The average rate of mass loss over 10 000 hours was 

≅ 0.0064 mg/(dm2·h) for the 06Cr18Ni10Ti steel samples and 

≅ 0.0055 mg/(dm2·h) for the 08Cr18Ni10Ti. In accordance with the ex-
isting ideas about corrosion, such damping curve of the dependence of 

the mass change on the testing exposure time confirms the protective 

properties of the oxide films formed on the samples. 
 Based on the results of measuring the mass change of the 42CrNiMo 

alloy samples after removing the oxide films (Fig. 4, c), the rate of 

transformation of the metal into the oxide for this alloy is much lower 

and is 0.0022 mg/(dm2·h) in the first 1 000 hours, in contrast to the av-
erage rate for Cr18Ni10Ti steels, which is about 0.0255 mg/(dm2·h) for 

the same period. During longer tests (more than 1 000 hours), the rate 

of mass loss of 42CrNiMo alloy samples decreases by almost 2 times 

and is 0.0010 mg/(dm2·h), while for Cr18Ni10Ti steels, a decrease of 

almost 4.5 times was registered. The change in corrosion rate over time 

can be estimated by the slope of the mass loss curve shown in Fig. 4, c. 
 Summarizing the given results, it can be concluded that the 

06Cr18Ni10Ti and 08Cr18Ni10Ti steels are oxidized at almost the 

same rates, which was shown by the results of the mass change after 

autoclave tests and after removing the oxide films. The results of es-
timation the mass of lost metal during oxidation revealed that the cor-
rosion resistance of the 42CrNiMo alloy is almost 5−6 times higher 

than that of austenitic stainless steels of the Cr18Ni10Ti grade. The 

obtained experimental results, with appropriate reduction, allow esti-
mating the following: 
• dissolution coefficient of outer surface layers of oxide films during 

corrosion of steels 06Cr18Ni10Ti, 08Cr18Ni10Ti and 42CrNiMo alloy; 
• the kinetics of the corrosion products transfer to the corrosion envi-
ronment at the initial stage (up to 1000 hours) and during long-term 

(more than 2000 hours) testing/operation. 

4. TEST RESULTS REDUCTION 

4.1 Dissolution coefficient of outer surface layers of oxide film 

Based on gravimetric data of the mass change (Fig. 1), one can draw a 
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false conclusion that the 42CrNiMo alloys possess the lowest corrosion 

resistance due to the fact that it has the greatest mass gain. Removing 

the remains of oxide films made it possible to estimate the amount of 

metal that reacted with the corrosion environment and transformed 

into oxide (Fig. 4), which, in turn, allows calculating the amount of 

oxygen necessary for the formation of oxides Fe2O3, Fe3O4, Cr2O3, NiO. 
The amount of oxygen spent on the formation of oxides corresponds to 

the mass change in the case if the surface layers of the oxide film do 

not dissolve. 
 The method of chemical removal of oxide films was implemented be-
cause the etching stage would not result in a significant dissolution of 

the alloy material that was not preliminary oxidized. Only the oxide 

film formed during the autoclave tests undergoes oxidation in the 

KMnO4 solution. At the additional treatment of samples from which 

the oxide film was completely removed in the above-mentioned solu-
tions, the mass loss after chemical removal did not exceed 

0.25 mg/dm2. Therefore, with a certain probability, it can be assumed 

that, because of sequential treatment of samples with the proposed so-
lutions, only the oxide layer is removed, without significant dissolu-
tion of the metal base. 
 Figure 5 shows the summarized results of measuring the mass 

change of 06Cr18Ni10Ti (Fig. 5, a) and 08Cr18Ni10Ti (Fig. 5, b) steel 
samples at different stages of autoclave testing, mass changes after 

removing oxide films, and a calculated curve showing the amount of 

oxygen required for corrosion process. The generalized results reveal 
that if the dissolution of the surface layers of the oxide film did not oc-
cur, then during 10000 hours of testing in the aqueous environment of 

the composition of the VVER-1000 primary coolant at a temperature of 

  
a b 

Fig. 5. Mass change of 06Cr18Ni10Ti (à) and 08Cr18Ni10Ti (b) samples at 

different stages of testing: –calculated mass change in the of the sample 

taken into account absorbed oxygen, ■mass change of studied sample, 

●mass change of sample without taking into account the oxide film (after 

oxide removal). 
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350°C and a pressure of 16.5 MPa, the mass gain of the samples would 

be almost the same ≅ 25.6 mg/dm2
 and 22.0 mg/dm2

 for 06Cr18Ni10Ti 
and 08Cr18Ni10Ti steels, respectively (Table 2). 
 The obtained results made it possible to calculate the dissolution co-
efficient (a) of oxide films formed during autoclave tests. This coeffi-
cient is the ratio of the mass of the oxide film that has transferred to 

the corrosion environment to the total mass of the oxide film that was 

formed during oxidation of the sample. For the above-specified param-
eters of the autoclave tests, the dissolution coefficient was almost the 

same and was 31% and 30% for steels 06Cr18Ni10Ti and 

08Cr18Ni10Ti, respectively (Table 2). 
 When removing oxide films from 42CrNiMo samples, it was estab-
lished that the amount of lost material (−9.6 mg/dm2) almost coincides 

with the mass gain of the samples during the test (9.15 mg/dm2). How-
ever, this is not valid, because the amount of lost metal should be 

≅ 22 mg/dm2
 (additional curve in Fig. 6). Therefore, it can be assumed 

that the recipes developed and tested for austenitic stainless steels do 

not allow removing completely the oxide film from the surface of the 

TABLE 2. Total calculated mass gain (B), amount of lost metal (D) and disso-
lution coefficient (à) of oxide films of the studied alloys samples after 10 000 

hours of autoclave tests. 

Material 
Mass gain 

(B), mg/dm2 
Metal loss 

(D), mg/dm2 
Dissolution coeffi-

cient (a), % 
42CrNiMo 9.15 –9.6 ≅ 0 

06Cr18Ni10Ti 25 –64 31 
08Cr18Ni10Ti 22 –55 30 

 

Fig. 6. Mass change of 42CrNiMo samples at different stages of testing. 
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42CrNiMo sample. That is, it is likely that the recipes need to be 

adapted for processing 42CrNiMo alloy. Nevertheless, the obtained 

results allowed concluding confidently that the dissolution coefficient 

of oxide films on 42CrNiMo samples is insignificant or even equal to 

zero. 

4.2. Kinetics of corrosion and transfer of corrosion products to the 

corrosion environment 

Formulas that describe the corrosion process are of great practical im-
portance. They are part of majority of computer codes for the thermo-
mechanical analysis of both core structural materials and nuclear fuel 
assemblies. Since the corrosion process affects, at least, the thermal 
conductivity of the workpiece surface (the thermal conductivity of the 

oxide is lower than the thermal conductivity of the base metal) and the 

mechanical characteristics (due to a decrease in the thickness of the 

workpiece or cladding). Calculations of corrosion processes are im-
portant in predicting the amount of corrosion products that can trans-
fer to the corrosion environment (the primary coolant), which purity 

requires severe limitations. 
 The corrosion kinetics of metals and alloys can be approximated by 

several laws: linear, parabolic, cubic, and logarithmic [19]. The choice 

of one or another approximation law should be established by experi-
mental results, which may have statistical scatter. For most metals, 
the corrosion kinetics is described by a formula of the following type: 

 
∆

= ⋅ nm
A t

S
, (1) 

where: ∆mmass change of sample, mg; Ssurface area of sample, 
dm2; texposure time, hours; Aproportionality factor; nthe de-
gree of reaction, which depends on the type of material and oxidation 

conditions, for reactor conditions it is in the range from 0.33 to 1.0. 
The degree of reaction (n) defines the approximation law. 
 The experimental results of measuring the mass change of samples 

during autoclave tests at 350°C and 16.5 MPa and after chemical re-
moval of oxide films are presented in logarithmic coordinates in Fig. 7. 
The obtained results for steels of the Cr18Ni10Ti grade are superim-
posed on two segments. On the first segment, the results of tests with 

exposure time up to 1000 hours are given and are characterized by an 

index of power (n) equal to 0.817 and 0.720 for steels 06Cr18Ni10Ti 
and 08Cr18Ni10Ti, respectively (Table 3). On the second segment, the 

test results of testing for more than 1000 hours are given, and the n 

value is 0.347 and 0.352 for steels 06Cr18Ni10Ti and 08Cr18Ni10Ti, 
respectively. 
 The experimental results of measuring the mass change of 
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42CrNiMo samples in logarithmic coordinates are superimposed on one 

segment. The index n of formula 1 for the 42CrNiMo alloy is 0.510. If 

n is calculated for short-term (up to 1000 hours) and long-term (more 

than 1000 hours) test periods, it will be 0.509 and 0.546, respectively. 

5. DISCUSSION OF RESEARCH RESULTS 

The results of corrosion resistance tests of steels 06Cr18Ni10Ti, 

08Cr18Ni10Ti and 42CrNiMo alloy in the model solution of the VVER-
1000 primary coolant at a temperature of 350°C and a pressure of 

16.5 MPa were obtained. At the first stage of the research, the corro-
sion resistance of the alloys was estimated basing on the mass change, 
the appearance of the samples, and the morphology of the oxide films. 
 The results of the autoclave tests revealed that the 42CrNiMo alloy 

samples oxidize with mass gain unlike the Cr18Ni10Ti steel samples. 
After 10000 hours of testing, the mass gain of the 42CrNiMo alloy 

samples was 9 mg/dm2, and that of Cr18Ni10Ti steels was 2−3 mg/dm2. 

 

Fig. 7. Mass change of samples after autoclave testing at 350°С and 16.5 MPa 

and chemical removal of oxide films in logarithmic coordinates. 

TABLE 3. Constants for calculating the amount of oxidized metal for steels 

06Cr18Ni10Ti, 08Cr18Ni10Ti and 42CrNiMo alloy. 

Material 
0−1000 hours 1 000−10 000 hours 

n A n A 
42CrNiMo 0.509 ± 0.04 0.0878 ± 0.03 0.546 ± 0.07 0.0630 ± 0.03 

06Cr18Ni10Ti 0.817 ± 0.04 0.1084 ± 0.03 0.347 ± 0.02 2.6526 ± 0.66 
08Cr18Ni10Ti 0.720 ± 0.05 0.1692 ± 0.06 0.352 ± 0.01 2.1686 ± 0.27 
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A greater mass gain of the 42CrNiMo samples does not mean that this 

alloy possesses lower corrosion resistance. During the corrosion pro-
cess of stainless steels, two mutually competing processes occur: the 

formation of an oxide film, which results in a mass gain; and the disso-
lution/spalling of the surface layers of the oxide filmmass loss. The 

mass loss of Cr18Ni10Ti samples under the conditions of the primary 

coolant is caused by the formation of an oxide film with several layers 

of different composition. The outer layer of the oxide film partially 

dissolves in the corrosion environment under certain conditions, which 

results in a mass loss. In some cases (significant fluctuations in the pH 

of the corrosion environment, a high flow rate of the coolant), the mass 

loss can result in a negative value of the mass index of corrosion. It is 

possible to establish the valid corrosion rate only after establishing the 

actual amount of metal lost during corrosion, which is possible only 

after removing the remains of the oxide film from the surface. 
 The results of the removal of oxide films revealed that not all corro-
sion products are transferred to the aqueous environment during auto-
clave tests. The amount of metal that transforms into oxides increases 

with increasing exposure time of autoclave tests. 
 Figure 8 shows the mass change of stainless-steel samples after au-
toclave tests and chemical removal of oxide films in comparison with 

data from literature sources obtained during inspection of pipes at 

ZNPP-3, NVNPP-2, KolNPP-2, Paks NPP-3 [22, 27, 28]. The results 

obtained during the performance of this research are in the range of 

experimental results obtained at NPPs. This indicates that the test pa-
rameters and the composition of the corrosion environment were se-
lected correctly, and the influence of irradiation on corrosion process-

 

Fig. 8. Mass change of stainless steels according to the results obtained during 

the performance of this research and according to the results in literature 

sources [27]. 
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es is not significant. 
 Based on the results of measuring the mass change of the samples, it 

can be concluded that the corrosion rates of 06Cr18Ni10Ti and 

08Cr18Ni10Ti steels are almost the same. The rate of transformation 

of metal to oxide for the 42CrNiMo alloy is much lower and is 

0.0022 g/(dm2·h) in the first 1000 hours, in contrast to the average rate 

for Cr18Ni10Ti steels, which is about 0.0550 mg/(dm2⋅h) during the 

same time interval. In longer tests (more than 1 000 hours), the corro-
sion rate decreases by almost 2 times and for the 42CrNiMo alloy is 

0.0010 mg/(dm2⋅h), while for Cr18Ni10Ti steels the corrosion rate de-
creases by almost 4−5 times. 
 To estimate the mass loss, it is necessary to use formula 1 with the 

coefficients given for each studied material (Table 3). Calculations re-
vealed that during one reactor cycle (7500 hours) of Cr18Ni10Ti steels 

operation in the core, a mass loss of metal is almost 54 mg/dm2
 (average 

value for 06Cr18Ni10Ti and 08Cr18Ni10Ti), that is equal to 0.68 µm. 

The next reactor cycle will result in the loss of only 0.19 µm of metal. 
For the 42CrNiMo alloy, losses for the first and second reactor cycles 

will be 0.1 µm and 0.04 µm, respectively. Calculations revealed that 

the 42CrNiMo alloy is more resistant to corrosion damage under the 

conditions of the primary coolant. 
 An equally important parameter that characterizes the corrosion 

resistance of the 42CrNiMo alloy is the dissolution index of the oxide 

film, which has a low value. While for Cr18Ni10Ti steels, it is ≅ 30%. 

The surface area of Cr18Ni10Ti stainless steel components in the pri-
mary circuit of VVER-1000 is 12.500 m2, and in the first reactor cycle, 

the transfer of corrosion products in the reactor core will amount to 

20.25 kg. While the transfer of corrosion products into the circuit will 
be minimal or absent for 42CrNiMo alloy components. 

CONCLUSIONS 

1. The paper presents the results of corrosion tests of 06Cr18Ni10Ti, 

08Cr18Ni10Ti steels and 42CrNiMo alloy tubular samples in a model 
environment of the primary coolant of a light water reactor at a tem-
perature of 350°C and a pressure of 16.5 MPa for 10 000 hours. The 

corrosion resistance of the samples was estimated by the mass change 

of the samples after testing, the appearance of the samples, the micro-
structure of the oxide films and the amount of oxidized metal. 
2. The results of autoclave tests in an aqueous environment at a tem-
perature of 350°C and a pressure of 16.5 MPa revealed that, unlike the 

Cr18Ni10Ti steel samples, the 42CrNiMo samples oxidized with mass 

gain. After 10 000 hours of testing, the mass gain for the chrome-
nickel alloy was only ≅ 9 mg/dm2, and for steels0–−2 mg/dm2. 
3. After autoclave tests, the surface of 42CrNiMo alloy samples and 
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06Cr18Ni10Ti and 08Cr18Ni10Ti steel samples had different colours 

but high reflectivity. Based on the general idea of corrosion, the high 

reflectivity of the surface and the absence of loose deposits on the sur-
face indicate the high corrosion resistance of the studied materials. 

The study of the morphology of the oxide films surface revealed that 

during autoclaving, compact pyramidal-shaped microcrystalline pre-
cipitates form on their surface. 
4. The kinetics of mass change in of 06Cr18Ni10Ti and 08Cr18Ni10Ti 
steel samples after testing and after chemical removal of oxide films 

had a similar character. The mass of the samples during the entire time 

of the autoclave tests did not change significantly (0−2 mg/dm2). 
Chemical removal of the oxide film from the surface revealed that for 

10 000 hours of testing, corrosion losses were up to 55 mg/dm2. 
5. It was established that the dissolution coefficient of oxide films, 
which is the ratio of the mass of the oxide film components that has 

transferred into the corrosion environment, to the total mass of oxide 

that was formed during oxidation, is equal to zero for the 42CrNiMo 

alloy. Moreover, this coefficient was 30% on average for steels 

06Cr18Ni10Ti and 08Cr18Ni10Ti. This indicates that the transfer of 

corrosion products into the coolant will actually be absent for the 

42CrNiMo alloy. 
6. The dependences that approximate the corrosion kinetics of 

Cr18Ni10Ti steels and 42CrNiMo alloy were obtained. At the initial 
stages of corrosion (up to 1000 hours), the mass loss was described by a 

power law with indices of power of 0.817 and 0.720 for 06Cr18Ni10Ti 
and 08Cr18Ni10Ti steels, respectively. In longer tests, the power indi-
ces were 0.347 and 0.352, respectively. The results of measuring the 

mass change for the 42CrNiMo alloy samples, obtained over the entire 

period of the research, were described by one law with an index of pow-
er of 0.510. 
7. Basing on the research results, it was concluded that the 42CrNiMo 

alloy possess higher corrosion resistance, and the oxide films that grow 

on its surface do not dissolve significantly in the corrosion environ-
ment, in contrast to the Cr18Ni10Ti steels with the dissolution coeffi-
cient of oxide films of 30%. 
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