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Abstract. The reliability and durability of metal components in engineering systems and
special structures operating under internal pressure depend significantly on changes in material’s
mechanical properties under the combined effects of cyclic loads, elevated temperatures, and a
corrosive environment. This study’s aim: to develop a methodology for calculating the durability
of a vessel subjected to variable pressure, accounting for the influence of a corrosive environment
on the material’s mechanical properties. 10GN2MFA steel’s mechanical properties were
determined through static tensile testing at 10°-10 s~ strain rates in air and distilled water at
280°C, using equipment with a high-pressure chamber. It was found that the steel’s ductility in
high-temperature distilled water decreases significantly at 10*-1075 s strain rates, reaching a
minimum at ¢ = 107%s™1. Based on strain-based criteria for low-cycle failure, the number of
loading cycles to macroscopic crack initiation was calculated. Given a certain deformation time
proportion within the critical strain rate range, the calculated durability in the corrosive
environment is 19-20% lower than in air. The work’s scientific novelty.: the development of a
methodology for calculating durability up to macroscopic crack initiation using steel ductility
characteristics determined in a high-temperature corrosive environment. Unlike standard
approaches based primarily on mechanical properties determined in air, the methodology accounts
for changes in ductility caused by the operating environment. The practical significance: the
potential to apply the approach to calculate the durability of metal components operating under
internal pressure subject to the combined effects of cyclic loads, elevated temperatures, and a
corrosive environment.
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IYJAbCTI HIIKI KbICbIM OCEPIHAEI'T 2KOFAPBI KbICbIM/Ibl
COCYITbBIH MAKPOXKAPBIKINIAK TY3IJIYIHE JEUIHI'T
Y3AKMEP3IMALUII'TH ECEIITEY
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T«M. Oye3oB artbiHaarel OHTYCTiK Kazakcran ynusepcuteti» KeAK, 160012, [lbivkeHT,
Kazakcran

2TalIKeHT UPPUTALNS SKIHE AYBUT IIAPYAIIBUILIFBIH MEXaHUKANAHBIPY HHKEHEpIepi HHCTUTYTHI,
100000, Tamkent, ©O30ekcTan

3XaJILIKapaJILIK 611im 6epy xoproparnusicel, 050028, Anmatsl, Kazakcran

Augarna. [wKi KblCbLMMEH HCYMbIC ICMetmin UHMCeHepiK Jcyliesiep MeH apHaivl
KYPbLIbICIMAPObIH, MEMALL dJIeMeHMMeEPiHiy ceHimMOiNiei MeH Y3aKKa mesiMoiniel Yyukioik
HCYKmeMenepoiy, Hco2apbl MeMnepamypaHbvly HCoHe KOPPO3USANLIK OpmAaHbly OipieckeH
acepiHeH Mamepuanobly MeXaHUuKauvlk Kacuemmepiniy eseepyine mayenodi. Kymvicmoiy
MaKcamol - KOPPO3USILIK OPMAHBIY KOPNYC MAMEPUANbIHbIY MEXAHUKANbIK Kacuemmepine
acepin eckepin, QUHLIMAIbLL KblCbIMOA&bl bIOLICMbIY Y3aKKA MO3IMOINICIH  ecenmey
aoicmemecin aziprey. 10IH2M®A 6Ooramvinbly MeXaHuKaIvlK Kacuemmepi Hco2apol
KblCbIMObL Kamepacwl bap Konovipavioa 280 °C memnepamypaoa ayaa i#carne OUCmulOeH2eH
cyoa, 1073-107% ¢! depopmayusnay sHcoli0aMOLIKMAPLIHOA CMAMUKATLIK CO3Y APKbLIbL
anvikmanowl. Koeapvr memnepamypaoazol cyoa 6orammuiy naacmukanwiivizoel 10*-107 ¢
oehopmayusanay HcblI0AMObLIKMAPLIHOA €e02yip memenden, & =10"° ¢! kpumuxanvly
HCHLIOAMOBIKIMA € MOMEH2l MaHee MHcememini aHblKmanovl. A3 yuxidi OY3vliyobiy
oeopmayusnvly Kpumepuiliepi He2i3iH0e MAaKpPOCKONUSAIBIK HCAPLIKWAK natoa 6on1eana
Oellinel sHcyKkmeme YuKIOepiniy canvl ecenmenoi. [egpopmayusnany yaxKelmoinoly 6encini 6ip
061i2i KPUMUKATILIK HCHLIOAMOBIKIAD AUMARbIHA CIUKeC KelleeHOe, KOPPO3USIbIK Opmaoagul
ecenmik Y3aKka mesimoinix ayaoazvioan wamamer 19—20%-ea momen 6onaowvl. Foirvimu
HCAHATBIK HCORAPLI MEeMNepamypaibl KOppo3usiblK opmaoa mikeneli 3KCHepUMeHmmiK
HCONMEH — aHblKmaneaw — bonammoely — NIACMUKATLUILIK — CURNAMMAMALApbl — He2izinoe
MAKPOCKONUANBIK HCAPLIKWAK natda 0012anea Oelinel bloblcmbly Y3aKKa Me3iMOLliciH
ecenmey adicmemecin azipaeyoe. Heeizinen mamepuanoviy ayadasbl MeXAHUKAIbIK
CUNAMMAMANapblHa CyueHemin HOPMAMUBMIK MaCii0eH aublpMAWbLIbIRbL, 20icmeme
HCYMBIC OPMACLIHBIY 2CEPIHEH NIACMUKATbLILIKMbIY 632epyin eckepedi. [lpakmukanvly
MAaHbI30bIIbIEbL - MACIN0I  YUKNOIK  JICYKmeMenep, HCco2apbl MmemMnepamypa  HcoHe
KOppO3UsIbIK opma Oipaecin acep emkeHoe UK KblCbIMMEH JHCYMbIC ICmetmin MemaJ
aeMeHmmepoiy Y3aKKka mesimoinicin 6azanaya Koi0any MyMKiHOiel.

Tyitin ce3mep: srcoeapwvl KbiCbIMObL COCYO;, MOMEH YUKIOL wapuiay, Kaumaiama
CMAamuKanvlk JcyKmeme, KOPPOIUANLIK OpmMA,; Y3aKMeP3iMOINiK, MaKpOXCapblKULaK,
oehopmayusiiany Hcoli0amowblbl.
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PACYET JOJIT'OBEYHOCTHU COCYJIA BBICOKOI'O
JABJIEHUSA 1O OBPA3OBAHUA MAKPOTPELLIWHBI IIPU
IIYJIBCUPYIOIIEM BHYTPEHHEM JTABJIEHUN
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"HAO «lOsxH0-Ka3axcTaHckuii uccieoBaTenbckuii ynuBepcuteT uMeHdn M. Ayaszosay, 160012,
IIemmkenT, Kazaxcran

>TalKeHTCKUI HHCTUTYT MHKEHEPOB UPPUIallMU 1 MEXAaHU3AIMK CEIbCKOro Xo3siicTsa, 100000,
TamikenT, Y30ekucran

3MexnyHaponas o6pasosaTenbHas koprnopanus, 050028, Anmarsl, Kasaxcran

Aunoramms. Haoedcnocmv u  0oneoeeuHocmv  MeMANIUYeCKUX — INeMEeHmo8
UHDICEHEPHBIX CUCeM U CReYUANbHbIX COOPYIHCeHULl, pabomarowux noo 6HYMpeHHUM
oaenenuem, 3a6Ucim om U3MEHeHUs. MEXAHUYECKUX CE0UCME Mamepuala npu co6MecmHoM
8030€eticmeUU YUKIUYECKUX Hazpy30K, NOGLIUEHHOU MeMNepamypbl U KOPPO3UOHHOU CPeobi.
Llenv pabomul - pazpabomams MemoouKy pacuema 001208€4HOCMU cOCYOA NPU NePeMeHHOM
0aBIeHUU C Y4emom GIUAHUS KOPPOSUOHHOU CPeObl HA MEXAHUYECKUE CEOUCMEd Mamepuand
Kopnyca. Mexanuueckue ceoticmea cmanu [10ITH2M®A onpedenenvt cmamuueckum
pacmsdceHuem npu  ckopocmsax oegopmuposanus 10710 ¢’ na 6o030yxe u 6
oucmunnuposannol eode npu 280 °C Ha ycmanoeke ¢ KAMepOlU BblCOKO20 OaBNeHUs.
Yemanoeneno cywecmeennoe chudcenue niacmudHOCmu Cmanu 8 6blCOKOMeMnepanypHoll
600e npu cxkopocmsax oegopmuposanus 1010 ¢ ¢ mMunumMymom npu Kpumuieckou
ckopocmu & = 107 ¢ Ilo Oepopmayuonnvim Kpumepuam Maioyukio8020 pa3pyuieHusl
PAccuumaHo Yucio Yukio8 Hazpysicenus 00 o0pa3zo8anus MAKpOCKONUYECKOU MpeujuHbl.
Ilpu onpedenennoui done epemeHu Oeghopmuposanusi 8 0oIaACMU KPUMUYECKUX CKOPOCMell
pacuemnas 001208€4HOCMb 8 KOPPO3UOHHOU cpede npumepno Ha 19—20% Hnuoice, uem Ha
6030yxe. Hayunas HOGU3HA 3aKNI0UAEMCl 8 PA3pabOmKe MEMOOUKU paciema 001208e4HOCIU
cocyoa 00 00pazoeanusi MaKpOCKONUYECKOU mpewunbl HA OCHO8E XAPAKMEPUCMUK
NIACMUYHOCIU ~ CMAAU,  9KCHePUMEHMANbHO — ONPEeOeleHHbIX — HeNnoCPeOCmEEeHHO 6
8bICOKOMEMNEPAmypHoOll KOPPO3UOHHOU cpede. B omauuue om Hopmamuno2o nooxooa,
OCHOBAHHO20 NPEUMYUJEeCMBEHHO HA MeXAHUYECKUX Xapakmepucmukax Mamepuania Ha
8030yxe, MemoouKa yyumoleéaem usMeHeHue NIACMUYHOCmU Noo 8o30elicmsuem paboueti
cpeovl. Tlpakxmuueckas 3HAUUMOCMb - B03MONCHOCMb NPUMEHEHUs no0xXo0a OJis OYEeHKU
00/1208€4HOCIU MEMANTUYECKUX DTIEMEHNO0E NOO 6HYMPEHHUM OA6leHUeM Npu COBMECIHOM
8030€eticmeuU YUKIUYECKUX HA2PY30K, NOGLIUEHHOU MeMNnepamypuvl U KOPPO3UOHHOU CPeObi.

KiroueBble cJI0Ba: cocyd 6biCOK020 O0aGieHus;, MAaloYuKIo8ds YCMAIOCHb,
NOBMOPHO-CMAMUYECKOe — Ha2pyJiCceHue;  KOPPO3UOHHAS — cpeoa,  00N208eYHOCMb,
MAKpompewuHa, cKopocms 0e@opmuposanus.
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1 INTRODUCTION

The reliability and durability of metal structures and components within building engineering
systems are crucial factors in ensuring the safety of construction projects. This issue is of particular
importance for metal components that operate under internal pressure and are subjected, during
service, to the combined effects of cyclic mechanical loads, elevated temperatures, and the working
medium. Such components include vessels and pipelines for heating and water supply systems, heat-
exchange and process equipment, as well as elements of special engineering structures, where
changes in material mechanical properties during operation can significantly impact strength and
durability.

Performing engineering calculations regarding the strength and durability of such structures
requires reliable data on the nature of operational loading, operating temperature conditions, the
properties of the surrounding and working environments, the stress-strain state of the most highly
loaded areas, and the physicochemical and mechanical properties of the structural material. Of
particular importance are computational models that enable the assessment of the service life of
structures, both those being designed and those currently in service, based on these parameters.

During prolonged service, the initial mechanical properties of structural materials may change
due to the combined effects of temperature, corrosive environments, and cyclic mechanical loads. A
reduction in material strength and ductility directly influences the processes of damage accumulation
and crack formation. Therefore, when calculating the durability of metal structural elements operating
under complex thermal and mechanical conditions, it is essential to consider material properties that
correspond to actual operating conditions.

This issue is particularly relevant for vessels and pipelines in power generation units,
equipment used in chemical and petrochemical processing, and other metal components of
engineering systems and special structures subject to stringent reliability and safety requirements.
Accurately determining their service life requires data not only on the material’s initial mechanical
properties but also on how these properties change due to prolonged exposure to the operating
environment, temperature, and cyclic loading.

In current engineering practice, calculations are frequently performed using standard
mechanical property values determined primarily in an air environment. Any potential reduction in
material strength and ductility under actual service conditions is compensated for by applying safety
factors and allowances for corrosion damage. However, this approach does not fully characterize
changes in the material’s deformation capacity under the direct influence of a corrosive environment
and may affect the accuracy of structural durability assessments.

This issue is of particular importance when assessing the technical condition and residual
service life of metal components subjected to prolonged internal pressure. Obtaining experimental
material characteristics under conditions closely approximating actual service allows for accounting
for the influence of the operating medium on strength and ductility, and utilizing this data for
durability calculations.

Due to the non-stationary nature of thermal and mechanical service loads, vessels and
pipelines may be subjected to repeated static variable loads; the nature of their variation over time
corresponds to low-cycle loading of the material. Under such conditions, the damage accumulation
process depends not only on stress and strain levels but also on the material’s plastic characteristics,
the strain rate, and the parameters of the operating medium.

The total durability of a structural element under cyclic loading can be conditionally divided
into two sequential stages: damage accumulation leading to the formation of a macroscopic crack,
and the subsequent propagation of that crack until it reaches a critical size. This study focuses on the
first stage, estimating the number of loading cycles required to initiate a macroscopic crack, while
accounting for changes in material ductility within a high-temperature corrosive environment.

The aim of this study is to develop a methodology for calculating the durability, up to the
point of macroscopic crack initiation, of a metal vessel operating under pulsating internal pressure,
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taking into account the experimentally determined effects of a high-temperature corrosive
environment and strain rate on the material’s plastic properties. The proposed approach is evaluated
in terms of its applicability to assessing the service life of metal components in engineering systems
and special structures operating under comparable conditions of cyclic loading, elevated
temperatures, and exposure to corrosive environments.

Strength calculation of high-pressure vessels is one of the key stages of their design, as the
reliability and operational safety of the equipment are determined by the vessel’s ability to withstand
internal pressure, temperature effects, and cyclic mechanical loads. According to GOST R 54522-
2011 “High-Pressure Vessels and Apparatuses. Strength Calculation Standards and Methods”, the
wall thickness of cylindrical shells is calculated primarily based on static strength conditions, taking
into account internal pressure, geometric design parameters, permissible material stresses, and the
strength factor of welded joints [1].

The calculated wall thickness of a cylindrical shell is determined based on the condition of
ensuring strength under maximum operating pressure. This takes into account the effect of wall
thickness on stress distribution and uses a design thickness factor. After determining the wall
thickness, verification calculations are performed, including an assessment of the strength under
cyclic loading and the determination of the permissible number of operating cycles for the structure.

However, standard calculations are primarily based on the mechanical properties of the
material determined in air. The effects of a corrosive environment are typically accounted for by
adding a corrosion allowance, reducing the actual wall thickness, or introducing coefficients
characterizing the operating conditions. However, the potential change in the plastic properties of the
material directly in the operating environment may not be fully accounted for. For vessels operating
at elevated temperatures and in contact with an aqueous medium, this factor can have a significant
impact on the accumulation of fatigue damage and the formation of macroscopic cracks.

Contemporary research focuses on the corrosion fatigue of structural steels operating in high-
temperature water. It was established that the combined effects of cyclic loading and a corrosive
environment lead to a reduction in durability compared to air testing. The severity of corrosion fatigue
damage 1s influenced by ambient temperature, strain rate, strain amplitude, cycle asymmetry
coefficient, dissolved oxygen concentration, and the chemical composition of the material. Proposed
a corrosion fatigue model for stainless steels used in high-temperature pressurized water [2, 3]. The
model’s development took into account temperature, strain rate, and dissolved oxygen content, which
all influence the reduction in fatigue life of the material.

Studies of the influence of strain rate are particularly important for durability calculations. As
strain rate decreases, the duration of interaction between the metal surface and the corrosive
environment during each cycle increases. This promotes electrochemical processes, localized
destruction of protective oxide films, and the accumulation of damage in the surface layers of the
material. As a result, the ductility of the steel may decrease, reducing the number of cycles before
fatigue crack formation. Therefore, relying solely on mechanical properties obtained from air testing
may lead to an overestimation of the durability of components operating in a corrosive environment.

Modern research shows that high-temperature water has a significant impact not only on the
growth rate of existing cracks but also on the stage of their initiation. Studied the behavior of stainless
steels during fatigue crack development in water at 325°C and high pressure. The results confirm the
need to consider the parameters of the aqueous environment when assessing a material’s resistance
to cyclic fracture [4].

A paper by, published in 2025, examined the prediction of the corrosion-fatigue life of
austenitic steels. The authors note that high-temperature pressurized water reduces fatigue life due to
the combined effects of cyclic strain and corrosion processes. The amplitude and rate of strain, the
cycle asymmetry coefficient, temperature, the pH of the environment, and the concentrations of
dissolved oxygen and hydrogen all have significant effects [5].

Current research also develops numerical methods for modeling the transition of corrosion
damage to a fatigue crack. Specifically, the transition from a localized corrosion defect to a crack is
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considered, taking into account the random nature of the formation and development of corrosion
damage. It is shown that the geometry and shape of corrosion defects significantly influence the local
stress and strain concentration and, consequently, the moment of fatigue crack initiation [6, 7].

For structures operating under repeated static pulsating internal pressure, durability is best
considered as a combination of two sequential stages. The first stage involves the accumulation of
cyclic damage, localization of plastic strain, and the formation of a macroscopic crack. The duration
of this stage is determined by the cyclic strength and ductility characteristics of the material, the stress
level, the loading cycle parameters, and the conditions of exposure to a corrosive environment. The
second stage begins after the formation of a macrocrack and is characterized by its subsequent growth
until it reaches a critical size. At this stage, durability is determined by fracture mechanics methods
using the dependence of the crack growth rate on the stress intensity factor.

Thus, the overall durability of a vessel under cyclic loading can be represented as (1):
N=N:+N;, (1)

where N, - the number of cycles before a macroscopic crack forms; N, - the number of crack growth
cycles before reaching a critical size.

This paper examines the first stage of service life, corresponding to damage accumulation and
the formation of a macroscopic corrosion-mechanical crack. This stage is assessed using low-cycle
failure strain criteria, which take into account the plastic component of cyclic strain. This approach
is justified for vessels operating under significant stress levels and a limited number of loading cycles
(8, 9].

An analysis of modern research shows that existing methods for calculating corrosion fatigue
life are primarily focused on the use of empirical correction factors, numerical modeling, or
assessment of the development of existing cracks. However, the direct use of ductility characteristics
experimentally determined in a corrosive environment under parameters corresponding to vessel
operating conditions has been insufficiently studied. Furthermore, the influence of strain rate on
changes in the plastic properties of steel and on the number of cycles before macroscopic crack
formation requires additional experimental and computational justification [10.20.21].

Therefore, the development of a method for calculating the life of a high-pressure vessel body
before macrocrack formation, based on experimentally determined material ductility characteristics
in a high-temperature corrosive environment, is relevant. Using material characteristics directly
obtained under operating conditions will improve the reliability of low-cycle life predictions and
assess the degree of vessel service life reduction under pulsating internal pressure [11, 12.19].

2 MATERIALS AND METHODS

In engineering calculations of low-cycle strength, the standard low-cycle fatigue calculation
model is currently used as an engineering method to determine the durability at the stage preceding

macrocrack formation. Along with the strength characteristics R,,, R, , the strain characteristics of

the material, namely the ductility indicator (y), is also taken into account.

The number of loading cycles Nt before a macrocrack forms during the operation of a
structure in an air environment using the low-cycle rigid loading criterion is calculated using the
Coffin-Manson equations [13, 14].

It should be noted that, according to this calculation model, a minor change in the material’s
ductility characteristics significantly affects the durability calculation results.

Therefore, the objective of the research was to study the influence of certain operational
factors on the mechanical properties of steels widely used in power engineering and chemical
apparatus engineering. A corrosive environment has the most significant impact on the mechanical
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properties of materials, since no element of any existing metal structure is immune to contact with a
corrosive environment [15, 16,17].

To illustrate the selected calculation model, which uses material properties characterizing its
strain capacity, the estimated durability of a thick-walled vessel operating under internal pressure in
an aqueous environment was determined. The vessel material was low-carbon, low-alloy
10GN2MFA grade steel. The low-alloy, high-strength, and heat-resistant 10GN2MFA grade steel is
used to manufacture steam generator bodies and headers that come into contact with the primary-
circuit water of nuclear power plant reactors. Its operating temperature range is 280°C to 350°C. To
assess the effect of high-temperature water, the patterns of change in the ductility of this steel grade
at a distilled water temperature of 280°C and a pressure of 15 MPa were experimentally investigated
using a special high-pressure chamber. This temperature was selected based on the occurrence of
corrosion fatigue cracks on the surface of the cold header, where the body temperature is 280°C. The
material for the test samples was obtained from NPO TsNIITMASH (Moscow) during the
implementation of Task 01.07 under Targeted Comprehensive Program O.Ts. 001 of the USSR State
Committee for Science and Technology, the USSR State Planning Committee, and the USSR
Academy of Sciences. Chemical analysis confirmed that the composition of the samples matches the
specifications for this steel grade as defined in Technical Specification TU 0893-014-00212179-
2004; the chemical composition is presented in Table 1.

The standard mechanical properties determined on samples with a diameter d, = 10mm, are
as follows: yield strengthR,,,, = 415MPa, tensile strengthR,, = 545MPa, and relative contraction

of the transverse constriction area ¥ =77%.

Table 1 - Chemical composition of 10GN2MFA grade steel (mass fraction, %).

C Mn Si Ni S P Cr Mo A\ Cu

0.08-0.12 0.8-1.1 0.17-0.37 1.8-2.3 t00.02 t00.02 to0.3 0.4-0.7 0.03-0.07 to 0.3

The tests were conducted on cylindrical samples made of 10GN2MFA grade steel with
M18x1.5 threaded heads, a 10 mm gauge section diameter, a 40 mm gauge section length, and an
overall length of 100 mm (Figures 1 and 2).

The experimental samples were machined from rolled metal products. Cooling and machining
conditions were selected to prevent any changes in the steel properties due to heat generated during
the machining process. The geometry and key dimensions of the samples are detailed in the authors’
previously published paper [15].

20 20
\
e )
) ; ‘ /

i b)

100

$10

M18x1,5
M18x1,5

Figure 2 - Test samples

Figure 1 - Shapes and geometric dimensions of the a) .before testing )
test sample. [Author's material] b) after testing. [Author's material]
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Experimental studies were conducted using a specially designed test rig (Figure 3), the design
and operating principle of which are described in detail in [16]. The rig enables sample testing in
distilled water at temperatures up to 300°C and pressures up to 15 MPa, while maintaining the
specified environmental parameters throughout the test. In the present study, the distilled water
temperature was 280°C and the pressure was 15 MPa.

The distilled water used in the experiment was produced via distillation at the accredited
“Regional Test Laboratory of Engineering Profile “Structural and Biochemical Materials”. The
chemical composition of the distilled water, specifically the levels of oxygen and other impurities,
was not monitored separately, as all laboratory equipment and instruments, including the water
distiller, held the appropriate accreditation. The temperature was maintained automatically using an
electric heater and monitored by a temperature sensor. Chamber pressure was monitored via a
pressure gauge and maintained at the set level throughout the test [16].

After the sample was installed, the test chamber (Figure 4) was filled with distilled water, and
the specified pressure and temperature conditions were established. Once the target environmental
parameters were reached, the sample was subjected to tension at a constant strain rate. During the
test, the applied force and the corresponding sample deformation were recorded. Testing continued
until sample damage, after which the residual elongation of the gauge section and the sample diameter
at the necking zone were measured to determine ductility characteristics. The detailed testing
procedure is described in [16].

Cyclic deformation tests were conducted using a symmetrical cycle under “soft” loading
conditions, with strain amplitudes ranging from 0.4% to 1.6%, to generate a low-cycle fatigue curve.
Three samples were tested at each strain level. Force and deformation were determined during the
test using pre-established calibration relationships. Force was measured based on the signal from the
inductive displacement transducer of a mechanical extensometer mounted inside the load rod. The
calibration relationship between the sensor signal and axial force was established using a DOSM-3
reference dynamometer and a KSP-4 millivoltmeter. Sample deformation was determined using a
separate calibration relationship between load rod displacement and the deformation of the sample’s
gauge section; this relationship was established by monitoring rod displacement with dial indicators
having a resolution of 0.001 mm [16].

Figure 3 - Test rig. [Author's material] Figure 4 - Test chamber. [Author's material]

A 240 mm diameter branch pipe with a 32 mm thickness wall is welded into a 52 mm thickness
wall with a 920 mm diameter wall vessel. The nominal stress induced in the vessel wall by the
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environment pressure is 312MPa. The theoretical stress concentration factor at the branch pipe joint
isa, = 2,35.
The estimated values of the hardening index v under single static loading are determined

(if e = R./E") using the formula (2) from [18].

v=0,75%v"=0,75%0,171=0,128 (2)

lg anz /RpOAZ * (1 + 194‘//)J

1gK105 *In llﬂ /(200+0,5R,,,)

~y

where: ' = 0,75 = =0,171 (3)

Then the calculated material properties obtained by testing a sample with a diameter of 52 mm,

corresponding to the vessel thickness, are determined by the following formula (4):

2 1020013

Rooz = (Rpoz) *(2) """ = 415« (22) " = 398MPa @)

d?

Yield strength (5) (elastic limit at 0.02% deformation),

d(z) mo‘z 102 0,013
Rm=(Rm)o+(52)  =545+(3;)  =523MPa (5)
Ultimate tensile strength (ultimate resistance).
Cross-sectional contraction coefficient (6)
dg md, 102 0,04
YT =yl« (%) " =077+ (5;) =067 (6)

The yield strength R, for the vessel material is determined by the following formula (7):

Rpo2 1/(1-v) 398

(Ex0,2+10~2+Rpg )" N [(1.96*105*0,2*10‘2 +398)0.17

1,2
oy = | =348MPa 7)

Then the deformation corresponding to the yield strength will be equal to (8)

o, 348
e, =—L=—"""__-0,00177 8
" E 1,96%10° ®

The ultimate relative strain is determined by the formula (9)

- 1 1 1 1
=—=In = n
er 1-¢  0,00177  1-0,67

=626 (9)

The cyclic yield strength is assumed to be equal to (10)
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[ R L

(10)
The relative values of the nominal principal stresses (11), (12), (13)
Rin _ g _
Rip = R, 3 0,896 (11)
n=005R, = O£> * 0,896 = 0,448 (12)
R, =0 (13)
The intensity of the relative nominal stresses is determined by the formula (14)
gin:%*gln\/(l_:—Zn)z"'(O-Zn O-3n)2 (O-Bn_l)z
2 (14)
—#%0,896,/(1= 0,5 +(0,5-0) +(0-1) =0,77
J2
- O 2n 0,448
Oy =="=—"—=0, (15)
o 0,896
= ou_ 0
Om=mr=———=0 (16)
o 0,896

The intensity of the nominal deformations will be equal to (17)

o =2t a4 o) = N
= ‘35* 0,896(1+ 0,3)\/(1 ~0,5) +(0,5-07 +(0-1)* =0,66

The maximum conditional elastic stresses in the stress concentration zone are determined by
(18), (19), (20)

Ol =01, ¥ 010 =2,35%0,896=2,11

(18)
Com =, ¥ 020 =2,35%0,448 =1,05 (19)
O3mx =0 (20)
Then the relative values of local stresses will be equal to (21), (22)
G = o | T =2 20, @1)
2,11
O 3max Zg-ihmx /Elnﬂx = 0’0 = (22)
2,11

Local stress intensity (23)
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(32)

— 1 — = = = —
O inmax :_*Glmix (1_0-21mx)2+(02nax _O-Bnnx)z+(o-3vax_1)zz
+ G

(23)
1, 2 2 2
=—*211J{1-0,5) +(0,5-0) +(0-1) =183
L2105 + 03507 +0-1)
. 0,2 0,2
Coefficient Moo = 0,5 —m = 0,5 - ) 352(1_0,17)/(“0,17) = 07449 (24)
Then the local strain intensity will be equal to (25)
;iimx = Q*;lnﬂx (1 +lurmx )\/(1 _;ZIWX )Z + (;21mx _;SWX )Z + (;SWJX _1)2 =
3 (25)
\/5 2 2 2
=2l 1(1+0,449)(1-0,5 +(0,5-0) +(0—1) =182
Strain concentration factor in the zero half-cycle (26)
az/(1+v)*3_(1—v)/(1+1/)
kS = < — = 3,517 (26)
(aa*Ein)n(l_v)[ain‘(l /ao)]/(1+v)
Stress concentration factor in the zero half-cycle (27)
2v/(14v)
o __ ao‘ _
ka - —(1—v)/(1+v)*( — )v(l—\/)lﬂin(l/ao)J/(l'FV) - 1’37 (27)
Gin 0[0 Gn

Then the local strains and stresses in the zero half-cycle, respectively, will be equal to (28), (29)

co =en * k") =0,66%3,517=232 (28)
T = O * K = 0.77%137 =1,055 (29)

The exponent v (k), at F(k)=1is calculated using the formula (30):

lg ;gx

V(k) - 0,17
g[éﬁiﬁx | +;(éf§2x —1)*F(k)}

=0,171 (30)

Theoretical concentration factors for stress and strain intensities are determined as follows (31),

o, =Tm 83530 (1)
Oin 0777
=l o 1825 907 (32)
en 0,626
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The theoretical stress concentration factor is determined by the following formula (33):

a, =" = Jo *a, =\[2.377%2.907 = 2,629 (33)

o
€in

The coefficient of increase in resistance to plastic deformation due to the volumetric nature of
the stress state in the concentration zone is determined as (34)

I = \/2/[(1 O 2 )Z + (g2n"ﬂx — O3 )z + (g?)m}x - 1)2]2 1,155 (34)

Then the coefficient of reduction of the ultimate stress in the concentration zone will be equal
to (35)

D,y = Ko o2 g0 (35)
I *(Hmm H,m) 1,155%1,5

Therefore, the ultimate strain in the concentration zone is equal to (36)

ec=er*D,  =626%0,693 =434 (36)
The asymmetry coefficient of the nominal stresses will be equal to (37)

;O'm = E_inmin /g_inn'ax = 0/0,77 = O
The range of the nominal stresses in generalized coordinates (S —¢ ) is equal to (38)

< Oin 0,77
Se =25 #(1-r, )= =2 (1-0)=0385 (38)

T

Then the strain concentration factor in the first half-cycle is equal to (39)

2/(1iv(k)) % —(1-v(k))/(1+v(k))
W__ 9% Sy B
T (@, *5, T 2,65 (39)
The maximum deformation in the first half-cycle will be (40)
el =g, *KV = (0,3 85%* @j *2,65 = 0,875 (40)
" ’ 0,77
The local deformation asymmetry coefficient is equal to (41)
o 0.875%2
ro=1- =0 =0,255 (41)

The local deformation amplitude is determined by the formula (42)
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-

_ *
Com = Em _270BTS 095 (42)
2
The fatigue limit of steel is equal to (43)
o_1=K_ {*R,, =04%545 =218 MPa (43)

Calculation results

The number of loading cycles (Nt) before macrocrack formation during operation of a structure
in a dry air environment under the rigid loading criterion is calculated using the Coffin-Manson
calculation equation as follows

|' l/mp‘|
1 e,

NT = IZ E 0_1 1+T'Ek |
o, 1t7= —
|\ ], )
1/0,5
1 434
= |- — 1,685) = 72 630 cycle (44)
4 <0'875_348(1+201,f*1,685) ]

Methodology and results of experimental tests

Experimental test methodology and results. The material’s ductility characteristics, which are
included in the standard calculation equations, have a significant impact on the calculation results.
Therefore, it was important to experimentally determine the effect of high-temperature water
operating parameters on the plastic properties of steel. When testing the samples, the tensile method
was used with different constant low strain rates in the range of values from 10%s> to 10%s™!, and the
following dependences of the steel ductility on the strain rate were obtained, shown in Figure 5. Each
experimental point ll)eTxp in Figure 5 corresponds to the average value of two or three tested samples.

Y
" 3 GA T 4
1 b4

0.6

D]

(1
N

0.5

0.4

0.3

0.2

0.1

-7 -5 -4

10 1078 10 1073

O — data obtained in air; €©— data obtained in distilled water.

10

Figure 5 — Variation in the ductility of I0GN2MFA grade steel as a function of strain rate. [ Author's material]

The experimentally obtained pattern of change in the ductility of the material in high-
temperature water depending on the strain rate, shown in Figure 5, is analytically described by the
following relationship (45):
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1

(5%
e\ Yécr

where Y[, - the steel ductility characteristic corresponding to the experimental strain rate &;
exp y p g p

Yoxp = Yea |1~ alg=t = p——1 (45)

Yl - the steel ductility characteristic obtained in air testing using standard methods;

Estaq - the strain rate using standard testing methods;

&cr - the critical strain rate at which the maximum reduction in steel ductility is observed;

a, B,y - coefficients determined experimentally.

The coefficients ¢ =0,013, £ =0,891, y = 0,45, characterizing changes in the material’s strain
capacity depending on the strain rate in water at high temperature and pressure, were determined from
an experimental study.

For a strain rate equal to ,, = 10765~ in distilled water, the steel ductility is (46)

T _—.,T|1_ és_td _ 1 _ _ 1072 0,891 _
Yexp =Y |1 —alg L ,8—; e 0,67|1—-0,0131g 106 | = 0,0635 (46)
L) o)

The experimental data obtained by the authors of this paper on 10GN2MFA grade steel are
compared with data obtained by other researchers [9].

The result of the ductility of steel in high-temperature water, obtained by calculation lljeTxp =
0,0635 and the data obtained by the authors from the experiment lljeTxp = 0,045, shown in Figure 5,
correlate satisfactorily with the results of experimental tests given in [9] lljeTxp = 0,1, (curve 2, Figure
8, p. 59, Figure 9, p. 60). This paper presents the results of testing high-alloy heat-resistant steel
10GN2MFA under high-temperature corrosive environment conditions (typical for water-cooled
nuclear reactors), which show a significant decrease in fatigue resistance due to the development of

delayed strain corrosion cracking.

1

The number of loading cycles NeTxp corresponding to the critical strain rate s;r =10"%s"! and

characterizing the durability of the material before the formation of a macrocrack in a distilled water
environment at a temperature of 280 °C and high pressure is determined by a similar formula (47):

1/my
NT _ l ECk
exr 14 s o_1 1+74;
eTE(1+E*1+ﬂ) 1—T5k
Rm 1=Ter) amax
1/0,5
1 25,4
il 718 — 1,685 = 4458 cycle (47)
4\0875————
’ 348(1+0,4%1,685)

where, €ck - the destructive relative strain for the vessel material in an environment of high
parameters in the concentration zone is defined as (48),

ex =er*D,  =37,3%0,693=254 (48)
The maximum relative strain in water of high parameters is determined (49)

_ 1 1 0,065 _
ey = ;ln ok~ 000177 37,3; (49)
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where, lpeTxp - the relative narrowing of the vessel material sample cross-section determined by
experimental tests of a cylindrical shape I0GN2MFA grade steel samples of a solid cross section with
a diameter of 10 mm in a chamber with distilled water at a temperature of 280°C at the strain rates
g = 10725 L and e, = 1065 1.

Using an analytical relationship between the change in ductility and the strain rate associated
with changes in the equipment operating mode during a single cycle, the total cycle time ¢ and the
fraction of time during which the strain rate will pass through the critical strain-rate range t., can be
determined. Then the critical strain-rate influence coefficient can be expressed as follows:

= Lo (50)

Eer t

As Figure 5 shows, the fraction of time during which the vessel body strain rate will be in the
critical strain-rate range is

ter 1

écr=7=§=0’2 (51)

Using the linear summation method, the overall design life of the vessel is the sum of the service
life under load in the critical strain-rate range and the service life under load outside the critical strain-
rate range (52):

Nigw = Nigp # Ko, + Ny (1 - Key,)) =
4458 * 0,2 + 72630 = 0,8 = 58996 cycles. (52)

Discussion

Laboratory experimental tests revealed that when testing a sample with a relative strain rate
equal to s;r = 10"%s~1, which is called the critical strain rate, in a high-temperature corrosive
environment, the ductility characteristic of the studied 10GN2MFA grade steel has a minimum value
of Y7, = 0,0635.

The experimental fatigue-life data as a function of the cyclic strain amplitude of the test sample,
obtained in distilled water at pH 7 and a temperature of 280°C, are presented in Table 2.

Table 2 - Experimental fatigue-life data as a function of cyclic strain amplitude in a corrosive environment. [ Author's
material]

€,,max 1.6 1.4 1.2 0.8 0.6 0.45
N 450 820 1200 4200 5400 6800

The cyclic loading frequency was f = 1 cycle/min, corresponding to the specified strain rate £=
1073571, As shown by the experimental results, at &, max = 0.8, the experimental fatigue life, N =
4200 cycles, is in good agreement with the calculated value, Ncs) = 4458 cycles. The slight
discrepancy is attributable to the difference in loading conditions: the actual loading is pulsating,
whereas symmetric cyclic loading was applied in the experiment.

The reduction in durability in a corrosive environment at the strain rate of the vessel body
material e,y = 107251, compared to the durability in air, is approximately 5%.

In the case of a variable strain rate, changing from minimum 5;T = 10"%s~! to maximum se'xp =
10~2s~* through the critical strain rate zone, with a minimum ductility of ¥7,,, = 0,0635, the critical
strain rate fraction was K; = 0,2. The experimental results obtained from tests conducted in dry air

cr

at a temperature of 280°C are presented in Table 3. At a cyclic strain amplitude of &,, max = 0.875,
the number of cycles to failure, determined from the approximated curve based on the experimental
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data presented in Table 3, was 75,000 cycles. In comparison, the fatigue life calculated using the
proposed method for distilled water was 58,996 cycles. Thus, the calculated reduction in fatigue life
in the corrosive environment relative to the experimentally determined fatigue life in dry air was
21.3%. Therefore, the reduction in fatigue life may be taken as approximately 20%.

Table 3 - Experimental fatigue-life data as a function of cyclic strain amplitude in dry air. [Author's material]

€, max 1.6 1.4 1.0 0.8 0.6
N 20000 40000 46000 84000 160000

This result shows that if the low-cycle loading frequency and the stress-strain cycle shape are
such that the strain rate approaches the critical strain-rate, i.e., the coefficient value K. is greater,

then the durability reduction will further increase.
Conducting experimental testing of steel samples in high-parameter environments is complex
and time-consuming. Therefore, the experimental testing was limited to 2-3 samples per point.
Therefore, to obtain a full spectrum and build an experimental data base, further research is
required on the properties of steel in expanded environmental conditions (the presence of impurities,
dissolved oxygen, boric acid, and other substances in water).

4 CONCLUSIONS

1. Based on the experimental study and calculations using standardized computational models
based on deformation failure criteria, this article demonstrates that, in addition to the strength
characteristics of the material, its durability under low-cycle fatigue, both in air and in a corrosive
environment, was significantly affected by its ductility.

2. A relationship between low strain rates and the ductility of the material during strain in the
low-cycle loading region was established.

3. The existence of a critical strain rate for this steel in high-temperature water was established,
at which the ductility of the material decreased by an order of magnitude.

4. The significant reduction in the estimated durability of the vessel material before the
formation of the main crack in the high-temperature aqueous environment was noted.

5. The increased negative effect of high-temperature water on durability was demonstrated at
strain rates close to the critical strain rate for this steel.

6. The analytical description of the relationship between steel ductility and low strain rates was
proposed. The range of critical strain rates was determined.

7. The algorithm for calculating the static and cyclic strain characteristics in the stress
concentration zone and the durability of the structural element at the stage of main crack formation
under low-cycle loading was presented.
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