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priklausomybé nuo cikly skaiciaus 300 °C temperatiiroje ...........ceeveeevveerueeseennnenne 119
95 pav. Pilno ir sumazinto bandiniy modeliavimo rezultaty palyginimas.............. 122

97 pav . Pirmasis AISI304L nertudijancio plieno ciklas 300 °C temperatiiroje...... 122
98 pav. 2000 - asis ciklas nertidijan¢iam plienui AISI304L 300 °C temperatiiroje 122
99 pav. AISI304L neriidijan¢iam plienui jtempiy priklausomybé nuo cikly skaiciaus

esant 0,3 % ir 0,6 % deformacijos amplitudéms 300 °C temperatiiroje ................. 122
100 pav. AISI316L nertidijancio plieno pirmasis ciklas, kai deformacijos amplitudé
y1a 0,18 % 20 °C teMPEIAtUTOJE ....euvenrerveenrinieeitenieritentenieetesieeiteste ettt sbeere s sieens 123
101 pav. AISI316L nertudijancio plieno 2000 - asis ciklas, kai deformacijos
amplitudé yra 0,18 % ir 20 °C tempPeratiiro]€........cceeverrveerreerreereesrescveeveesseerseeens 123
102 pav. AISI316L nertidijancio plieno jtempiy priklausomybé nuo cikly skaiciaus,
esant 0,18 % deformacijos amplitudei 20 °C temperatiroje ..........cceeeveeeveereeveennes 123
103 pav. AISI316L nertudijancio plieno pirmasis ciklas, kai deformacijos amplitudé
yra 0,6 % 300 °C temMPEratiifofe ..c..eeuveruerreeiireeienieritentenieetesieeitente et et sieesesiesieens 123
104 pav. AISI316L nertidijancio plieno 500 - asis ciklas, esant 0,6 % deformacijos
amplitudei 300 °C teMPETAtUIOJC.....cveevierrierrierreereerreereerreesteesreesresreeseesseesseesens 123
105 pav. AISI316L nertidijancio plieno jtempiy priklausomybé nuo cikly skaiciaus,
esant 0,6 % deformacijos amplitudei 300 °C temperatiroje .........c.cceeerereereennenne 123
106 pav. Pilnavidurio bandinio pirmasis ir 1000 - asis ciklai esant 0,5 %
deformacijos amplitudei 20 °C temperatiirof€........ccverveerreerreereerresreeveesreesseees 124
107 pav. Pilnavidurio bandinio pirmasis ir1000 - asis ciklai esant 0,5 %
deformacijos amplitudei 300 °C tempPeratliroje........cceevveerreerreereerveeveereesreerseees 124
108 pav. Pilnavidurio bandinio pirmasis ir 900 - asis ciklai esant 1 % deformacijos
amplitudei 20 °C temMPeratlifofe......ccueruereererirrienierieienieete ettt eiee e 124
109 pav. Pilnavidurio bandinio pirmasis ir 300 - asis ciklai esant 1 % deformacijos
amplitudei 300 °C teMPETAtUIOJC.....cveereerierierrierieesireereerreesreesreesresreereeveesseesens 124
110 pav. Tus¢iavidurio bandinio pirmasis ir 3000 - asis ciklai esant 0,3 %
deformacijos amplitudei 300 °C tempPeratliroje.........cervveerveereereerueseeereereeeeenees 125
111 pav. Pilnavidurio bandinio jtempiy priklausomybé nuo cikly skaic¢iaus esant 0,5
%, deformacijos amplitudei 20 °C temperatliiroje.........ccveevreerreerreervesreeveeveesveenns 125
112 pav. Pilnavidurio bandinio jtempiy priklausomybé¢ nuo cikly skai¢iaus esant 0,5
% deformacijos amplitudei 300 °C temperatliroje.........cceerveerreerreervercueesveereenneennes 125
113 pav. Pilnavidurio bandinio jtempiy priklausomybé nuo cikly skai¢iaus esant 1 %
deformacijos amplitudei 20 °C temperatiirof€........c.eccvervveerreerreereervenireecreesreesseees 125
114 pav. Pilnavidurio bandinio jtempiy priklausomyb¢ nuo cikly skai¢iaus esant 1 %
deformacijos amplitudei 300 °C tempPeratliroj........ccueevveerreerreerreesreeveeveereesveenes 125
115 pav. Tus¢iavidurio bandinio jtempiy priklausomybé nuo cikly skai¢iaus esant
0,3 % deformacijos amplitudei 300 °C temperatliiroje..........cccvervververcveecreerreereeenens 125
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116 pav. Pirmasis, 900 - asis ir 12000 -asis ciklai, kai bandinio jpjova r = 0,5 mm

300 °C tCMPETALTTOJC. . vevveeereerreereereeerresreaseeseesseesseesseessseesseesseesseessassssesssesssesssens 126
117 pav. Itempiy priklausomybé nuo cikly skai¢iaus, kai bandinio jpjova r = 0,5 mm
300 °C teMPETALTIIOJC. .. evveeueeeueeeeeerteesteesiteeeeeteesteesteesseesneeenseebeenbeesseesseesneesneeeneean 126
118 pav. Pirmasis ir 1000 - asis ciklai, kai bandinio jpjova r =2 mm 300 °C
15001 0 1<) e2 1 AU (o) [OOSR 126
119 pav Itempiy priklausomybé nuo cikly skaiciaus, kai bandinio jpjova r =2 mm
300 °C tCMPETALTTOJC. . .evveeereenreerreerieerresreeseeseesseesseesseesssessseesseesseessessseesssesssesssens 126
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LIST OF ABBREVIATIONS AND TERMS

Abbreviations:

Nr: fatigue life;

ta: holding time;

Rt: surface roughness;

Ag, /2: plastic strain amplitude;
Ag. /2: elastic strain amplitude;
2Ny number of reversals to failure;
gr': fatigue ductility coefficient;

E: modulus of elasticity;

o'r: fatigue strength coefficient;
Om: Mean stress;

Ca: stress amplitude;

€1, €, €3: principal strain;

€,: total strain amplitude;

b: fatigue strength exponent;

c: fatigue ductility exponent;

€'r: fatigue ductility coefficient;
S.: fatigue strength of material;
Su: ultimate tensile strength;

Agpi: plastic strain range per cycle;
Omax,i - maximum stress for the current cycle;
Oy, : initial yield stress;

PWR: pressurised water reactor;
LCF: low cycle fatigue;

HCEF: high cycle fatigue.
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INTRODUCTION

Structures operating in hazardous environmental conditions often experience
long-term degradation of their surfaces due to erosion and corrosion. This leads to a
reduction in cross-sectional wall thickness, an increase in surface roughness,
irregularities, and corrosion pitting, as well as a decrease in material strength [1],
which affects the durability of these structures.

Most components designed with austenitic stainless steel include parts exposed
to variable or cyclic loads. Components exposed to repeated or cyclic strain or stress
loading often fail even though the actual maximum stresses are below the ultimate
tensile strength of the material, usually at stress levels even below the yield strength.
Although numerous elements of the structure may operate effectively at first, they
frequently undergo fatigue failure under service load due to repeated cyclic loading.
The most notable characteristic is that the failure happened only after applying the
stresses a significant number of times [2]. Progressive degradation resulting from the
cyclic loading of a component or material, which eventually results in crack initiation
and subsequent fractures, is commonly referred to as “fatigue” by practicing engineers
[3]. Approximately 95% of all structural failures arise from a fatigue mechanism [2].
Fatigue arises from localised microstructural deformations, which are significantly
influenced by factors such as magnitude, frequency, fluctuating stresses, temperature,
environmental conditions, geometrical complexity, material imperfections, and
discontinuities, resulting in a dislocation density significantly higher than that
observed under monotonic loading. The continued cycle of dislocations will result in
the formation of dislocation structures, including well-defined cell structures and,
ultimately, persistent slip bands [3,4]. Subsequently, results in microcrack initiation,
aggregation, and macroscopic crack propagation [3]. Consequently, crack initiation is
the only reliable method for evaluating the residual fatigue life, as it is derived from
the inherent properties of the fatigue phenomenon [3]. Localised plastic deformation
occurs in areas where stress is concentrated on cracks during cyclical loading. The
component experiences permanent damage, resulting in the formation of a crack due
to plastic deformation. As the number of loading cycles increases, there is a
corresponding increase in the crack length. Following a specific number of cycles, the
presence of cracks will lead to failure of the component [2].

Environmentally assisted fatigue (EAF) is a condition that can decrease the
fatigue life of components in nuclear power plants. Test programmes conducted in
Japan, the United States, and later in Europe have demonstrated that the water
environment in nuclear power plants significantly reduces their fatigue life, denoted
as Nf. However, the currently operating NPP fleet did not explicitly consider EAF
during its construction [5].

In the period 2015-2020, the European Commission initiated the INCEFA-
PLUS (Enhancing Nuclear Power Plant Safety by Closing the Gaps in Environmental
Fatigue Assessment) project under the H2020 programme. During this project, low
cycle fatigue (LCF) tests were performed, assessing the operating conditions of a
nuclear power plant and ensuring realistic test durations [5—7]. The main objective of
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the project was to investigate how fatigue life (Nf) varies depending on various
factors: the deformation range (difference between the maximum and minimum
deformations), the average deformation, the holding time at constant deformation, the
surface roughness (Rt) of the specimen and the environmental conditions. During the
project, more than 250 fatigue tests were performed in various European laboratories
in both air and water environments [5]. The frequency of successful operations of the
components and structure is greater than that of their mechanical failures [8]. The
most notable characteristic is that the failure only happened after applying the stresses
a significant number of times. Fatigue represents a mode of failure and accounts for
the majority of failures in mechanical components and structures [8].The analysis of
recent scientific papers and international projects aimed at solving experimental
studies of cyclic fatigue and simulation problems shows that the finite element method
(FEM) enables us to describe/predict the behaviour of a metal under the effect of
cyclic loading and to predict the cyclic fatigue of a metal depending on temperature
and time factors. The results of these original, numerical simulation studies are
reflected in the publications of the Clarivate Analytics database and received
considerable attention from the researchers (a list of references included).

In the period 2020-2025, the European Commission initiated the INCEFA-Scale
(improve the prediction of fatigue life of the components subjected to environmentally
assisted fatigue loading in nuclear power plant) project under the H2020 programme.
This project was built upon the research conducted by its predecessor, INCEFA-
PLUS. INCEFA-SCALE aims to advance the understanding and predictive
capabilities regarding environmental-assisted fatigue (EAF) in nuclear power plant
components, ultimately contributing to improved lifetime prediction [143]. Low cycle
fatigue tests were performed on the specimens made by AISI 316L stainless steel and
based on the testing results, models / methods are deeveloped to extrapolate lab tests
to component scale and producing guidance for use in engineering assessments of
NPP components [9].

However, there are still unresolved issues of numerical investigation, including
those related to the number of fatigue cycles at which the material should break down
and the assessment of steel parameters characterising the softening/hardening of the
material during fatigue.

The determination of kinematic hardening parameters for numerical prediction
based on experimental results is an extremely complex and time-consuming task. In
addition, these parameters usually need to be calibrated so that the simulation results
correspond to the experimental ones. Therefore, it is necessary to simplify the process
of estimating kinematic hardening parameters while ensuring the reliability of the
simulation results.

Aim and Objectives

The aim of this research is to develop a simplified and robust methodology to
determine the material parameters which govern the kinematic and isotropic
hardening of the austenitic stainless steel, using experimental low-cycle fatigue (LCF)
testing and finite element (FE) modelling. The methodology will enable reliable
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determination of cyclic hardening/softening behaviour and provide validated
predictive capability for LCF performance through direct comparison of numerical
simulations with experimental results. To achieve this aim, following objectives were
decided and solved:

1. To develop a comprehensive experimental matrix for performing the low-cycle
fatigue (LCF) testing on AISI 316L austenitic stainless steel under strain- and
stress- controlled regime, exposed to both constant and variable amplitude
loading, for generating high quality data of cyclic stress-strain response, fatigue
life to develop and validate the numerical simulation model.

2. To develop finite element model capable of capturing the cyclic elasto-plastic
and hardeining/softening behaviour of austenitic stainless steel using constitutive
rules for the kinematic hardening and calibarating the model parameters with
experimental data.

3. To develop a simplified and reproducible methodology for the determination of
the hardening and softening parameters of AISI 316L stainless steel for
minimizing the requirement of experiment results while maintening the accuracy
and reliability of the estimated parameters.

4. To perform numerical simulations of low-cycle fatigue and validate the results
of the developed models by comparing the simulation results with corresponding
experimental results.

Research Methods

Both experimental and numerical simulation research methods were applied in
the dissertation work. The results of the experimental research were used for
modelling and determining material parameters for low-cycle fatigue evaluation. The
software “Ansys Workbench” and “LS-DYNA” were used for numerical modelling
and “SolidWorks” for 3D modelling. The testing machine “Instron ElectroPlus
E10000” dynamic-static testing tensile-torsion machine (+/- 10 KN tensile force, +/-
100 Nm torsion force, test temperature -70°C — 350°C) was used for experimental
work. The numerical simulation results were verified by the results of experimental
research conducted at the Department of Mechanical Engineering of Kaunas
University of Technology, the Lithuanian Energy Institute, and the laboratories of
“Electricity de France” (EDF, France).

Scientific Novelty

1. A simplified and reproducible methodology for determining the kinematic
hardening parameters for low-cycle fatigue of AISI 316/316L austenitic stainless
steel is proposed. In this procedure the effects of operating temperature, strain
amplitude on these parameters is considered and the requirement of experimental
results is reduced while keeping the accuracy of the model.

2. The proposed methodology for determining kinematic hardening parameters
eliminates the need to additionally calibrate these parameters according to
experimental results to capture the elasto-plastic behaviour of steel during low-
cycle fatigue (LCF) simulations, since this methodology allows for reliable
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prediction of kinematic hardening parameters using only strain amplitude and
operating temperature data.

Defended Statements

1. Accurate prediction of the elastic—plastic and cyclic response of austenitic
stainless steels in numerical models fundamentally depends on precisely
estimated isotropic and kinematic hardening parameters; these parameters
govern hysteresis loop shape, mean-stress evolution and therefore influence the
low-cycle fatigue life predictions.

2. The determination of kinematic hardening parameters using conventional
approaches is often complex, time-consuming, and highly dependent on
extensive experimental data. Therefore, there is a need to develop a simplified,
fast, and reliable procedure for estimating these parameters, while reducing the
method’s dependecy on experimental results.

3. Finite element analysis employing kinematic hardening models provides an
effective, efficient, and cost-saving alternative to experimental testing for
investigating the low-cycle fatigue behaviour of steel.

Practical Value

1. Low cycle fatigue behaviour of autenitic stainless steel can be estimated using
proposed methodology for numerical simulation without the requirement of
experimental tests data to estimate and calibrate the material parameters.

2. The kinematic hardening parameters estimated using the formulated relations
between strain amplitude and operating temperature, effectively captures the
elasto-plastic behaviour of steel during low-cycle fatigue, ensuring a realistic
material response in numerical simulations.

3. The proposed relations for the estimation of kinematich hardening parameters
simplify the process of determining these parameters under low-cycle fatigue,
reducing the required number of tests and at the same time the research time. In
addition, it reduces the need to perform additional parameter calibrations after
their determination, which makes the modelling process more efficient and
accessible for engineering applications.

Research Approbation

The results of the study were published in 3 articles in international journals
with a citation index (impact factor) and included in the Web of Science databases.
The results were also presented at 4 international conferences, 3 articles were
published in peer-reviewed conference proceedings included in the Web of Science
databases, and one abstract was included in the international conference proceedings.

Structure of the Dissertation

The doctoral dissertation consists of an introduction, 5 chapters, and general
conclusions. Chapter 1 reviews scientific literature on low-cycle fatigue. A literature
review on the phenomenon of fatigue, the characteristics of low-cycle fatigue, a
review of experimental studies on low-cycle fatigue and numerical modelling are
18



presented. Chapters 2 and 3 present the methodologies of experimental and numerical
modelling, which include the preparation of the experimental matrix, the preparation
of a finite element model and a material model for numerical prediction. Chapters 4
and 5 present the results of experimental and numerical modelling and the validation
of the results of numerical simulation with experimental results. The conclusions
present the results of experimental research and numerical prediction. A list of
literature sources with 143 references and a list of the author’s scientific publications
are provided. This doctoral dissertation consists of 148 pages, 119 figures and 26
tables.
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1. LITERATURE REVIEW

Operational life of the structures and components are highly affected by the
fatigue driven degradation, influenced by factors such as load magnitude, frequency,
operating temperature and environment. Fatigue contributes to nearly 25% of all
reported failures in operating nuclear power plants, leading to a thorough historical
analysis of this ageing mechanism [ 10]. Temperature fluctuations resulting from start-
ups and shutdowns, power variations, strain, thermal stratification, and striping
contribute to thermomechanical fatigue [11].

Austenitic stainless steel is the preferred material for numerous cooling pipes in
the primary circuit of pressurised water reactors (PWR) in nuclear power plants,
where high temperatures, irradiation, and intricate thermomechanical loading
conditions prevail. Components made of austenitic stainless steels are widly used
under harsh conditions, such as high temperature, repetitive loading. These
components are exposed to thermal and/or mechanical cyclic strain and stresses, due
to which thermos-mechanical fatigue can be observed and experience the fatigue
failure [11]. Fatigue failure can be defined as the number of loading cycles required
for the specimen to fail. Depending on the number of cycles required for the
component to fail, the fatigue failure can be bifurcated into two categories. These
categories correspond to high and low cycle fatigue failure, respectively.

1.1. High-Cycle Fatigue Failure

High-cycle fatigue is the most challenging phenomenon in solid mechanics and
is the primary cause of mechanical component failure during service [2]. Fatigue is
classified as high-cycle fatigue when it results from comparatively lower stress levels
applied over a substantial number of cycles (greater than 10° cycles before failure)
[2]. The high begins with the initial damage caused by pre-existing defects in
components subjected to stresses below the yield strength [2]. High cycle fatigue
(HCF) is defined by its low stress amplitude and higher frequency. In this scenario,
the stress remains below the yield strength of the material, resulting in minimal elastic
strains [13, 14]. Once the strain accumulates over a considerable number of cycles, it
results in failure. The precise number of cycles associated with high-cycle fatigue, in
contrast to low-cycle fatigue fractures, depends on the material’s actual behaviour.
The cycle count is so high that the resulting stresses must remain below the material’s
endurance limit, or efforts should be made to mitigate the causes of HCF [13]. The
prevailing strain in HCF is elastic, and the corresponding fatigue life is defined by
stress (instead of strain) in a stress-life (SN-curve) plot. The logarithmic scale of the
number of cycles until failure illustrates cyclic stress [14].
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1.2. Low-Cycle Fatigue Failure

Low-cycle fatigue (LCF) is defined by its high stress amplitude and low
frequency [13, 14]. Low-cycle fatigue failure is strain-controlled and associated with
elevated stress levels or significant strain amplitudes, resulting in plastic and elastic
components for each loading cycle [13, 14]. This feature has significant relevance in
regions characterised by geometric discontinuities or stress risers. Consequently, due
to plastic deformation in low-cycle fatigue, failure occurs after fewer cycles compared
to high-cycle failure.

Furthermore, LCF can be initiated by material flaws that arise during
manufacturing and subsequent processes [14]. When the component’s deformation
reaches the threshold for inelastic behaviour, the structure deteriorates. When a crucial
component of a structure fails at a deformation level significantly below its capacity,
the structure experiences hysteretic deterioration [2]. If the elastoplastic response fails
because the stress goes beyond the yield stress after a few loading cycles (10° cycles),
this kind of fatigue failure is known as low-cycle fatigue (LCF). Low-cycle fatigue
can be divided into four steps and two stages with respect to crack growth in
microstructural evolution [13].

Step 1: Unstable softening and hardening are evident, indicating the initiation
of surface cracks, marking the onset of fatigue damage [13].

Step 2: Cracks emerge or begin to form on the surface subjected to high shear
stresses, and the crack propagates gradually inward; this phase is called stage I crack
growth [13].

Step 3: This stage is known as stage Il crack growth, during which cracks in the
planes of the high tensile stress planes propagate perpendicularly to the applied load
[13].

Step 4: Fracture occurs in the reduced area after the fully developed cracks [13].

Low cycle fatigue is induced by significant variations in stress, temperature, and
other factors [15]. LCF can be defined independently, allowing its assessment and
analysis regarding the design lifetime of the components [15]. Low cycle fatigue
significantly affects the material properties due to the high temperature, pressure and
repetitive loading conditions [12].

The low-cycle fatigue characteristics of the steel used in the structure play a
significant role in its design when exposed to a large cyclic strain loading [16].
Studying the characteristics of LCF increases the understanding of the nonlinear
response and degradation of the structure [13]. LCF is a critical design factor for
metallic machine components and steel structures, making it a prominent subject of
research.

1.3. Austenitic Stainless Steel

The term austenitic describes the crystal structure found in the steel. Austenitic
stainless steels are referred to as such because their stable FCC (face-centered cubic)
austenite microstructure is maintained at room temperature, due to the presence of
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nickel. Table 1 illustrates the primary distinctions among the various types of stainless
steels. Austenitic stainless steels exhibit superior toughness, enhanced corrosion
resistance, and improved weldability compared to ferritic or martensitic steels, which
contributes to their prevalence as the most commonly utilised type of stainless steels
in power plants and various other industries.

Table 1. Overview of stainless-steel types and their key characteristics [17]

Key Alloying . .
Type Crystal Structure Elements Main Properties | Examples
Non-magnetic,
High Cr (16— | excellent corrosion
20%), resistance,
o, FCC (face- . 0 . 304, 304L,
Austenitic centered cubic) Ni (8-12%), | good weldability, 316, 316L
sometimes high ductility,
Mo, N .
good at cryogenic
and high temps
Magnetic,
BCC (bod High Cr (11— lower toughness,
oo oay- 0
Ferritic centered cubic) 18%), moderate corrosion | 430,446
very low Ni resistance,
cheaper
Magnetic,
_1Q0
. BCT (body- HHE% Cr veryhardand | 410, 420,
Martensitic centered higher C (0.1- | strong, but lower 440C
tetragonal) 1.2%) corrosion
resistance
_ 0, . 1
viorrcc | T C | BT |
Duplex (austenite) + BCC | 4-7% Ni, &th, & ’
(ferrite) corrosion 2507
some Mo, N resistance
Can be heat-treated
Precipitation- | .o itic or Cr, Ni, Cu, Al, for very high
Hardening . o . strength with 17-4PH
semi-austenitic Nb, Ti .
(PH) decent corrosion
resistance

The components undergoing cyclic or repetitive loading in harsh environments
such as high-temperature pressure are manufactured with austenitic stainless steel.
Austenitic stainless steels are widely used in nuclear power plants due to their
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exceptional mechanical properties at elevated temperatures. Table 2 presents the
comparison between AISI 304L and AISI 316L stainless steel. These properties make
these materials ideal for application in the componentas working at high temperatures.
Austenitic 304L and 316L SS have high resistance to corrosion, oxidation, pitting, etc.
AISI 316L SS exhibits stable behaviour under neutron irradiation, which makes it
suitable for application in the core internals and fuel cladding. This type of stainless
steel also possesses properties such as being non-magnetic, having improved
weldability, and enhanced fabricability. In environments such as primary coolant
loops of nuclear power plants, which require high purity of water under the pressure
and elevated temperature these steels are used for these purposes. Also, these steels
have been used in pressurised water reactors (PWRs) and boiling water reactors
(BWRs) for several decades and have good performance and characteristics under
operational and accidental conditions [18].

Table 2. Comparison of AISI 304L and AISI 316L stainless steels and their
relevance in power plant applications [17]

Relevance in
Property AISI 304L AISI 316L Power Plant
Mo addition in
189 _
Chemical 18-20% Cr, 8-12% | [6-18%Cr 10~} 316L greatly
Composition Ni, low C (<0.03%) 14% Ni, 2-3% Mo, | improves 'resmtance
’ ‘ low C (<0.03%) to chlorides and
acidic media.
316L preferred in
Excellent general . . cooling water
- Superior resistance
. corrosion " . systems,
Corrosion . to pitting, crevice :
. resistance; prone to . . marine/coastal
Resistance . . corrosion, and acids
pitting in chloride (due to Mo) plants, and
environments aggressive
environments.
I : Upto~g70°C | Stmilar, butslightly | oo oo boilers,
Ocxidation/Scaling . . better creep
. (intermittent); ~925 . . heat exchangers,
Resistance o . resistance at high
C (continuous) superheaters.
temperature
Both maintain
Mechanical Yield: 170-240 Yield: 170-290 ductility and
Properties MPa; Tensile: 485— | MPa; Tensile: 485— strength at high
( AmIl)eale d) 620 MPa; 620 MPa; temperatures; 316L
Elongation: ~40% Elongation: ~40% has better creep
strength.
. Excellent; low Excellent; low Important for large,
Weldability carbon prevents carbon + Mo — welded structures
sensitization stable against (boiler tubes,
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sensitization in
corrosive service

piping, reactor
components).

304L often chosen
for cost-sensitive
applications; 316L

Applications in

vessels, condensers,
turbine casings,

cooling), nuclear
reactor cooling

Lower (more Higher (due to Mo .
Cost economical) content) where service
conditions demand
better corrosion
resistance.
Heat exchangers,
condenser tubes
Typical Boilers, pressure (esp. seawater 304L = general use;

316L = critical parts
exposed to

Power Plants systems, high- corrosive media.
chloride

environments

steam piping

Figure 1 shows the typical design of PWR and BWR with the materials used for
it. BWR (boiling water reactor) (Figure 1b) is a type of light water nuclear reactor in
which water is used for both coolant and moderator. Water is boiled in the reactor
core to convert it to steam, which is supplied to the turbine to generate power. BWR
typically works at 7-8 MPa pressure. A pressurised water reactor (PWR) has two
separate circuits: primary and secondary. The primary circuit operates at a
temperature between 275 and 315°C and 15.5 MPa pressure. The heat is exchanged
between the primary and secondary circuits’ water in the steam generator, then the
water from the low-pressure steam generator converts to steam and runs the turbine.
The pressure in the primary circuit of PWR is maintained with the pressuriser, which
works by heating the water to the boiling point at the required pressure with
submerged electrical heaters [19]. Another type of reactor which is a compact nuclear
reactor called a small modular reactor (SMR) is a next-generation reactors. SMRs are
designed to be fabricated in the factories and transported to the site, such as rural areas,
industries, etc. The focus on SMR is to enhance safety and cost-effectiveness; it can
generate power output in the range of 10-300 MW. SMR can operate for more than
10 years without refuelling.
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Fig. 1. Typical design and materials in a) PWR, b) BWR [15]

Next-generation reactors like generation IV reactors are developed for the
improvement of safety, reduction of nuclear waste, efficient use of fuel, etc. Gas-
cooled fast reactor (GFR), lead-cooled fast reactor (LFR), molten salt reactor (MSR),
sodium-cooled fast reactor (SFR), supercritical water reactor (SCWR), and very high
temperature reactor (VHTR) are some of the generation IV reactors. Austenitic
stainless steel is used for fuel cladding, pressure vessels, internal core structure,
coolant circuit pipes, cladding of control rods, heat exchangers, and condensers in
PWRs, BWRs, SMRs, and generation IV reactors. All these components operate at
high temperatures and under pressure.

1.4. Fatigue Loading

The fatigue is caused by repeated or cyclic loading. Based on the loading
amplitude changes, there are two types of loading, constant amplitude loading and
variable amplitude loading.

In the practical scenario, the magnitude of the mean loading and its amplitude
are important. The fatigue stress is calculated according to the loading; the stress needs
to be calculated for the period. Due to this, it becomes a bit tricky to calculate the
stress in the case of variable amplitude loading.

The type of mean stress in the fatigue loading is represented with the loading
ratio (R). This ‘R’ value shows the means stress is positive, negative or zero.

The load ratio (R) can be calculated as in equation (1):
Omin
R = m N (1)
Based on the load ratio (R), fatigue loading is bifurcated into three types: R = -1,
R=0,and R=1. Figure 2, shows the loading waveform based on the load ratio.
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Relative time

Fig. 2. Loading waveform for different loading ratio

The negative load ratio represents the alternating load in this case mean stress is
zero. For tensile pulsating load where, mean stress is positive load ratio (R) is zero.
The positive load ratio is the pulsating (compression) loading with negative mean
stress.

1.5. Fatigue Life

Fatigue life refers to the total number of cycles required for a crack to fully
propagate and cause fracture. This parameter assesses the ability to withstand defects.
The number of cycles (Ny) necessary for the material to experience failure as a result
of cyclic stress is inversely related to the alternating stress and strain [14].

For decades, the fatigue life of materials in engineering has been a significant
challenge and a specialised area of study. Fatigue accounts for approximately 50% to
90% of all mechanical failures [20].

Fatigue damage is governed by the fluctuation of stress and not by the maximum
stress (Omax), Or the stress amplitude (6a). The mean stress (om) plays a critical role in
estimating fatigue equation (2). The stress range (Ac) is used for the welded
components, and the stress amplitude is used for the machined components [21]. The
stress range can be calculated using the following formula:

Ao = Omax = Omin — 2 Oa, (2)

The surface condition of a component significantly influences its fatigue life, as
fatigue cracks usually initiate on the free surface [2]. Surface roughness must be
regarded as a stress concentrator, with residual stresses introduced by the machining
process in the surface layer, along with hardening or softening of the surface layer and
microstructure alterations resulting from plastic deformation [22]. Assessing fatigue
strength influenced by surface finish is a complex and crtitcal process; consequently,
it is essential to assess the impact of each factor independently before integrating them
[22].

To assess the potential for failure and the service life of a component that has
an existing crack or similar defect, it is crucial to perform crack propagation analyses
[15]. Through experimentation, it has been observed that the crack growth rate per
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cycle, da/dN, is correlated with variations in the stress intensity factor AK, as
illustrated in equation (3).

da m.

- = AAK™; 3)

The relation in equation (3) is recognised as the Paris law, with the parameters
‘A’ and ‘m’ influenced by various factors, including environment, material properties,
load frequency, stress ratio and temperature [16].

When cracks arise from corrosion without the influence of cyclic fatigue,
equation (4) can express the relations between da/dt (the rate of crack growth over
time) and the applied stress intensity ‘K’.
da _ n.

- = BK™ 4

When George Antaki and Ramiz Gilada [15] examined the experimental
situation, they involved a great number of variables compared to the da/dN relation.

The overall fatigue line N¢consists of teo distinct phases: the crack initiation
phase Nj and the crack propagation phase N, [21]. In most cases, the largest chunk of
fatigue life is consumed by the initiation of cracks, which is subsequently followed by
a relatively quick propagation of those cracks. However, when examining welded
structures, it is evident that small cracks or similar defects are often present during
production, leading to the conclusion that the entire useful life is effectively consumed
by the propagation phase [21]. The surface condition significantly influences the crack
propagation phase and is less dependent on the strength of being dependent on the
material's elastic modulus [21]. Given that the two phases operate under different
mechanisms, it is crucial to differentiate between them [21]. Currently, there is a lack
of a universally accepted quantitative measure to clearly distinguish between the
conclusion of the first phase and the beginning of the second phase. In some cases, a
single cycle can be enough to generate a microscopic crack [21].

Accelerating the initiation of fatigue cracks, followed by their growth, can
reduce fatigue life. Mechanical and residual thermal stresses, caused by a severe non-
uniform temperature distribution in the heat-affected zone around the weld, have an
impact on the evolution of the microstructure [13]. Some studies have found that
eliminating residual stress does not improve low-cycle fatigue strength and its effects,
so it can be ignored because significant plasticity may occur as a result of external
loading, which reduces residual stress [13]. For the design and maintenance of
components subjected to fatigue, accurate prediction of fatigue life is essential [20].
An accurate prediction of fatigue endurance is essential for the design of an element
affected by fatigue [23]. The use of finite element software for fatigue analysis has
gained significant popularity due to the high costs associated with laboratory
experimental investigations. The design guidelines outlined in the code of practice are
applicable primarily to simple shapes [23].
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1.6. Fatigue Analysis

Estimating the fatigue life of the components operating under cyclic loading,
exposed to corrosive environments, etc., is essential to eliminate the unexpected
failure of the components.

1.6.1. SN Curve

The SN curve is a simplified way to represent the results of the fatigue test [15].
The SN curve is expressed as the number of cycles (N) as a function of the applied
alternating stress intensity (S) for various materials [15]. The equivalent elastic stress
is calculated by multiplying strain, the modulus of elasticity, and a correction factor
that accounts for plasticity effects. The procedure results in the ordinates of the fatigue
curves being in the range of hundreds of ksi [15].

The SN curve is expressed on a log-log scale (Figure 3). A point on the curve is
called the “knee point”. The knee point is identified in a specific range of loading
cycles, typically between 10° and 107. The SN curve consists of two distinct sections:
the primary section is located to the left of the knee point, characterised by slope m,,
and the secondary section is positioned to the right of the knee point, characterised by
slope m,. The value of ‘m’ represents the negative reciprocal of the slope, and it falls
within the range of 3-10 for the primary segment of the SN curve. The fatigue strength
can be expressed in terms of range or amplitude [21].

The behaviour of the SN curve exhibits distinct characteristics in both sections,
with the knee sometimes displaying two forms following the kneepoint. The initial
form typically produced in laboratory tests is a flat line, while the second form,
observable in real-world scenarios, exhibits a gradual decline over time [21]. In the
context of flatline, fatigue strength can be considered the fatigue limit, as it may not
be evident under variable-amplitude loading. Furthermore, certain materials may not
have a fatigue limit under specific conditions [21].
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Fig. 3. Representation of bilinear SN curve [21]
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If the fatigue capacity is known from the SN curve, then we can estimate the
fatigue life of the component for the corresponding stress amplitude by employing the
following equation (5).

No.m=C; (5)

Fatigue capacity (C) is the intercept of the SN curve with the axis for the number
of cycles at the stress amplitude of 1 (i.e., ,=1). The allowable stress amplitude (g,)
can be estimated using the following relation presented in equation (6). This stress
amplitude () is required for the estimate of fatigue life (Ny).

Ca= |—; (6)

For the fatigue analysis, there are three methods, namely the experimental
method, the analytical method, and the numerical method; each method has its
significance. The experimental method is an expensive, difficult, and complex process
of creating and maintaining the required environment throughout the experiment’s
life. The analytical method is a time-consuming and complex process for obtaining a
solution. Numerical methods, such as the finite element method, use constitutive
models in computer software to provide approximate solutions that may contain
errors.

1.6.2. Experimental Method

Experimental techniques that have been consistently employed to investigate
the significance of cyclic stresses include component tests and polished bar specimen
tests [15].

a. Component Testing

This technique for evaluating fatigue is one of the oldest and relies on cyclic
component tests. This method was employed in the formulation of stress
intensification factors (SIF) for plumbing components. The SIF methodology is
utilised for the examination of ASME III class 2 and 3 piping systems [15].

b.  Polished Bar Specimen Testing

This technique involves the development of SN curves, or stress cycle curves,
for various polished bar specimens produced from different materials. An adjustment
factor of 20 is applied to stress, and a factor of 2 is applied to cycles to obtain the
ASME II design fatigue curve from the failure SN curves. To replicate the stress
concentration that results from shape discontinuities and localised plasticity within
the component, the calculated stress is adjusted using the stress concentration factor
for the SN curve [15].

The experimental approach has been used extensively for an extended period.
However, predicting structural life using experimental methods is considerably more
costly. Moreover, performing experiments on certain intricate systems is challenging
[24].
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1.6.3. Analytical Method

For the analytical method, no knowledge of the software is necessary to perform
the analysis. Several analytical models were proposed in several works by the authors.
These analytical models can be combined with coding software such as MATLAB for
mathematical solutions. This process reduces the time consumed for the physical
calculation.

Coffin and Manson [22, 25] proposed a constitutive model to describe the
relations between plastic strain and fatigue life for the low-cycle scheme; equation (7)
presents the Coffin-Manson relation.

Ae
p = &' (2Np)° ; (7)
Basquin [26] proposed a constitutive model to describe the relation between
plastic strain and fatigue life in an elastic nature. The Basquin’s equation is presented
in equation ().
Ag, o7 b
0o =5t = 7 (2N); ®)
The Coffin-Manson-Basquin model is a combination of the Coffin-Manson
relationship [25-27] and the Basquin relationship [28]. This model is investigated for
several materials because of its ease of application and simplicity. Equation (9)
represents the Coffin-Manson-Basquin relation [28].

ea = (Z£) (2Ny)" + € (2Ny)": )

The total strain amplitude is composed of the elastic strain amplitude and the
plastic strain amplitude. The parameters for the Coffin-Manson-Basquin model are
temperature-dependent. Equation (9) can predict the fatigue life based on the specified
total strain amplitude [28]. Marrow [29] and Smith-Watson-Topper [30] further
modified the Coffin-Manson-Basquin model, taking into account the mean stress
effect.

Equations (10) and (11) represent the Marrow’s and SWT (Smith-Watson-
Topper) equations, respectively. Morrow’s equation targets the elastic strain, due to
which it is effective with constant amplitude or compression mean stress. On the other
hand, SWT cannot be applied to the mean compressive stress.

€0 = (%)( - ;‘—"fl) (2Np)” + e’f( - ;’—";) (N, ; (10)
Omax €a = ("’f ) (2N + o' (2y) " (11)

Brown and Miller introduced the theory of multiaxial shear stress fatigue to
prevent the crack nucleation phase [31, 32]. Equation (12) represents the maximum
shear strain criterion, and equation (13) presents the Brown-Miller criterion [33, 34].

Tomer = 13 Z(2Ny)” + 1.5 €5 (20)'s (12)
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here:
__ €max’ €min
E€n = —2

Omax= Oa+Om

The maximum shear strain criterion indicates a conservative result, and the
Brown-Miller criterion presents a satisfactory life estimate. Both criteria are generally
recommended for ductile metals [34]. For brittle metals, the main strain criteria are
generally recommended [34].

Equation (14) shows the Goodman straight-line expression, which can be used
for low-ductility materials, such as high-strength steel and cast iron.

g | Om _ 41 .
S + 5. = 1; (14)

The Goodman’s diagram serves as the predominant approach for estimating the
endurance limit associated with a specific set of alternating or mean stresses [15]. The
Goodman straight line is used to straight-line to provide information on the fatigue
limit of the material.

1.6.4. Numerical Method

The process of creating a fatigue curve is exorbitant, requires a significant time
investment, and poses challenges in executing experiments within reactor conditions,
such as extreme temperatures and varying alkalinity levels. The numerical simulation
serves to identify key points for constructing a fatigue curve and enhances our
understanding of the mechanics behind the fatigue mechanism [4]. There are several
numerical methods, such as peridynamics (PD), the finite element method, the finite
difference method, the meshless method, and the boundary element method, to
analyse fatigue behaviour, crack growth, etc. Peridynamics (PD) is another option of
classical continuum mechanics (CCM) [35,36]. The classical continuum mechanics
equation is modified to become without spatial derivatives for the PD, which is the
integral equation of motion, which is useful in the case of fatigue or crack growth
modelling [35,36]. Therefore, PD is a different approach than that of the CCM
equation [35,36]. Silling [37] kept forward the original PD in the year 2000, which
was only applied to the brittle materials. Further, Silling et al. [38], Bobaru and Hu
[39], and Madenci [40] developed PD models for both brittle and ductile material [35].
The single PD model can estimate the fatigue crack initiation, growth, and final
fracture phases without the predefined crack path [35, 41]. PD can capture the
material’s hardening behaviour [42]. In contemporary practice, the finite element
method has emerged as a widely recognised analytical approach in structural design.
The approach results in the development of a discrete framework of matrix equations
that encapsulate the mass and stiffness influences of a continuous structure. The
matrices typically exhibit banded and symmetric properties. The geometrical
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complexity of the structure is unrestricted, as the mass and stiffness matrices are
constructed from the contributions of individual finite elements that possess simple
shapes. Consequently, every finite element is linked to a mathematical expression that
corresponds to a straightforward geometric representation, regardless of the overall
shape of the structure. The structure is organised into distinct areas or volumes,
referred to as ‘elements’. Element boundaries are established when nodal points are
linked by a distinct polynomial curve or surface. In widely used elements of the
isoperimetric and displacement type, a consistent polynomial description is used to
connect the internal displacements of the element to the displacements at the nodes.
This method is commonly referred to as shape function interpolation. Given that the
boundary nodes are common to the adjacent elements, the displacement field is
typically continuous across the element’s boundaries [43].

The finite element method has been proven to be valuable for material
examinations, particularly in assessing the fatigue behaviour of steel specimens [4].
The FEM is a reliable tool to predict the fatigue life of the component as closely as
possible to the actual scenario [44]. The fatigue testing matrix can be formulated based
on the outcomes of fatigue modelling using the finite element method. The
development of sophisticated models capable of tackling the previously discussed
phenomena, along with the effective integration of these models into widely used
finite element codes such as ABAQUS, ANSYS, and LS-DYNA, is essential for
achieving a more precise assessment of the mechanistic-based structural integrity of
reactors and other safety-critical components [43]. The significant complexities
associated with cyclic plastic deformation mean that many current models struggle to
accurately represent the cyclic plasticity behaviour observed in experiments. The
cyclic plastic behaviour of metals presents significant complexity, necessitating a
series of experiments to thoroughly investigate aspects such as the cyclic hardening
or softening of the material and the progressive deformations (ratcheting) that arise
from the plastic deformation occurring in each cycle.

1.7. Fatigue Failure

Fatigue failure is commonly referred to as brittle failure, since global plasticity
and necking are often minimal in numerous instances. The propagation of fatigue
cracks involves plastic deformation in a small area surrounding the crack tip. There is
a scenario in which certain small fatigue cracks merge and propagate together, often
leaving behind a pattern of dark and light bands on the fracture surface.

When a metallic component is subjected to a loading condition, shear stress can
arise in the parallel planes that tend to move relative to one another. The adjacent
planes slide over each other within the grains, leading to slip plastic deformation. The
surface grains exhibit the lowest strength, making them susceptible to slippage and
plastic deformation, which subsequently leads to the formation of the microstructure
[8].

In many cases, the appearance of fatigue cracks occurs through microcracking
of the surface, reaching a length that can vary from 1% to 100% of the fracture surface,
influenced by the type and intensity of load as well as the strength of the material [8].
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Microcracks typically start in the plane subjected to the highest shear stress, although
there are exceptions in cases of torsional and multiaxial loading [8]. Under uniaxial
loading conditions, the slip occurs at an angle of 45°, corresponding to the orientation
of the maximum shear stress plane [8].

Schijve [23] explains the crack initiation process as follows: when the stress
amplitude is below the yield limit, a cyclic slip occurs at the microscopic level,
involving only certain grains in the material. This process occurs on the surface, where
the material experiences fewer constraints than in the internal regions of the
component. Slip is irreversible as a result of the metal surface being covered by a layer
of oxide after slip, along with the appearance of strain hardening. Microcracks form
as slips accumulates in proximity, leading to crack growth under continued cyclic
loading.

1.8. Previously Recorded Work on LCF

The study by Meng et al. [45] looked at how temperature and strain rates affect
the low-cycle fatigue behaviour of austenitic stainless steel. Facheris and Janssens
[46] performed a set of tests on stainless steel 316 at room temperature and 200°C to
see how strain amplitude and temperature affect low-cycle fatigue. Chen et al. [47]
investigated how modified 9Cr-1Mo steels with 0.38% and 1.2% silicon behave under
low-cycle fatigue at a temperature of 450°C [11].

Cao et al. [48] examined the low-cycle fatigue characteristics of additively
manufactured 316 stainless steels, contrasting the findings with the fatigue
characteristics of rolled 316 SS components. Branco R et al. [49] conducted fully
reversed strain-controlled low-cycle fatigue experiments for strain amplitudes ranging
from 0.3 to 0.1% strain on AISI 18Ni300 steel at room temperature. Wang X et al.
[50] examined how hold time, strain amplitude, and temperature influence the fatigue
life of P92 steel through a series of low-cycle fatigue experiments and forecasted the
fatigue life for various experiments carried out.

G. Kang and Y. Liu [51] investigated low-cycle fatigue failure and ratchet
failure on a tempered, heat-treated, and annealed 42CrMo steel sample under uniaxial
cyclic loading. Similarly, Yang, X. [52] performed experiments on low carbon steel
with tempered and quenched treatment to study the effect of mean strain on cyclic
strain, low cycle fatigue and the mean stress effect of mean stress and stress amplitude
for stress-controlled ratcheting failure. X. Zhang et al. [53] and Wang et al. [54]
studied the effects of temperature on the softening behaviour of steel using an
experimental low-cycle fatigue test at different temperatures. The American Iron and
Steel Institute (AISI) examined the relationship between monotonic tensile properties
and fatigue properties controlled by constant amplitude strain [11]. J-You and
Miskiewicz [55] investigated the cyclic plasticity of metal using experimental and
numerical methods. They used the Frederick-Armstrong-Chaboche combined
nonlinear isotropic and kinematic hardening law [55]. Roessle, ML, and Fatemi, Ali
[56] published the results of the research carried out by AISI, which estimated the
strain life curve and the strain life fatigue properties.
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Abarkan et al. [57] studied the cyclical behaviour of 316LN stainless steel. In
their studies, they predicted the fatigue life of specimens exposed to several strain
amplitudes at room temperature. They predicted the fatigue life using several
numerical methods, including the approach based on total strain energy density, the
maximum shear strain, and the Brown-Miller criteria. They also employed some
analytical models, such as Langer’s analytical equation and modified versions by
Diercks [58], Jaske and O’Donnell [59], and Chopra [60]. The numerical simulations
were performed on the finite element software ABAQUS. Tsutsumi et al. [61] did
experiments and used finite element analysis with ABAQUS software on two samples
made of SM490 and HT780 steel that had notches. The crack initiation was
investigated using the fatigue subloading surface (fatigue SS) model, and crack
propagation was studied as the sequence of crack initiations. S. Tsutsumi et al. [62]
performed an experimental and numerical inspection on SM490B steel for fully
reversed cyclic and monotonic loading. They kept forward a constitutive model to
capture the softening behaviour of the metals. They tested the developed model by
incorporating it into a numerical model using the ABAQUS subroutine, which
replicated the experimental data. Fincato, R., et al. [63] investigated SM490, SM570,
and F18B steels for stress-strain behaviour experimentally and numerically. The
numerical investigation was performed using the ABAQUS software, and the material
parameters required for the model were estimated and calibrated using experimental
data.

Roy S et al. [44] predicted the low-cycle fatigue life of AISI316L stainless steel
at room temperature. They conducted multiple strain-controlled low-cycle fatigue
experimental tests for strain levels between 0.3% and 1% with a strain rate of
0.3%/sec. Additionally, they carried out a numerical investigation using finite element
analysis, applying the Chaboche kinematic hardening model alongside isotropic
hardening to forecast the fatigue life of the specimen. In their study, Yang, H. et al.
[64] performed a strain-controlled constant-amplitude uniaxial tension-compression
cyclic test to calibrate the Chaboche kinematic hardening parameters in steel. Zhang
et al. [65] conducted an experimental study on the low-cycle fatigue characteristics of
steel P92 at room temperature, alongside a numerical analysis that involved estimating
and calibrating the isotropic and kinematic hardening parameters. Han, J. et al. [66]
conducted a numerical implementation of the Chaboche kinematic hardening model
through a user-defined material model. Hai, L. et al. [67] calibrated the parameters of
the Chaboche model across various strain ranges on structural steel, having conducted
the 171-test beforehand. Mohanty, S. et al. [68] determined the Chaboche kinematic
hardening parameters for SS 316 through a numerical investigation, utilising the strain
versus strain curve derived from experimental fatigue tests conducted at different
temperatures and strain ranges. Santus et al. [69] introduced a procedure to estimate
Chaboche kinematic parameters and developed the Chaboche isotropic kinematic
hardening model by incorporating the Voce isotropic hardening equation with the
Chaboche model. Shiva et al. [70] carried out an experiment and a numerical analysis
on flat-on-flat contact of modified P91 steel, applying maximum cyclic stresses of 450
MPa, 500 MPa, and 550 MPa with a stress ratio of 0.3.
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R. Hormozi et al. [71] conducted an experimental investigation of a fully
reversed isothermal fatigue test for various strain ranges at 650°C on 316 steels, along
with numerical analysis employing the isotropic and nonlinear kinematic hardening
rule to replicate the behaviour of the experimental material until the stabilisation of
the component. Ondrej S et al. [72] examined the low-cycle fatigue behaviour of AISI
316L austenitic steel through both experimental and numerical methodologies and
subjected it to cyclic loading in a hollow cylindrical specimen that contained a pre-
existing crack.

Zhu P et al. [73] proposed a hardening function and examined the factors that
influence the hardening process. H. Mahbadi and M.R. Eslami [74] utilised the Prager
and Armstrong-Frederick kinematic hardening models to explore the effects of cyclic
loading. Li-Yan et al. [75] performed experimental and numerical research on
BLY160 steel to study its cyclic softening and hardening behaviour. They formulated
an elastoplastic constitutive mode based on the combined isotropic and kinematic
hardening models. The formulated constitutive model was tested using it for the
numerical simulation and compared with the experimental results. Chen et al. [76]
carried out an experimental investigation to study the dependence of the steel strain
range, followed by the numerical investigation using the ABAQUS UMAT platform.
They kept forward a constitutive model to capture the cyclic softening phenomenon,
and the accuracy of this model was validated by using it for the numerical simulation
and comparing the numerical results with the experimental. Moeini G. et al. [77]
conducted experimental and numerical investigations on the low-cycle fatigue
behaviour of dual-phase steel. The stable hysteresis loop was simulated using
micromechanical modelling techniques.

Wang et al. [78] prepared a finite element for the growth of fatigue cracks based
on the theoretical background of the Gaussian process validated by the experimental
results of the SCM435 material. Experiments were performed by M.A. Meggiolaro
and Castro J.T.P. [79] on 724 specimens made of steel for the estimation of the Coffin-
Manson model. Gardner, L. and Nethercot, D. [80] conducted a numerical study on
the structural response of hollow stainless steel using finite element modelling. G.
Dundulis et al. [4] kept forward a finite element model to study the low cyclic fatigue
behaviour of P91 steel. To validate the finite element model and calibrate the material
parameters, they performed a strain-controlled low-cycle fatigue test at 550°C. B. Das
and A. Singh [81], Hyde et al. [82], Tanner et al. [83], and Saad et al. [84] also
performed a numerical investigation on P91 steel to study the behaviour of the
material and estimate the model parameters to determine the material for the
simulation by referring to low-cycle fatigue. N. Shamsaei and S. SA McKelvey [85]
utilised the Baumel-Seeger, Muralidharan-Manson and Roessle—Fatemi methods to
estimate the fatigue life of steel based on general tensile properties under multiaxial
loading conditions without using the fatigue experimental test data. A. Dutta et al.
[86] performed a finite element simulation using ABAQUS software to study low-
cycle fatigue in the elastic-plastic regime on AISI316L stainless steel. The required
parameters were estimated from the uniaxial loading low-cycle fatigue experimental
data at room temperature. R. Janulionis and G. Dundulis [87] studied the low-cycle
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fatigue behaviour of the 9Cr-1Mo steel at 550°C. Their study included both
experimental and numerical investigations. Strain-controlled low-cycle fatigue tests
were performed, and finite element modelling was used for the numerical simulation.

Although significant efforts have been made to estimate and calibrate the
material parameters, still the process of estimation of material parameters highly
dependents on the calibration of the parameters using experimental data. Further
investigation is required regarding the procedure for estimating the kinematic
hardening parameters to reduce the complexity and time required for the estimation
and calibration of these parameters. Such work is essential to tackle the challenges
encountered while applying the estimated hardening parameters in various FE
simulation software. In addition, numerical methods continue to face certain
challenges in accurately forecasting behaviour during the initial cycles.

1.9. Chapter Conclusion

This chapter presents a comprehensive review of the fatigue phenomenon,
fatigue failure, and previous work done on the topics related to this dissertation. The
following list highlights the key insights from this chapter:

Researchers have extensively studied the fatigue life of austenitic stainless steel,
paying particular attention to its low-cycle fatigue behaviour. Researchers have
investigated the effects of temperature, strain rate, strain amplitude, specimen size,
and design on the fatigue behaviour of the components under cyclic loading.
Researchers have observed low-cycle fatigue failures in AISI 304L, AISI 316L, and
AISI 316LN stainless steels, as well as AISI 18Ni300 steel, P91, and P92 steel.

Theoretical, analytical, and finite element simulation methods are found in the
literature used for fatigue analysis. The finite element method is the most widely used
numerical method for fatigue analysis. ABAQUS, ABAQUS UMAT, Cast3M, and
Ansys are employed as software for the FE simulation. The Chaboche kinematic
hardening model has been used to predict the low-cycle fatigue life of stainless steel,
focusing on its elastoplastic response. Accurate determination of hardening
parameters is crucial for capturing cyclic behaviours and improving simulation
precision. Researchers have used various methods to study the fatigue life of various
materials, including AISI 316L austenitic steel, dual-phase steel, P92 and P91 steel.

Despite these extensive studies, more research is needed to accurately estimate
the fatigue life using numerical simulation tools of these materials and address
challenges in estimating hardening parameters and forecasting stress-strain behaviour
during fatigue life. Estimating and calibrating the kinematic hardening parameters
remains a time-consuming and complex task, often relying on experimental data to
validate the simulation results. The low-cycle fatigue experiment is expensive, and it
is difficult to maintain environmental conditions. Simplifying and improving the
process of estimating the kinematic hardening parameters is important to reduce
estimation errors, nearly eliminate the calibration process, and enable the estimation
of approximate fatigue life without relying on experimental data.

The analysis of research publications assessing the outstanding issues
mentioned in the review allowed to identify the aims and objectives of the dissertation.
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The aim of this research is to analyse and develop numerical simulation methodology
for the analysis of the low-cycle fatigue behaviour of the steel to estimate the
approximate fatigue life of the components operating under harsh environments by
simplifying the process of the estimation of kinematic hardening parameters to capture
the elastoplastic behaviour of the steel during the numerical simulation. The following
objectives are set to achieve the aim.

1. To develop a comprehensive experimental matrix for performing the low-cycle
fatigue (LCF) testing on AISI 316L austenitic stainless steel under strain- and
stress- controlled regime, exposed to both constant and variable amplitude
loading, for generating high quality data of cyclic stress-strain response, fatigue
life to develop and validate the numerical simulation model.

2. To develop finite element model capable of capturing the cyclic elasto-plastic
and hardeining/softening behaviour of austenitic stainless steel using constitutive
rules for the kinematic hardening and calibarating the model parameters with
experimental data.

3. To develop a simplified and reproducible methodology for the determination of
the hardening and softening parameters of AISI 316L stainless steel for
minimizing the requirement of experiment results while maintening the accuracy
and reliability of the estimated parameters.

4. To perform numerical simulations of low-cycle fatigue and validate the results
of the developed models by comparing the simulation results with corresponding
experimental results.
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2. EXPERIMENTAL METHODOLOGY

The experimental study of the low-cycle fatigue of austenitic stainless steel is
still relevant because of its ability to showcase the fatigue behaviour of the material
in actual working conditions under cyclic loading. The experimental investigation still
plays a vital role in the preparation of the safety guidelines for the structures as well
as the validation of the numerical models.

The low-cycle fatigue experiments are performed on AISI316L stainless steel,
which is used in the nuclear power plant. Reliable management of the structure and
components working under harsh environment has a high priority for safe operation
of these structures. The experimental testing of these structures for safe operation is
crucial. However, in some cases, conducting experimental testing under real operating
conditions is very expensive. It should be noted that the determination of fatigue
curves is expensive, time-consuming, and difficult to implement in the experiment,
especially in a reactor environment (high or low temperatures, acid or alkaline
environments, etc.). Usually, the data obtained from laboratory fatigue tests do not
accurately reflect in-plant observations.

Temperature variations associated with start-ups and shutdowns, power
adjustments, thermal stratification and striping are responsible for thermomechanical
fatigue. Significant amount of research has been performed on the fatigue life of
austenitic stainless steels in air environment; however, numerous challenges still exist
regarding in the field of environmentally assisted fatigue (EAF) in LWR
environments. The fatigue life in of components in such environments is now clearly
understood to be reduced compared to that in air, influenced particularly by factors
such as temperature, strain rate, and water chemistry. According this the testing of the
specimens in the operation environment is main task in of the steel tests for the
prognosis of the lifetime of the equipment. The test in the air condition is only a initial
estimation of the steel parameters in low cyclic fatigue. The equipment used for testing
of the specimen in operation environment, specialy at high temperature, pressure
environment such as in PWR is very expensive. The numerical simulation methods
are useful to evaluate the strength of the components at different loadings. Therefore,
the PWR (pressurised water reactor) environment was selected for one test to evaluate
the material behaviour under that condition and compare it to the tests in air. KTU do
not have specialized testing equipment and can perform tests only in air environment.
The FE models were prepared for the modeling of LCF behavior in the PWR operation
environment on hollow specimen and these models were validated by experimental
tests performed at the facility of EDF (Electricité de France), as per the description by
Spatig, P. et al. [7].

As it is mentioned earlier, the determination of fatigue curves is expensive and
time-consuming; due to the requirement to analyse low-cycle fatigue behaviour in
detail, AISI 316L stainless steel was selected. In this work, AISI 304L stainless steel
is also examined, but only under air conditions.

This section lists some of the standards available for the experimental design,
specimen design, and calibration of the testing equipment related to the topic of this
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dissertation. This chapter also consists of the description of the specimen design and
the experiment matrix.

2.1. Standards for Experimental Analysis

For a proper assessment of fatigue behaviour using an experimental method, it
is important to refer to the standards published for this purpose. There are several
standards available for the different fatigue assessments.

Some of the standards commonly used for low-cycle fatigue investigations
include ASME Section III, Class 1 and the ASME III fatigue curve [15]; ISO/DIS
12106, which specifies axial strain-controlled fatigue testing of metallic materials
[88]; ISO 7500-1, which addresses the calibration and verification of force
measurement systems in tension/compression testing machines [89]; ISO 9513-2012,
covering calibration of extensometer systems [90]; ISO 23788-2013, which specifies
verification of fatigue testing machine alignment [91]; ISO 1099-2017, describing
axial force-controlled fatigue testing [92]; ISO 4965-1:2012, concerning dynamic
force calibration for uniaxial fatigue testing systems [93]; ASTM E606/E606M, the
standard practice for strain-controlled fatigue testing [94]; ASTM E1012, which
addresses specimen alignment under tensile loading [95]; and corresponding national
standards such as AFNOR A03-403 [96], BS 7270 [97], JIS Z 2279 [98], ISO 11782-
1 for corrosion fatigue testing [99], and EN 10002-1 [100] and EN 10002-5 [101] for
tensile testing at ambient and elevated temperatures, respectively.

The standards should be referred to for the elimination of errors in the
experiment process and collection of the results. In this research, ASTM E
606/E606M [94], ASTM E 1012 [95], ISO 11782-1 [99], EN 10002-1 [100], and EN
10002-5 [101] standards are used for the preparation and performing the low cycle
fatigue experiments.

2.2. Austenitic Steel

Austenitic stainless steels are extensively used as structural materials in light
water reactor (LWR) environments where high temperature, irradiation and complex
thermomechanical loading conditions exist [7]. Austenitic stainless steel has shown
satisfactory performance in strain hardening, ductility, and structural overstrength
[90]. Stainless steels have an extensive application across various industrial
components, covering the energy sector to biomedical uses. Understanding the
behaviour of the cyclic plasticity of the material is crucial, particularly with respect to
the latter property, especially within the low cycle fatigue regime (LCF) [102]. Table
3., presents the chemical composition of AISI 304L and AISI 316L stainless steel.
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Table 3. Chemical composition of AISI 304L and AISI 316L stainless steel (wt%)
[103]

C | Si |Mn| P | S| N | Cr | Mo | Cu | Ni | Fe

AISI
304L
AISI
316L

0.029| 0.75 | 1.86 [0.045| 0.03 | 0.1 18 | 0.04 | 0.02 10 |69.126

0.026| 0.42 | 1.81 [0.033]0.004| 0.05 | 16.96| 2.43 | 0.03 | 12 |66.237

AISI 304L and AISI 316L are the type of low carbon stainless steel. The ‘L’
represents the low carbon content of the alloy, which is below 0.03%. These types of
steels are used to avoid the corrosion problem. AISI 316L contains additional amount
of Mo (molybdenum) as compared to AISI 304L, due to which 316L is more corrosion
resistant [103].

Type 316 austenitic stainless steel is extensively utilised in different types of
nuclear reactors, encompassing existing nuclear power plants and next-generation
advanced reactor concepts, such as sodium-cooled fast reactors, molten salt reactors,
and gas-cooled high-temperature reactors.

Type 316 stainless steel can be engineered to function effectively in high-
temperature environments characterised by significant temperature gradients, such as
those found in aircraft gas turbine engines or hot-section combustor liners. Materials
experience cyclic strains generated through thermal and/or mechanical processes
under the influence of these constant and cyclic temperature-strain conditions;
isothermal and thermomechanical fatigue damages arise, resulting in the initiation of
cracking and subsequent crack growth. In addition to low-cycle fatigue (LCF) damage
resulting from start-up and shutdown cycles, high-temperature components also face
time-dependent creep damage as a consequence of their regular operation at elevated
temperatures during service [71].

2.3. Specimen Design

The test specimens were designed according to ASTM E606/E606M [94]
standard practice for strain-controlled fatigue testing requirements and
recommendations. Several specimens were prepared for each experiment scheme. The
experiments were performed for solid elements, hollow specimens, and notch
specimens.

Cylindrical test specimens for low-cycle fatigue experiments of stainless steel
AISI 304L and 316L were designed according to the standard [94]. Detailed specimen
geometries for all experiments performed are shown in Figure 4 to Figure 8.

Figure 4 shows the specimen drawing used in the low-cycle fatigue test at 300°C
for a strain amplitude of 0.3% and 0.6%. The specimen was manufactured with a solid
bar of AISI 304L stainless steel. Another two experiments were performed on solid
specimens made of AISI316L stainless steel. The experiments were carried out for the
strain amplitude of 0.18% at 20°C and 0.6% at 300°C. The drawing of the solid
specimen of AISI316L SS is presented in Figure 5. The effects of the change in strain
amplitude and change in temperature on the four experiments of LCF behaviour of
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the AISI 316L stainless steel in a solid specimen were performed in air. In addition to
the solid specimen, LCF testing was also performed on a hollow specimen of AISI
316L SS in a PWR environment. Figure 6 and Figure 7 present a drawing of the solid
and hollow specimens for these tests. Figure. 8 shows the drawing of the notched
specimen used for the LCF test.
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Fig. 4. Solid specimen of AISI 304L tested under 0.3 and 0.6% strain amplitude
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Fig. 5. Solid specimen of AISI316L tested at 20 °C and 300 °C for 0.18 and 0.6%
strain amplitude
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Fig. 6. Solid specimen of AISI 316L for the LCF test in air at 20 °C and 300 °C for
0.5 and 1 % strain amplitude (specimen used in EDF laboratory test)

41



20 41 38

o

12
@17

2 i
% :
i) 18
- A

8
@26

@6
@12

1 X 45° 60
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Fig. 8. Notched specimen of AISI 316L, notch radius 0.5 and 2 mm at 300°C for
stress-controlled LCF test

Geometrical discontinuities such as welds, bolt holes, threads, etc. are generally
treated as notches. These features create stress concentrations that may decrease the
fatigue life of the component and are often the site for nucleation and growth of fatigue
cracks in components subject to cyclic loading. Stress concentration areas such as
notches are common in nuclear plant components and have to be considered in fatigue
life analyses. Therefore, the testing of notched specimens has been developed and
performed to evaluate the effect of stress concentration area strain gradient for low
cyclic fatigue on AISI316L stainless steel.

2.4. Experimental Setup

The low-cycle fatigue tests were performed on several types of samples: solid
and hollow specimens with smooth surface finishes and solid ones with notches. The
tests were conducted at both ambient and elevated temperatures, in air and pressurized
water reactor (PWR) environments, using strain-controlled and stress-controlled
(notched specimens) testing methods. Table 4 and Table 5 present the experiment
schemes.

The stress/force-controlled tests were performed according to EN 10002-1 [100]
at ambinent temperature and EN 10002-5 [101] at 300°C.

The strain controlled low cycle fatigue tests at ambient and elevated
temperatures were performed in accordance with ASTM 606 [94]. Constant strain was
applied in triangular waveform at strain rate of 0.4%/s.
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Specimen temperature during the fatigue testing at elevated temperature was
maintained at 300+3°C throughout duration of test. The maximum allowed bending
was 1% at 5 kN and less at larger loads. BS7270:2006 [97] was referred for the
detection the number of cycles to failure of the specimen.

For the experimental low-cycle fatigue testing, during the specimen fixation,
complete angularity and concentricity adjustments and tests were performed that
comply with ASTM E1012 [104].

Table 4. Experiment matrix for non-notch specimens

Test No. 1 | 2 1 3] 4] 5 1] 6 [ 7] 8 9
Specimen Solid without notch Hollow
Type
Material AISI304L | AISI316L
Test Type Strain Controlled
Strain Amp.
(%) 0.3 06 | 018 | 0.6 | 0.5 1 0.3
Temp. (°C) 300 20 | 300 | 20 | 300 | 20 | 300 300
Lf;f;f:::g Constant amplitude alternate loading with zero mean stress. R=-1
Environment Air I PWR

The low-cycle fatigue test in the solid stainless steel AISI 304L sample was
carried out on the Instron 8801 servo hydraulic test machine with a dynamic load cell
of £100 kN. Reverse stress pull rods were employed to perform the LCF test at high
temperature. To mount the specimen, a threaded specimen adapter was used. The
concentricity and angularity of the specimen were adjusted using a threaded alignment
cell, AignPRO. The K-type thermocouples were mounted on the specimen to measure
the temperature. The gauge section throughout the experiment was maintained
constant within the desired variation of 1 to 2°C. The Instron 2632 series high-
temperature extensometer was used to measure the strain during the experimental
testing [43].
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Table 5. Experiment matrix for the notch specimen

Test No.

10

11

Specimen
Type

Solid with notch

Material

AISI316L

Notch radius
(mm)

0.5

Test Type

Stress controlled

Maximum
applied force

™)

2447

8908

Temp. (°C)

300

Loading
Type

Variable amplitude (Stepped
Loading) alternate loading with
zero mean stress. R=-1

Constant amplitude alternate
loading with zero mean stress.
R=-1

Environment

Air

Experiments 1-9 were performed under a strain-controlled scheme. And for the

10-11 experiments, they were performed under a stress-controlled scheme.

The electromechanical tension-torsion machine INSTRON E10000 (Figure 9)
was used for experimental testing, with a maximum tensile force of 10 kN and a
torsion capacity of 100 Nm. Section 2.3 shows detailed specimen geometry. To ensure
proper specimen centricity in the testing machine, the bottom grip was mounted
through the alignment flange using four adjustment screws. When adjusting, specimen
centricity was determined by measuring deformations of the testing machine's stud
using strain gauges bonded to the upper stud of the tensile machine. Signals from
strain gauges were connected to a computer via a National Instruments data

acquisition system, NI CDAQ-9188, and post-processed in MATLAB.

In a thermal chamber, tests were carried out at 300°C. Strains on the specimen
gauge area were measured with a high-temperature external extensometer, 7642-
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Fig. 9. INSTRON ElectroPuls™ E10000
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010M-025SM-TD from Epsilon, mounted on the specimen. To capture fatigue cracks
and measure strains on the specimen, a 3D Digital Image Correlation (DIC) system
with two Basler acA4112-20pum cameras from Correlated Solutions was used through
the thermal chamber window. Specimen images captured by DIC cameras were post-
processed in VIC-3D. The software VIC-3D was used to set the speckle pattern subset
size to 1.4 mm (77 px) and the step size between the subset centres to 0.28 mm (15
pX), yielding an uncertainty interval of 0.04 px for the DIC measurements.

2.5. Chapter Conclusion

Experimental investigation was performed on austenitic stainless steel for the
low-cycle fatigue behaviour at room temperature and elevated temperature on solid,
hollow and notched specimens under strain-controlled and stress-controlled loading
conditions in air and pressurised water reactor environments.

In this chapter, the experimental matrix, material selection, specimen design and
experimental setup are explained.

The experimental specimens were designed as per the standard E606-92: 8 solid
specimens, 1 hollow specimen, and 2 specimens with notches of different notch radii.
And the experiments were performed according to the ASTM E 606 standard using
the Instron E10000 fatigue testing machine.
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3. NUMERICAL SIMULATION METHODOLOGY

Numerical simulation has become a core tool in recent times for the low-cycle
fatigue analysis of austenitic stainless steel due to its reliability, cost-effectiveness,
and possibility for in-depth analysis. Also, the possibility to be able to predict fatigue
life under realistic and complex operating conditions. The numerical simulation of
components exposed to low-cycle fatigue failure, the cyclic elastoplastic behaviour of
the material should be modelled until stabilisation, which generally occurs at half the
number of cycles to failure [105]. In the current research, numerical simulation is
performed to study the elasto-plastic behaviour of the austenitic stainless steel during
the low-cycle fatigue life of the component. In this chapter the finite element model
prepared, applied loading conditions, boundary conditions and material modelling are
explained.

3.1. Finite Element Modelling

As mentioned earlier in Section 2.2, for this investigation, several types of
specimens were investigated, such as solid, hollow, and with a notch. The specimens
used for the experiments were axisymmetric. Two types of specimens were modelled,
one full specimen was modeled for the numerical simulation, as shown in Figure 10,
and due to the axisymmetry of the specimen, one more model of the same specimen
was developed representing one-quarter (1/4t") portion of the cross-sectional area of
the specimen’s gauge length (Figure. 11).

X=0

X= Cyclic displacement

Fig. 10. Full specimen FE model with applied boundary conditions

The strain-controlled low-cycle fatigue tests were performed on solid and
hollow specimens with a smooth surface finish. To replicate the strain-controlled
motion of the experimental testing displacement, the strain-controlled motion was
applied to the front face of the specimen model according to the length of the model.
To avoid unwanted motions of the element, restrictions were applied to the model.
The applied boundary conditions are shown in Figure 11.
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Y=XR=7ZR=0

X= Cyclic displacement
YR=ZR=0
Fig. 11. Applied boundary conditions to reduced FE model

Simulations on AISI 304L stainless steel for 0.3% and 0.6% strain amplitude
low-cycle fatigue were performed on ANSYS Workbench. The specimen was
modelled using ANSYS SOLID185 elements; this element is 8-node with three
degrees of freedom for each node. The models for AISI 316L stainless steel for 0.18%,
0.6%, 0.5%, and 1% strain amplitude were prepared in LS-DYNA software. Constant
stress 8-node hexahedron elements were used to model solid (Figure 11) and hollow
specimens Figure 12). The inside surface of the hollow specimen was exposed to
internal pressure to replicate the experimental environment.

Z=XR=YR=0

Pressure= 16.6MPa
X=YR=ZR=0

Y=XR=ZR=0
X= Cyclic displacement
YR=ZR=0

Fig. 12. Meshed FE model for a hollow specimen

The simulation model for the notch specimens was prepared with 2D elements.
The specimen was modelled using a 4-node, quadrilateral shell element with the
Belytschko-Tsay formulation. Figure 13 presents the finite element model and the
boundary conditions applied to it.
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. :&w ‘ Applied
cyclic force

Y=0

Fig. 13. Meshed FE model with applied boundary conditions for the notched
specimen

A fine mesh was used to model the notch area to capture the stress concentration
occurring there. Also, unlike other models, the full gauge length of the specimen was
modelled. There were two different models, one with a 0.5 mm notch radius and one
with a 2 mm notch radius. The left end was fixed for the x-transitional motions,
loading was applied on the right end of the specimen model in the x-direction, and for
the bottom side, the y-direction motion was fixed.

3.2. Specimen Loading

The fully reversed loading was applied to the specimen along the axial direction
with the triangular waveform. Figure 14 represents the relative loading applied to the
FE model for the numerical simulation. The first cycle starts at point O (Figure 14)
when the specimen is at rest. For the first cycle, it is divided into three parts: the first
part point (0-1) is the half portion of the tension part, which is followed by the
compression cycle point (1 to -1) and again the tension part from point (-1 to 1). This
sequence completes the first cycle, and the second cycle follows the point (1, -1, 1)
and so on until the full simulation time.

1%t Cycle 2nd Cycle
3 5

Relative loading

Relative time

Fig. 14. Relative strain applied for the FE model in the case of strain-controlled
scheme

In the strain-controlled low-cycle fatigue test scheme, the strain amplitudes were
+0.18%, £0.3%, £0.5%, +0.6% and £1%. Therefore, 1 and -1 represent the strain

48



amplitude in the positive and negative directions, respectively. To replicate the strain-
controlled motion as per experiments, displacement is applied to the specimen during
the simulation in correspondence to the strain amplitude (e.g., for the £1% strain
amplitude and 10 mm length of the specimen model, a displacement amplitude of+0.1
mm is applied to the model).

In the case of the stress-controlled low cycle fatigue test, the loading was applied
similarly to the strain-controlled scheme, that is, a fully reversed triangular waveform
(Figure 14). There were two different specimens according to the radius of the notch.
The notched specimen was tested under a stress-controlled LCF testing scheme.
Figure 15 and Figure 16, shows the force applied during the LCF experimental testing.

2500
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Fig. 15. Loading applied for the FE model for the notch specimen with r=0.5mm
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Fig. 16. Loading applied for the FE model for the notch specimen with r=2mm

Two notch radius of 0.5 mm and 2 mm were chosen with the help of finite
element elastic calculations and are supposed to be compared to uniaxial standard
fatigue tests, choice was made to use comparable strain amplitude.

Finite elements elastoplastic calculations were thus performed to evaluate the
loads needed to achieve strain amplitudes of 0.3% and 0.6% at the notch tip. Indeed,
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load control was chosen for the fatigue testing to get a common control among all labs
and ease the control on PWR rigs (INCEFA-Scale project).

The force applied during the experimental testing was selected based on the
target strain at the notch tip of the specimen. For the notched radius of 0.5 mm, the
loading was applied in three steps (Figure 15): loading with a maximum force of 1520
N up to 10445 cycles, then the loading force is increased up to 2100 N, and finally,
after a total of 12065 cycles, the loading force is 2445 N. A specimen with a notch of
radius r = 2 mm was loaded with a single step loading of 2245 N (Figure 16) load until
failure.

3.3. Material Model

For proper estimation of the low-cycle fatigue life of the component, it is
important to model the material for cyclic plasticity. Plasticity is an irreversible strain
that occurs when stress reaches a certain level [ 106-110]. Assuming that plastic strains
develop independently of time, various theories exist to characterise the material's
response. Plasticity theory identifies three primary components: yield criterion, flow
rule, and material (hardening) models [106-110]. In the current research, kinematic
hardening is employed along with isotropic hardening to model the material in finite
element modelling for the simulation. Table 6 presents the mechanical properties of
AISI 304L and 316L stainless steel at 20 and 300°C. Table 7 consists of the initial
yield stress. The initial yield stress was estimated from the 15¢ cycle stress versus
strain curve of the experimental results.

Table 6. Mechanical properties of stainless steel [111-117]

Quantity | Symbol | Units Values
Material AISI304L | AISI316L
Temperature T °C 20 [ 300 | 20 | 300
Density p Kg/m? 7930 7980
pouns s E GPa | 193|175 | 193 | 180
Yield Stress ay MPa | 200 | 135 | 205 | 149
Ultimate
Tensile Outs MPa | 500 | 380 | 550 | 400
Strength
Elongation EL % 45 37 40 35
Poisson’s v - 0.28 0.26
ratio
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Table 7. Initial yield stress estimated using the first experimental result cycle

Strain Initial
Quantity . Temperature Yield
Material STZ’Bfn(;fn Amplitude Stress
pect Symbol Ae T Oiys
Units % °C MPa
0.3 79
AISI304L 0.6 300 65
0.18 20 133
. 0.6 300 68
Solid 0s 20 105
) 300 94
Values | 20 120
AISI316L 300 91
Hollow 0.3 133
Notched, ) 76
r=0.5 mm 300
Notched, ) 37
r=2 mm

To determine the yield stress from the exterimental results stress-strain curve,
0.2% offset method was used. The yield point is considered where the curve deviates
from the elastic region (i.e. from linear to non-linear). Figure 17 shows the 0.2% offset
method for determining the yield stress. This method is widely used because the
transition of the curve from elastic to non-elastic region is not always at visible or
well-defined point [118].

Engineering Stress

Tensile
Strength
(TSorR,,)

Yield
Strength
(YS or Ryo2)

(ksi or MPa)

0.2%—> <

Engineering Strain (%)

Fig. 17. Determination of yield stress by parallel line to the elastic region of curve

with 0.2% strain offset [118]
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In the 0.2% strain affset method, a line parallel to the elastic region of the curve
is drawen at the offset of 0.2% of strain. The intersection point of this line and the
stress is defined as the yield stress (Figure 17) [118].

3.4. Kinematic Hardening

Experimental observations of metals subjected to cyclic loading indicate that the
centre of the yield surface shifts in the direction of the plastic flow, illustrating the
Bauschinger effect [110]. A kinematic model effectively encapsulates the described
effect, as it posits that during progressive yielding, the yield surface shifts within the
stress space while preserving a consistent size [106-110].

In recent years, numerous material models have been developed to enhance our
understanding of the cyclic plasticity behaviour of materials subjected to various
loading conditions. Shit et al. [119] put forward a cyclic plasticity model to observe
the effect of back stress and movement of the plastic strain centre in the plastic strain
surface. Chaboche introduced a novel kinematic hardening model that categorised a
stabilised stress-strain hysteresis loop into three distinct components [81,120].
Initially, there is the initiation of the yield, followed by a transient nonlinear phase,
and ultimately the high-strain segment [81]. The Chaboche-type models [121-123] are
widely used in engineering calculations and are incorporated into various commercial
finite element software. The Chaboche-type models are based on a nonlinear
kinematic hardening framework. The Chaboche-type model in its original form
effectively captures plasticity under monotonic loading and the stable cyclic
hardening behaviour of reactor materials; it may fall short in accurately modelling
non-stable cyclic hardening and/or softening [23]. A more thorough understanding of
the cyclic plasticity of metals is essential prior to the development of a reliable
plasticity model for practical use, including the assessment of the stress-strain state
and fatigue life of reactor components.

The complexities associated with cyclic plastic deformation result in many
existing models having limited abilities to accurately represent the cyclic plasticity
behaviour observed in experiments. The cyclic plastic behaviour of metals exhibits
complexities, necessitating a series of experiments to thoroughly investigate aspects
such as the cyclic hardening or softening of the material and the progressive
deformations (ratcheting) that arise from the plastic deformation occurring with each
cycle.

Equation 15 shows the model proposed by Chaboche, J.L. and Rousselier, G.
(1983) [108] without time-recovery effects.

oc=x+R+k+o,)sgn(c—y); (15)

This model has kinematic hardening parameters al, a2, C1, and C2; isotropic
hardening parameters ‘Q’ and ‘b’; viscous parameters ‘Z’ and ‘n’; and the initial size
of the surface of the yield k’ [91].

Chaboche et al. (1979) [125] and Chaboche (1986) [121] proposed a new
kinematic hardening rule. The model is shown in equation (16).
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da; == Cide? — Y;aydp ; (16)

here:
C,Y are the kinematic hardening modulus and exponent respectively.
dp is the accumulated plastic strain.

1
dp = (gdel’:gdel’) 2. (17)

We get equations (18-19) by mathematically solving equation (16)

_[2¢i 2Ci\ ,(-Yae? p .
= [572+ (i —557) 0] e > 0 1"
[ z2¢a 2Gi\ ,(v;aed p .
ap = |55+ (i +37) 0] del < 0 19
_2 p :
txp =35 (05 — 0p),dey 20 (20)
Ay = %(O-x + O'O),dé'}? <0; (21)

here:
aip: Maximum value of back stress in tension or compression loading,
ain: Minimum value of back stress in tension or compression loading.

Simulations of 0.3% and 0.6% strain amplitudes on AISI 304L stainless steel
were performed using ANSYS Workbench. The ANSYS Workbench has a predefined
Chaboche kinematic hardening model in it. Equations 18-21 were used to estimate the
Chaboche kinematic hardening parameters for the 0.3% and 0.6% strain amplitudes
at 300°C in the numerical simulations of AISI 304L stainless steel specimens.

The material parameters used to model the AISI 304L stainless steel in the
ANSYS Workbench are presented in Table 6 and Table 7. The kinematic hardening
parameters for the strain amplitudes of 0.3% and 0.6% at 300°C were estimated using
the second half of the 1000™ cycle for both models. Table 8 presents the components
of kinematic parameters.

Table 8. Parameters for the Chaboche model estimated for the Ansys model

Ea (%) C1 (MPa) Y1 C: (MPa) Y2 Cs (MPa) Y3
0.3 15482.86 2427.214 16950.62 2135.42 61446.98 268.889
0.6 15482.86 575.58 16950.62 1675.4 61446.98 679.35

The Armstrong-Frederick plasticity model was developed by incorporating a
dynamic recovery term into the linear hardening rule established by Prager [126]. The
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Armstrong-Frederick-type models are increasingly recognised for their strength in
handling both proportional and non-proportional loads [120, 127]. Subsequently, the
Armstrong-Frederick concept was expanded to accommodate more intricate loading
scenarios, enhance the accuracy of the model, and effectively capture phenomena such
as the decay of the ratcheting rate [80, 128, 129].

Armstrong and Frederick introduced a model that incorporates a nonlinear
kinematic hardening term [130]. A recovery term was incorporated into the Prager
linear kinematic hardening rule [126], which is recognised as one of the simplest
models available. This term included the memory-fading effect associated with the
strain path. The model exhibited an overestimation of ratcheting strain [131] and
incorporated a limited set of material constants to improve the precision of ratcheting
predictions [132].

As mentioned in Section 3.2.1, the numerical simulations for AISI 316L
stainless steel strain amplitudes of 0.18%, 0.6%, 0.5%, and 1% were prepared in LS-
DYNA software. LS-DYNA has a predefined material model that combines isotropic
and kinematic hardening, named MAT 153 DAMAGE 3. This material model
defines kinematic hardening, which is defined using the Armstrong-Frederick
kinematic hardening model.

2 . .
aj = ngEpl - y]aje_pl 5 (22)

here:
C : Coefficient of Kinematic Hardening (MPa).
y : Exponent for Kinematic Hardening
€PL: Plastic strain
£Pl . Accumulated Plastic Deformation
@; : Back stress

The Armstrong—Frederick KH model in the LS-DYNA ‘MAT 153 DAMAGE 3’
material model is defined according to equation (22).

2 . e
Tmax = Zi:l [§ ngpl - yxaxgpl] 5 (23)

here:
Umax - Maximum cycle stress (MPa).

The kinematic hardening parameters were estimated according to equation 23.
The KH parameters were estimated from the stabilised cycles of each experiment.

Table 9 presents the kinematic hardening parameters used during the LS-DYNA
simulations.
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Table 9. Parameters for the Armstrong-Frederick kinematic hardening model
estimated for numerical simulation

Strain
Amplitude Temperature C1 Y1 Cz Y2 Cs Y3

% °C MPa - MPa - MPa -
0.18 20 150500 | 1680 | 450650 | 2530 | 10560 | 1360
0.6 300 5000 83.3 | 100000 | 825 1000 1530
20 1505 1680 | 15065 253 90500 | 1360
0 300 4000 5 25500 550 | 100000 | 1887
1 20 150 1680 1000 253 40000 360

Continuous work has been carried out on the estimation and calibration of the
kinematic hardening parameters. Tong, J., and Vermeulen, B. [133]. They performed
the experimental and numerical investigation of plasticity, and the viscoplasticity of
the nickel-based superalloy kinematic hardening parameters was estimated and
optimised for better numerical results. Tong, J. et al. [134], in their extended work
from [130], introduced a step-by-step procedure to determine the kinematic hardening
parameters and calibrated those using a non-linear least squares method. Zhan, Z., and
Tong, J. [135] introduced a dynamic recovery term in the non-linear kinematic
hardening model when estimating and calibrating several sets of parameters.
Moslemi, N. et al. [136] kept the steps for the estimation of the kinematic hardening
parameters for the thin steel sheet under cyclic loading. Koo, G. and Kwon, J. [137]
performed an experiment and used these experimental results to estimate the
kinematic hardening parameters using a constitutive model followed by finite element
simulation using the estimated parameters. Rahman et al. [ 138] examine several cyclic
plasticity models to assess the sensitivity of the model parameters and how the
calibration of the initially estimated kinematic hardening parameter affects structural
ratcheting during simulations. A study by Kacar [139] reports the process of
determination of kinematic hardening parameters from the experimental results with
the curve fitting method and the calibration of those kinematic hardening parameters
using the finite element simulation approach. Mahmoudi, A. et al. [140] determined
the kinematic hardening parameters using a multi-objective generic algorithm.
Moslemi et al. [136] estimated the kinematic hardening parameters using a curve-
fitting method similar to that in Kacar's [139] work and calibrated these parameters
by GA (Genetic Algorithm) and PSO (Particle Swarm Optimisation). Huachao, Y.
[64] calibrated the kinematic hardening parameters with the swift extrapolation model
using the uniaxial tension flow curve. In their work, Shutong, Z., et al. [141]
introduced an approach to estimate and optimise the combined hardening parameters.
The parameter optimisation process was performed by the incremental elastic limit
concept (IEL), which is implemented by iterative searching under a non-linear curve
fitting algorithm. However, the dependence of these parameters on strain amplitude
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and temperature was not estimated. To reduce the errors in the estimation of the
kinematic hardening parameters, M. Pelegatti et al. [102] developed a new calibration
procedure for these parameters.

Despite extensive research on the estimation and calibration of the kinematic
hardening parameters, it is still a complex and time-consuming process, and more
often than not, these estimated kinematic hardening parameters need to be calibrated
during the simulation, which is additional and, again a complex and time-consuming
process.

To reduce the complexity, errors, and time consumed during the process of
estimating and calibrating the kinematic hardening parameters, relations are
formulated for each component, considering the effects of strain amplitude and
operating temperature on it. The relations are formulated based on the kinematic
hardening parameters presented in Table 10, which are used for the simulation in LS-
DYNA. Equations (24-29) present the formulated relation.

€, = —0.01220y5 — 8.8551 Ae? + 10.5727A¢ + 1.2496T; (24)
Y1 = —264.3294 Ae? + 715.8896 Ac + 48.1017T; (25)
C, = 0.11580y5 + 0.0805 Ae2 — 26.2504A¢ + 1.4235T; (26)
V2 = 9263.575 Ae? + 695.3537A¢ + 21.2144T; 27)

C; = 0.43330y5 + 12.3301 Ac? + 10986.4059 Ac + 3.2122T; (28)

¥s = 10324634.68 Ac? + 5012.0759A¢ + 37.6428T; (29)

here:

oys: Yield stress (MPa)
Ag : Strain amplitude (%)

T Operating Temperature (°C)
a 20 (°C)

The formulated equations (24-29) were used to estimate the kinematic hardening
parameters for the strain-controlled low-cycle fatigue tests with different strain
amplitudes. The estimated parameters are presented in Table 10. These estimated
parameters are employed for the numerical simulation performed using LS-DYNA
software.
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Table 10. Kinematic hardening parameters are estimated using formulated relation

Specimen type Solid Hollow
Strain Amplitude % 1 0.3

Temperature °C 300
Ci MPa | 18640 19300
Y1 - 1173.09 | 912.5
C MPa | 12440 307.4
Y2 - 550 485.1
Cs MPa | 49440 109640
Y3 - 842 1642.14

3.5. Isotropic Hardening

The isotropic model considers that during any phase of loading, the centre of the
yield surface is consistently located at the origin, and the surface expands
homothetically in size as the plastic strain progresses. Frequently, a non-linear
isotropic model, also called the Voce model [127], is utilised. The alteration of the
yield surface is characterised by the variation in the drag stress, R in equation (30)
[106-110].

R = Ry,[1 — exp™ P fplace] ; (30)

Where R, is the stabilised stress, R,, can be positive or negative. Value of R,
describes the hardening (R, > 0) or softening (R, < 0) behaviour of the material.
And b is the rate of stabilisation [43].

The evolution of ‘R’ in equation (31) can also be estimated as the relative change
in the maximum stress of the N" cycle relative to that of the maximum stress of the
first cycle and in the stabilised cycle [11, 107, 109, 121].

R = Omax,i— 9max,1 . (31)

b
Omax,s ~%max,1

here:
Omax.i : Maximum stress in the N cycle
Omax,1 : Maximum stress in the 1% cycle
Omax,s : Maximum stress in saturated cycle

Figure 18 and Figure 19 illustrate the isotropic hardening curve derived from the

experimental results for strain amplitudes of 0.3% and 0.6% at a temperature of
300°C.
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4 PTH—— Point untill which the curve is described in Ansys Workbench.

Size of the Yield Surface (Mpa)

0 20 40 60 80 100
Accumulated Effective Plastic Strain, %

Fig. 18. Isotropic hardening curve estimated for 0.3% strain amplitude at 300 ° C of
the AISI304L stainless steel model

The low-cycle fatigue test simulation for 0.3% and 0.6% strain amplitude was
carried out using an Ansys Workbench static structure. While describing the isotropic
hardening curve in Ansys Workbench, it did not accept values that were lower than
the last entered value for accumulated plastic strain and the evaluation of the surface
of the yield. The inability to generate a negative slope resulted in the ability to produce
only a positive slope. Consequently, it is limited to accepting only the rising values.
To establish the isotropic hardening curve in Ansys Workbench, only a segment of
the estimated curve was utilised up to the point highlighted in red in Figure 18 and
Figure 19 [11].

Point untill which the curve is described in Ansys Workbench.

Size of the Yield Surface (Mpa)

(=3

0 20 40 60 80 100
Accumulated Effective Plastic Strain, %

Fig. 19. Isotropic hardening curve estimated for 0.6% strain amplitude at 300 © C of
the AISI 304L stainless steel model

The isotropic hardening curve was plotted as the evolution of the yield surface
versus the accumulated effective plastic strain. Since the elastic modulus is large with
respect to the hardening modulus, therefore, the accumulated plastic strain can be
calculated as the product of the cycles and the same plastic range. The plastic strain
range was calculated according to equation (32).
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20t

AEP! =~ AE — P (32)
The equivalent plastic strain was calculated according to equation (33).
EP' =~ (4i — 3)AEP!; (33)

The size of the yield surface for each cycle was calculated according to equation
(34).

aio = oit —-a;; (34)
here:

a; = (o +0f)/2;

The evolution of the yield surface can also be calculated according to equation
(35). And the accumulated plastic strain can be presented by equation 36 because,
under strain-controlled loading conditions, the Ag,,; remains roughly constant.

0 = Omax,i ~ Oyo0 > (33)

&Pl = 2NAgy,; ; (36)

The numerical simulations performed using LS-DYNA, the isotropic hardening
curve, were calculated using equations (35) and (36). The estimated isotropic
hardening curves for 0.18%, 0.6%, 0.5%, and 1% strain amplitude on solid specimens;
0.3% strain amplitude on hollow specimens; and 0.5 mm and 2 mm radius notch
specimens are presented in Figure 20 to Figure 28.
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Fig. 20. Isotropic hardening curve used in LS-Dyna, AISI 316L for 0.18% strain
amplitude at 20°C model
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Fig. 21. Isotropic hardening curve used in LS-Dyna, AISI 316L for 0.6% strain
amplitude at 300°C model
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Fig. 22. Isotropic hardening curve employed for the numerical simulation of the
0.5% strain amplitude at 20 ° C in a solid specimen
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Fig. 23. Isotropic hardening curve used for the 0.5% strain amplitude of 0.5% at 300
° C on a solid specimen
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Fig. 24. Isotropic hardening curve used for the numerical simulation of the 1% strain
amplitude at 20 ° C on solid specimen
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Fig. 25. Isotropic hardening curve employed for the numerical simulation of the 1%
strain amplitude at 300 ° C in a solid specimen
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Fig. 26. Isotropic hardening curve used for the numerical simulation of 0.3% strain
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Fig. 27. Isotropic hardening curve employed for the notched specimen numerical
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Fig. 28. Isotropic hardening curve employed for the numerical simulation of the
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3.6. Chapter Conclusion

Numerical investigation using a finite element model is performed for 11 models.
The finite element models were prepared on ANSYS Workbench and LS-Dyna
software. The elasto-plastic behaviour of the material is described by employing
kinematics and isotropic hardening during material modelling. The parameters
required to describe the cyclic hardening and softening of the material were estimated
using experimental results. The Chaboche and Armstrong-Frederick kinematic
hardening rules are used to describe the KH of material in ANSYS Workbench and
LS-Dyna, respectively.

The estimation of the kinematic hardening parameters using the available
constitutive models is very complex and time-consuming and most of the time
requires the calibration to get the expected results, which is an extra step, which is
another time-consuming step. Strain amplitude and operating temperature both have
their influence on the kinematic hardening parameters. Therefore, relations are
formulated for the estimation of kinematic hardening parameters by considering the
effects of the strain amplitude and operating temperature and to reduce the time
required and eliminate the calibration process. The relations between kinematic
hardening parameters, strain amplitude and operating temperature are formulated, and
the parameters estimated using these relations are validated by using them in the
material model without a calibration process.
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4. EXPERIMENTAL RESEARCH RESULTS

Low cycle fatigue (LCF) experimental testing is a crucial method for
understanding material fatigue behaviour under controlled, baseline conditions. Air
testing provides a reference for the material's fatigue life, allowing researchers to
isolate the mechanical fatigue response without environmental interference. This is
useful for comparing different materials or heat treatments under consistently
standardised conditions. Air testing is simpler and more cost-effective than high-
pressure/high-temperature environments, as it does not require complex
infrastructure, water chemistry control, or safety measures. International fatigue
testing standards (ASTM and ISO) are based on air tests, allowing results to be
directly compared to existing data for material qualification and design. Air testing
also aids in model development and validation, helping to develop and validate cyclic
plasticity models, strain-life curves, and fatigue damage parameters under controlled
conditions. Component design and screening are essential for the initial screening of
candidate materials for fatigue performance before investing in more expensive,
environment-specific testing. Air fatigue data is essential for understanding
degradation in more aggressive environments and calibrating environmental penalty
factors.

The experimental test results for all 11 low-cycle fatigue experiments performed
are plotted as stress versus number of cycles curves for strain-controlled constant-
amplitude low-cycle fatigue. For the stress-controlled low-cycle fatigue test, the curve
was plotted as strain versus the number of cycles.

Figure 29 presents the experimental results for the 0.3% strain amplitude at 300°C
on AISI 304L stainless steel. The stress versus number of cycles is shown in Figure
29a, and Figure 29b, a picture of the specimen with a crack after failure is shown. The
crack in the specimen was observed in the centre of the gauge length. From the stress
versus number of cycles curve, it is observed that for the initial few cycles, the
maximum stress increased for each successive cycle until the 61% cycle, and then the
reduction in maximum stress was observed, followed by a kind of stabilised region
and failure of the specimen. The specimen failed in the 24923 cycle.

Figure 30a and Figure 30b show the experimental results for the 0.6% strain
amplitude at 300°C in AISI 316L stainless steel. The material behaviour observed was
similar to the 0.3% strain amplitude shown in Figure 29a. The maximum stress
increased up to the 61st cycle, and a reduction in the maximum stress was observed,
and the material failed in the 4256 cycle. The crack was observed outside of the
gauge length on the upper side of the specimen (Figure 30b). The crack must have
occurred outside the length of the gauge, and it may be related to the localised stress
concentration near the gauge fillet [47].
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Fig. 29. Experimental results: stress curve versus number of cycles for AISI304L
stainless steel for 0.3% strain amplitude at 300 ° C
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Fig. 30. Experimental results: stress curve versus number of cycles for AISI304L
stainless steel for 0.6% strain amplitude at 300 ° C

Experiments on AISI 316L stainless steel for 0.18% amplitude at 20°C and 0.6%
strain amplitude at 300°C were performed until the specimen failure. Figure 31 and
Figure 32 present the experimental results for the same [12]. In both specimens, a
crack appeared at the centre of the gauge length. Figure 31b and Figure 32b show the
cracked experimental specimen. The experimental findings for low-cycle fatigue at a
strain amplitude and room temperature indicated an increase in the maximum stress
observed in each cycle up to the sixth cycle. Beginning with the seventh cycle, the
peak stress per cycle diminishes until the 1235 cycle, after which a stabilised region
appears, maintaining a stress range between 210 MPa and 214 MPa up to the 326,557"
cycle. Following the 326,557 cycle, the maximum stress consistently decreases over
successive cycles, leading to the failure of the specimens, specifically the fracture that
occurred during the 342,870" cycle [12].
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Fig. 31. Experimental results: stress curve versus number of cycles for AISI316L
stainless steel for 0.18% strain amplitude at 20 ° C

The findings of another experiment conducted on an AISI 316L stainless steel
component at 300°C with a strain amplitude illustrate a similar pattern: the maximum
stress during the initial cycles rises until the 10" cycle, after which it steadily declines
until the component finally fails in the 11837 cycle. No stabilised region was
detected in the experiment with a strain amplitude, nor was one found in the
experiment with the results of the 0.18% strain amplitude. It is observed in the results
of both experiments that there is a typical behaviour where the maximum stress
decreases following an increase in stress during the initial few cycles. This evidence
indicates that AISI 316L stainless steel demonstrates a softening behaviour of the
material when subjected to cyclic loading [12]. Failure was considered when there
was a 25% drop in stress level with respect to the maximum stress level. The specimen
for 0.18% and 0.6% strain amplitude failed in the 343106™ (Figure 31) and 1192
(Figure 32) cycles, respectively [43].
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Fig. 32. Experimental results: stress versus number of cycles curve for AISI316L
stainless steel for 0.6% strain amplitude at 300 ° C
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The next set of experiments consisted of a total of 5 experiments performed in the
EDF laboratory. The results for all 5 experiments are presented in Figure 33 to Figure
37. This set of experiments was performed on a solid specimen and a hollow
specimen. On a solid specimen, four experiments were performed for 0.5% and 1%
strain amplitude at 20°C and 300°C. And the hollow specimen was tested for 0.3%
strain amplitude at 300°C in a PWR (pressurised water reactor) environment.
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Fig. 33. Experimental results of solid specimen for 0.5% strain amplitude, stress
versus number of cycles at 20 ° C (EDF laboratory test results)
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Fig. 34. Experimental results of solid specimen for 0.5% strain amplitude, stress
versus number of Cycles at 300 ° C (EDF laboratory test results)
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Fig. 35. Experimental results of a solid specimen for 1% strain amplitude, stress
versus Number of Cycles at 20 ° C (EDF laboratory test results)

The failure of the specimen tested at 0.5% strain amplitude at 20°C was observed
at the 5628™ cycle (Figure 33). The maximum stress in the case of this experiment
was observed to increase in the failure cycle, which may occur because the crack was
formed outside the gauge length. Figure 34 presents the experimental results for the
0.5% strain amplitude at 300°C; the failure in this test was observed in the 5072
cycle.
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Fig. 36. Experimental resultsss of a solid specimen for 1% strain amplitude, stress
versus Number of Cycles at 300 © C (EDF laboratory test results)

The specimen tested for 1% strain amplitude at 20 and 300 ° C failed in the 925™
Figure 35) and 502™ cycle (Figure 36).
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Fig. 37. Experimental results of a hollow specimen for 0.3% strain amplitude, Stress
versus Number of Cycles at 300 ° C (EDF laboratory test results)

Low cycle fatigue (LCF) testing is commonly conducted in pressurised water
reactor (PWR) environments to simulate the actual operating conditions of nuclear
reactor components, particularly those in the primary circuit. PWRs operate at
temperatures of 280-325°C and pressures of 16.6 MPa, and materials exposed to these
conditions may degrade differently due to corrosion fatigue, environmentally assisted
cracking (EAC), and environmentally assisted fatigue (EAF) effects. Research and
operational experience show that fatigue life in PWR environments can be
significantly shorter than in air due to oxidation at the crack tip, dissolved oxygen and
hydrogen effects, and enhanced crack growth mechanisms. Such evidence has led to
the development of environmental fatigue correction factors. LCF testing also helps
in ensuring compliance with nuclear regulatory bodies, including environmental
effects in fatigue evaluation. It also supports material qualification and ageing studies,
evaluating the degradation behaviour of alloys like 316 SS, Inconel, and low-alloy
steels under combined mechanical and environmental loading.

Figure 37 displays the experimental results for the hollow specimen tested at a
strain amplitude of 0.3% and a temperature of 300°C in a pressurised water reactor
(PWR) environment. The failure was observed in the 3500%" cycle (Figure 37).

The results of all the strain-controlled experimental tests indicate that the material
behaved similarly. For the initial few cycles, the maximum temperature increases for
each consecutive cycle, followed by a reduction in the maximum stress for the next
few cycles, a stabilised region and finally failure. This phenomenon is known as
“softening behaviour”. Softening is related to dynamic recrystallisation at room
temperature and grain rotation at higher temperatures [142].

From the experimental results, it is observed that the failure of the specimen is
largely affected by the strain amplitude applied to the specimen during experimental
testing. The number of cycles required for the specimen's failure at the respective
strain amplitude is presented in Table 11. It is observed that the operating temperature
also has some degree of influence on the failure of the specimen.
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Table 11. Non-notched specimen failure cycle for experimental test on AISI316L
stainless steel

Sr. Strz.un Temperature Cycle
No. Amplitude number
% °C N
1 0.18 20 343106
2 0.3 300 3500
3 05 20 5628
4 ' 300 5072
5 0.6 300 1192
6 1 20 925
7 300 502

AISI 316L stainless steel was also tested with the notch specimen. Experimental
low-cycle fatigue (LCF) testing is conducted on notched specimens to simulate real-
world conditions, study localised behaviour, and improve understanding of fatigue
performance in components with stress concentrators. Notched specimens replicate
geometric discontinuities like holes, notches, fillets, or grooves, which cause stress
concentrations. Stress-controlled loading represents many actual loading situations
where force or pressure is applied, rather than prescribed displacement/strain.
Notched specimens allow the study of stress gradient effects, localised plasticity under
cyclic loading, and the notch sensitivity of different materials, which helps in
predicting fatigue life more accurately. Notches induce triaxial stress states and
localised plastic deformation, enabling the evaluation of cyclic hardening and
softening behaviour and the study of crack initiation and propagation in critical
regions. LCF testing validates finite element (FE) models and design criteria,
supporting conservative fatigue life estimations in safety-critical components. It also
provides challenging validation cases for material models for cyclic plasticity and
fatigue, which are then used in FEA simulations. Notched specimens naturally
promote crack initiation at stress concentration sites and allow the study of short-crack
behaviour, which is important for LCF regimes. There were two specimens with
different notch radii of 0.5 and 2 mm, respectively, at a temperature of 300°C. The
experiment for the notched specimens was stress controlled, unlike the non-notched
specimens, which were strain-controlled tests.

The low-cycle fatigue testing was performed on notched specimens under stress-
controlled loading conditions to ensure uniformity throughout the experimental
testing program (in air and PWR environments). To make it easy to compare with the
strain-controlled uniaxial testing, the loads were applied to create a strain at the
notched tip equivalent to the strain amplitude in the case of the strain-controlled LCF
tests. The laboratory involved in the testing programme did not have the capability to
test in a PWR environment for the required gauge length extensometer.

The specimen with a 0.5 mm radius notch was exposed to fully reversed variable-
amplitude loading. Failure was observed in the 162515¢ cycle (Table 12) with the
crack in the centre of the specimen, which is also the root of the notch (Figure 38).
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Similarly, for the specimen with a 2 mm radius notch, the failure occurred in the
29660" cycle (Figure 39). In both cases, it was observed that as the stress loading
increased, the strain also increased. Figure 38b and Figure 39b show the cracked
notched specimens.
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Fig. 38. Experimental results for = 0.5mm notched sample, strain versus number of
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Fig. 39. Experimental results for =2mm notched sample, strain versus number of
Cycles at 300 ° C

Table 12. Notched specimen failure cycle for experimental test on AISI316L
stainless steel

Sr. | Notch radius | Temperature Type of Cycle
No loading number
) mm °C Np
1 0.5 Stepped 16251
2 2 300 Cons.tant 20660

amplitude
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4.1. Chapter Conclusion

An experimental investigation on the low-cycle fatigue behaviour of austenitic
stainless steel was carried out on a non-notched solid specimen, a notched solid
specimen, or a hollow specimen exposed to constant or variable amplitude loading at
room temperature or elevated temperature in this research. Conducting LCF testing in
air is essential for creating a reliable, consistent, and cost-effective basis for fatigue
studies. The method facilitates the analysis of materials and the creation of models
and serves as a standard for quantifying the impacts of environmental degradation,
such as those arising from PWR conditions. A solid specimen made of AISI 304L
stainless steel was tested for 0.3% and 0.6% strain amplitude. AISI 316L stainless
steel was tested for 0.18%, 0.6%, 0.5% and 1% strain amplitude. A hollow specimen
of AISI 316L steel was tested under 0.3% strain amplitude in a PWR environment at
300°C. Testing under PWR conditions is essential to effectively forecast the service
life and guarantee the safety and reliability of vital nuclear components by integrating
realistic environmental degradation mechanisms. This offers essential information for
design standards and safety evaluations in the field of nuclear engineering.

The experiments were carried out using an Instron E10000 fatigue testing
machine. AISI 316L SS was also tested with two different radius-notched specimens
under a stress-controlled regime. Stress-controlled LCF tests on notched specimens
are essential for modelling real service loads and stress distributions, investigating
localised fatigue and crack initiation, and assessing material models and design
approaches. This turns them exceptionally relevant for evaluations of structural
integrity and applications in nuclear, aerospace, or pressure vessel contexts where
predicting fatigue life is essential.

The strain amplitude significantly influences the failure cycle number in the
strain-controlled low-cycle fatigue test. The failure of the specimen is also slightly
affected by the operating temperature. There was a common behaviour observed from
the maximum stress versus the number of cycles curve plotted for all the strain-
controlled experimental test results: cyclic hardening for initial cycles, cyclic
softening followed by a kind of stabilised region, then a drop in the stress level and
finally fracture. In the case of stress-controlled experimental test results, the maximum
strain versus the number of cycles curve was plotted, and an increase in the strain level
is observed as the number of cycles increases and a sudden spike at the failure of the
specimen.
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5. NUMERICAL SIMULATION RESEARCH RESULTS AND
VALIDATION

Numerical investigation using a finite element model is performed on austenitic
stainless steel for strain-controlled and stress-controlled low-cycle fatigue. In this
section all the numerical simulation results along with the validation will be explained.

To begin with the numerical simulation investigation, the full specimen (Figure
10) and the reduced specimen (Figure 12) were both exposed to 0.3% strain amplitude
to check the effects of the specimen size on the simulation results. No effects of the
specimen size were observed on the simulation results (Figure 40). The results for
both the specimens were identical. This conclusion was observed because, if
appropriate boundary conditions and loads are applied to the specimen model, the
non-gauge part of the specimen, like the shoulder, end section, etc., does not have any
significant effects on the numerical simulation results. But the full specimen took
more than 1 hour to compute, and the reduced specimen took just a few seconds to
compute (Table 13). To reduce the time required for the computation of the model, all
the finite elements were prepared for the reduced specimen (1/4" portion of the
specimen gauge length).
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Fig. 40. Comparison of simulation results of full specimen and reduced specimen

Table 13. Time required for the computation for the first cycle

Model type Time required for the computation
Full specimen 1h 20m
Reduced specimen 15 sec

After the decision on the specimen size to model, the finite element model was
checked for the sensitivity of the numerical simulation to the mesh size of the model.
Mesh sensitivity is very important in the numerical simulation of low-cycle fatigue to
be sure of the accuracy and reliability of the results, specifically the stress, strain fields
and fatigue life of the specimen.
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For the mesh sensitivity analysis, 4 finite element models were prepared with the
element sizes of 0.5 mm, 1 mm, 5 mm, and 10 mm. All these models were prepared
for the 0.3% strain amplitude on the AISI 304L SS experimental test. There were no
effects of the mesh size on the simulation results observed (Figure 41) due to the
simplicity of the model and boundary conditions. For the reliability and efficiency of
the numerical simulation results, 1 mm mesh size was selected for the finite element
models for the strain-controlled low-cycle fatigue simulations.
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Fig. 41. Mesh sensitivity check

The simulation results for the AISI 304L stainless steel LCF tests from the
ANSYS workbench showed agreement with the experimental results. As the cycle
progresses, a deviation in the maximum stress values is observed. The shape of the
stress-versus-strain hysteresis loop plotted for the simulation results against the
experimental results was quite similar. Figure 42 and Figure 43 show the hysteresis
loop of the 15¢ and the 2000 cycles for 0.3% and 0.6% strain amplitudes. For the
15¢ cycle, in the case of both strain amplitudes, the simulation curve is very close to
the experimental curve. And in the case of the 2000th cycle, deviation is observed for
both the strain amplitudes. Figure 44 presents the maximum stress for each cycle
versus the number of cycle curves. This figure consists of experimental, and
simulation results for both strain amplitudes.
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Fig. 42. First cycle for AISI304L stainless steel at 300 ° C
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Fig. 43. 2000™ cycle for AISI304L stainless steel at 300 ° C
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Fig. 44. Stress curve versus number of cycles for AISI304L stainless steel at 300 °C
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For the simulation results of the 0.3% strain amplitude model, the results matched
for the initial few cycles, but after the seventh cycle, the maximum stress did not
change for the rest of the simulation, and the values deviated by 18.95% from the
experimental results. In the case of the 0.6% strain amplitude simulation model,
similar stress versus number of cycle curves with the 0.3% strain amplitude model.
During the initial few cycles, the simulation results closely matched the experimental
results; however, an unexpected spike occurred in the values, and after the 75th cycle,
the maximum stress remained constant for all subsequent cycles. The simulation
values deviate by 19.9% from the experimental results. Constant values of the
maximum stress were observed due to the isotropic curve defined in the ANSYS
workbench. It did not accept the values for the curve that have a negative slope, and
eventually it was unable to catch the softening behaviour of the material as was
observed in the experimental results.

The simulation in the solid specimen produced from AISI 316L stainless steel for
the 0.18% strain amplitude at 20°C and the 0.6% strain amplitude at 300°C was
carried out using the LS-Dyna FE software employing a default explicit solver. The
reliability of components exposed to the cyclic loading can be estimated if the cyclic
plastic behaviour of the material should be modelled until the stabilisation of the
results, which is observed around the 50% cycles of the total number of cycles till
failure of the component [12, 91, 137]. The simulation for the 0.18% strain amplitude
model was performed for 170000 cycles, which is 50% of the experimental life of the
specimen, and the 0.6% strain amplitude model simulation was performed for full
experimental cycles, i.e., 1200 cycles. The simulation results are compared with the
experimental results by plotting the stress versus strain loop for the 1st (Figure 45)
and 2000%" (Figure 46) cycles in the case of the 0.18% strain amplitude model, and
for the 0.6% strain amplitude model, the 15¢ (Figure 48) and 500" (Figure 49) cycles
were plotted.
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Fig. 45. First cycle for AISI316L stainless steel for 0.18% strain amplitude at 20 © C
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Fig. 46. 2000™ cycle for AISI316L stainless steel for 0.18% strain amplitude at 20 °
C

From the stress versus strain hysteresis loop, it was observed that the plastic-
elastic stress and strain interaction point deviates between the simulation and the
experimental results.

To validate the simulation model for the complete life of the component, the
maximum stress per cycle was plotted against the corresponding number of cycle
curves for the simulation results to compare with the experimental results. Figure 47
and Figure 50 present the maximum stress versus number of cycles curves for the
0.18% and 0.6% strain amplitude models, respectively.

240

e ().18%_20°C_Experimental

2215 -— = 0.18“0:20°C7$imulation
)
-0 W

0 34000 63000 102000 136000 170000
Number of Cycles

Fig. 47. Stress curve versus number of cycles for AISI316L stainless steel for 0.18%
strain amplitude at 20 ° C
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Fig. 48. First cycle for AISI316L stainless steel for 0.6% strain amplitude at 300 ° C
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Fig. 49. 500™ cycle for AISI316L stainless steel for 0.6% strain amplitude at 300 ° C

The simulation results were very close to the experimental results. Initially, the
maximum stress values from simulation results deviate with respect to the
experimental results, but as the simulation progresses, the results get better. The
maximum stress differs by 1.58% for the initial 100 cycles: between the 1015¢101st
and 170000 cycles, the values deviated by 0.5% for the 0.18% strain amplitude
model [12].
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Fig. 50. Stress curve versus number of cycles curve for AISI316L stainless steel for
0.6% strain amplitude at 300 ° C

In the case of the 0.6% strain amplitude model, the results are by 3.7% and 1%
for cycles between the 15t — 615 cycle and the 61 to 1192 cycle, respectively.

The simulation results performed on the solid specimen at 20°C and 300°C for a
strain amplitude of 0.5% and 1% are also presented in the form of a stress versus strain
hysteresis loop and curve for maximum stress versus number of cycles. Figure 51 to
Figure 54 present the stress versus strain hysteresis loop for 0.5% strain amplitude at
20°C and 300°C and 1% strain amplitude at 20°C. The simulations for these three
schemes were performed employing the kinematic hardening parameters estimated by
using the Armstrong-Fredrick kinematic hardening model.
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Fig. 51. Stress versus strain curve of the solid specimen for 0.5% strain amplitude at
20°C
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Fig. 52. Stress versus strain curve of the solid specimen for 0.5% strain amplitude at
300°C
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Fig. 53. Stress versus strain curve of solid specimen for 1% strain amplitude at 20 °
C

The stress versus strain curves were plotted for the 1st cycle for all the schemes
and along the 1000¢" cycle for the 0.5% strain amplitude simulation at both
temperatures and the 900" for the 1% strain amplitude at 20°C. Upon comparing the
simulation results with the experimental results, they were observed to be closely
analogous to the experimental results for all three schemes.

The results for these three schemes were acceptable. Therefore, based on the
kinematic hardening parameters, using those parameters, relations were formulated
for all the kinematic hardening parameters by taking into account the strain amplitude
and the temperature. Using the equation formulated (14-19), the kinematic hardening
parameters were estimated and used for the simulation of a solid specimen at 1% strain
amplitude and a hollow specimen at 0.3% strain amplitude at both 300°C.

Stress versus strain curves were plotted for the 15t and 300 (Figure 54) and 15t
and 3000™ (Figure 55) cycles for a solid and a hollow specimen. The simulation
results were very close to the experimental results. Kinematic hardening parameters
were used without any calibration of the estimated parameters.
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Fig. 54. Stress versus strain curve of the solid specimen for 1% strain amplitude at
300°C

Stress, MPa

Ist_Cycle Experimental
= e= = |st Cycle Simulationl
=225 o= e= = 3000th_Cycle Experimental
Strain, %ommmm— 3000th Cycle_Simulation

-
-175

Fig. 55. Stress versus strain curve of the hollow specimen for 0.3% strain amplitude
at 300 ° C

The maximum stress curve plotted against the corresponding number of cycles
for the experimental and numerical simulation results is presented in Figure 56 to
Figure 60. On comparing the simulation results with the experimental results, the
simulation results were very close to the experimental results.
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Fig. 56. Maximum stress v/s number of cycles for solid experimental and simulation
specimen with strain amplitude 0.5% at 20 ° C
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Fig. 57. Maximum stress v/s number of cycles for solid experimental and simulation
specimens with strain amplitude 0.5% at 300 ° C
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Fig. 58. Maximum stress v/s number of cycles for the solid specimen experimental
and simulation with strain amplitude 1% at 20 ° C
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Fig. 59. Maximum stress v/s number of cycles for solid experimental and simulation
specimen with strain amplitude 1% at 300 ° C
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Fig. 60. Maximum stress v/s number of cycles for experimental and simulation
hollow specimen at 0.3% strain amplitude at 300 ° C

The simulation results vary by a maximum of 0.6% and 8.1% in the failure for
0.5% strain amplitude at 20 and 300°C and 16% at the failure of 1% strain amplitude
at 20°C. More deviations were observed for the strain amplitudes of 1% and 0.3% at
300°C. As mentioned earlier, the kinematic hardening parameters used for these
simulations were estimated using the formulated equation (21-26) and were not
calibrated. The 10% deviation was observed at the failure of the specimen in the
simulation for both schemes: 1% strain amplitude solid specimen and 0.3% strain
amplitude hollow specimen at 300°C. The maximum deviations of 13% and 19%
occurred during the initial cycles [143].

Figure 61 to Figure 64 present the comparison of simulation results with the
experimental results for the stress-controlled low-cycle fatigue test on notched
specimens
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Fig. 61. Stress versus strain curve for r=0.5 mm notched specimen at 300°C
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Figure 62 and Figure 64 consist of the maximum strain versus number of cycles
curve for 0.5 mm and 2 mm radius notched specimen models. For both models, the
maximum strain levels agree with the experimental results. The simulations were
performed for about 15,000 cycles and 28,000 cycles for the 0.5mm and 2mm notched
models; the simulation was not performed until the failure. Figure 60 and Figure 62
present the stress versus strain hysteresis loop. Figure 60 consists of the hysteresis
loop for the 0.5 mm radius notched specimen model; the simulation results were close
to the experimental results, but as the loading cycle reaches the third step, the curve
is observed to be deviating a bit from the experimental curve. The simulation model
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was able to capture the ratcheting behaviour of the material as it was observed in the
experiment. Figure 63 consists of the hysteresis loop for the 2 mm radius notched
specimen model. From the comparison of the simulation results with the experimental
results, it was observed that the model stress versus strain curve was symmetric, unlike
the experimental results, the reason being that the model was not able to capture the
ratcheting behaviour as was observed in the experimental results. However, the
simulation model closely matched the experimental results at the maximum strain
level (Figure 64). Table 14 shows the maximum deviation between simulation and
experimental results for all the experiments and simulation performed.

Table 14. Maximum deviation between simulation and experimental results for LCF
tests

Test No. 1 | 2] 3] 4]l5]6]7]38 9 10 | 11
Specimen Solid Hollow | Notched
Type
Material AISI304L AISI316L
Tem‘(’fg)‘t“re’ 300 20 | 300 | 20 | 300 | 20 | 300 | 300 300
Strain
amplitude, 03 | 0.6 | 0.18 | 0.6 0.5 1 0.3 - -
(%)
Kinematic . Using
hardening Using K.H
Using K.H model equation. formulated '
parameters . model
‘ relations. .
estimated equation.
ANSYS
Software WB LS-DYNA
Maximum 11 55 1 199 | 158 [ 3.7 | 06| 8.1 [16] 13 | 16 |69]93
error, (%)
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5.1. Chapter Conclusion

Low-cycle fatigue studies using numerical simulation methods are more
economical and more applicable to various and complex conditions than experimental
studies. Although numerical methods cannot completely replace experimental tests,
they significantly improve the ability to predict fatigue behaviour, improve designs
and reduce the need for detailed physical tests, especially in complex or aggressive
environments.

Numerical studies were performed using the finite element computer programs
ANSY'S Workbench and LS-Dyna. The elastic-plasticity of the material was described
using material models that evaluate kinematic and isotropic hardening during fatigue.
It was found that the finite element mesh did not have a significant impact on low-
cycle fatigue modelling. The models prepared for numerical simulation were validated
by the results of experimental studies.

The computer program “ANSYS Workbench” was used to simulate the low-cycle
fatigue of an AISI 304L stainless steel specimen at strain amplitudes of 0.3 and 0.6%.
The results of the studies showed a significant deviation of the predicted results from
the experimental results. The acceptable results were obtained only for the initial
cycles, during which the stress amplitudes increase. The computer program “ANSYS”
cannot accept the decreasing values for determining the isotropic hardening curve,
due to which it cannot evaluate the decrease in material stresses; therefore, it is not
possible to model the softening behaviour of the material that was observed in
experimental studies.

The computer program LS-Dyna was used to numerically simulate the low-cycle
fatigue of AISI 316L stainless steel. The Armstrong-Frederick material kinematic
hardening method was used to evaluate the kinematic hardening parameters of the
material, and a stabilised cycle was used to calibrate these parameters. Numerical
simulations of low-cycle fatigue were performed under strain-controlled loading and
at strain amplitudes of 0.18%, 0.5%, 0.6%, and 1%, as well as stress-controlled
loading for specimens with 0.5 mm and 2 mm radius notches.

Equations were derived to determine the kinematic hardening parameters of AISI
316L stainless steel, which evaluate the effects of strain and temperature. These
equations were validated by simulating a solid specimen at a strain amplitude of 1%
and a hollow specimen at a strain amplitude of 0.3%. A low-cycle fatigue simulation
using the LS-Dyna software was able to capture the cyclic hardening and softening
behaviour of the material, and the numerical simulation results were very close to the
experimental results.

The numerical simulation studies of low-cycle fatigue used kinematic hardening
parameters, which were calculated using the derived equations, for AISI 316L
stainless steel solid specimens at 1% strain amplitude and hollow specimens at 0.3%
strain amplitude. The results of numerical simulation studies deviated from
experimental studies by no more than 16% and found that the low-cycle kinematic
hardening parameters of AISI 316L stainless steel can be used without additional
calibration.
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In the case of the stress-controlled LCF model for a notched specimen with the
notched radius of 0.5 mm and 2 mm. The strain versus number of cycle curves was in
agreement with the experimental results for both models. From the stress versus strain
hysteresis loop for the 2 mm notched specimen model, it was observed that the model
was unable to capture the ratcheting behaviour and the softening behaviour of the
material due to force-controlled loading of the specimen, as the curve came out to be
symmetric, which was not observed during the experimental investigation.
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CONCLUSIONS

1. In this work, an experimental study is carried out for low-cycle fatigue of AISI
304L and AISI 316L austenitic stainless steels at temperatures of 20°C and
300°C, under strain and stress-controlled loading. Solid, hollow and notched
specimens were tested. The experimental program was prepared as per the
requirements of ASTM E606/E606M and ASTM EI1012. During the
experimental study, kinematic hardening for the initial few cycles was observed,
which was followed by cyclic softening of the material and finally specimen
fracture. The low-cycle fatigue life of the specimens was highly influenced by
the strain amplitude and operating temperature also had some degree of influence
on the specimen failure cycle. In case of AISI 316L SS, for the increase in strain
amplitude by 277.78% at same temperature, the failure cycle decreases by
98.36% and for temperature increase from 20°C to 300°C the failure cycle
decreases by 9.88%. During the experimental studies of specimens with 0.5mm
and 2mm radius notches under stress-controlled loading, material softening
(ratcheting) was observed, as a result of which the stress-strain hysteresis was
asymmetric, although the loads were symmetric.

2. The finite element method was used to model low-cycle fatigue for solid, hollow
and 0.5 mm, and 2 mm radius notched specimens. The Armstrong-Frederick
kinematic hardening rule was employed to describe the kinematic hardening of
the material. The kinematic hardening parameters were estimated using a
stabilised cycle. The isotropic hardening of the material was determined using a
non-linear isotropic hardening model called the Voce model. In the case of the
strain-controlled loading model, there was no significant effect of specimen
length, and element size was observed on simulation results; therefore, a reduced
specimen was used. A full-length specimen was modelled for the specimen with
a notch, and fine mesh was used to model the notch zone to capture the stress
concentration. The models used for low-cycle fatigue modelling were validated
by the results of experimental studies.

3. The kinematic hardening during the low-cycle fatigue numerical simulation was
described by employing the Armstrong-Frederick kinematic hardening model.
The operating temperature and the strain amplitude both had some degree of
influence on the kinematic hardening parameters. Out of which strain amplitude
was dominating factore to affect the K.H parameters. As strain amplitude
increases the K.H parameters decrease. The estimation of the kinematic
hardening parameters is a complex process, and it requires an extra step to
calibrate the parameters with experimental results, which is again a complex and
time-consuming process. To reduce the complexity and time required to estimate
the kinematic hardening parameters and to eliminate the process of calibration,
relations between the kinematic hardening parameters, strain amplitude and
operating temperature are derived. These relationships were used to estimate.
Therefore, equations were derived to determine the kinematic hardening
parameters of AISI 316L stainless steel, which evaluate the influences of
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deformation and temperature. These equations were validated using the results
of experimental studies. Using these equations, kinematic hardening parameters
were calculated, which were directly used for low-cycle fatigue modelling
without the calibration process, which shortened the evaluation time while
maintaining the accuracy of the parameters. Low-cycle fatigue modelling using
the LS-Dyna computer program allowed to capture the cyclic hardening and
softening of the material, and the results of numerical modelling were very close
to the experimental results. The results of low-cycle fatigue modelling using the
calculated kinematic hardening parameters without calibration were confirmed
by the results of experimental studies.

4. In the work, numerical modelling studies of low-cycle fatigue of AISI 304L and
AISI 316L austenitic stainless steels were performed at 20°C and 300°C in air
and at 300°C in a reactor environment, with strain-controlled and force-
controlled loading on solid, hollow and notched specimens. The computer
program “ANSYS” cannot accept the decreasing values for stress during defining
isotropic hardening curve; therefore, it is not possible to model the softening
behaviour of the material, as was observed in experimental studies. Due to this,
“ANSYS Workbench” gave good results at the initial phase of hardening and
followed by contant stress amplitude through out the simulation life with
deviation of 19.9% with the experimental results. Therefore, the computer
program LS-Dyna was used for the low-cycle fatigue simulation. Numerical
simulation of the low-cycle fatigue of AISI 316L steels were performed at strain
amplitudes of 0.18%, 0.5%, 0.6%, and 1%, while the simulations of the specimen
with 0.5 mm and 2 mm radius notches were performed under stress control. The
Armstrong-Frederick method of kinematic hardening of materials was used to
evaluate the kinematic hardening parameters of the material. The deviation of the
results of numerical simulation studies from experimental studies did not exceed
16%. It can be concluded that the prepared models can be used for predicting
low-cycle fatigue durability under strain-controlled constant amplitude loading.

PROPOSAL FOR THE FUTURE

The presented numerical simulation methodology can be applied to the strain-
controlled constant amplitude with fully reversed loading. A hardening model of the
material during LCF needs to be developed that can predict the material's behaviour
for unsymmetrical and multiaxial loading cases.

In the case of the stress/force-controlled low cycle fatigue test, the material
softening behaviour (ratcheting) occurs under fully reversed cycle loading, which
might result from the tension—compression asymmetry. The hardening model of the
material in the case of LCF needs to be modified so that it can fairly well predict the
trend of accumulation of plastic deformation (ratcheting) for uniaxial and multiaxial
loading cases.
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SANTRAUKA

IVADAS

Konstrukcijos, eksploatuojamos aplinkai pavojingomis salygomis, daznai
patiria ilgalaike jy pavirSiy degradacija veikiant erozijai ir korozijai. Tai lemia
skerspjiivio sienelés storio sumazgjima, pavirSiaus SiurkStumo padidéjima,
netolygumus, koroziniy jduby bei medziagos stiprumo sumazejima [1], o tai turi jtakg
$iy konstrukeijy ilgaamziskumui.

Aplinkos salygota degradacija ( angl. Environmentally Assisted Fatigue, EAF)
yra Dbivis, galintis sutrumpinti komponenty eksploatacijos ilgaamziSkuma
branduolinése elektrinése. Japonijoje, JAV, o véliau ir Europoje atliktos bandymy
programos parodé, kad vandens ir aplinkos poveikis Siose jégainése reikSmingai
sumazina komponenty irimo trukme¢ (Ny). Taciau Siuo metu eksploatuojamy
branduoliniy jégainiy komponenty atsparumas aplinkos poveikiui nebuvo tiesiogiai
jvertintas [5].

2015-2020 metais Europos Komisija inicijavo INCEFA-PLUS (Atominiy
elektriniy saugos didinimas uzpildant aplinkos poveikio vertinimo spragas) projekta
pagal H2020 programa. Sio projekto metu buvo atlieckami mazo ciklo degradacijos /
irimo ( angl. Low Cycle Fatigue, LCF) bandymai, jvertinant branduolinés elektrinés
cksploatacijos salygas bei uztikrinant realia bandymy trukme [5—7]. Pagrindinis
projekto tikslas buvo istirti, kaip degradacijos / irimo laikas (Ny) kinta priklausomai
nuo jvairiy veiksniy: deformacijos diapazono ( skirtumo tarp didziausios ir maziausios
deformacijos), vidutinés deformacijos, iSlaikymo trukmés t, esant vienodai
deformacijai, bandinio pavirSiaus SiurkStumo (R;) ir aplinkos salygy. Projekto metu
jvairiose Europos laboratorijose buvo atlikta daugiau nei 250 degradacijos / irimo
bandymy veikiant ir orui, ir vandeniui [5].

Naujausiy uzsienio moksliniy straipsniy ir tarptautiniy projekty, skirty cikliniam
irimui  tirti bei jy modeliavimo problemoms spresti analizé rodo, kad baigtiniy
elementy metodai (BEM) suteikia galimybe apraSyti bei prognozuoti metaly biiseng
veikiant ciklinéms apkrovoms ir prognozuoti metaly ciklinj susidévéjima
priklausomai nuo temperatiiros ir laiko faktoriy. Publikuoti tyrimy rezultatai
,»Clarivate Analytics* duomeny bazéje sulauké didelio mokslininky démesio ( Saltiniy
sgraSas pateiktas priede).

Taciau vis dar yra neiSspresty skaitmeninés interpretacijos klausimy jskaitant
tuos, kurie susij¢ su degradacijos / irimo cikly laiku, per kurj medziaga turéty suirti,
taip pat plieno parametry jvertinimu, apibiidinan¢iu medZziagos minkstéjimg /
kietéjima susidévéjimo metu.

Vien kinematinio kiet¢jimo parametry nustatymas skaitmeniniam
prognozavimui, remiantis eksperimentiniais rezultatais, yra itin sudétingas ir daug
laiko reikalaujantis uzdavinys. Be to, Sie parametrai dazniausiai turi biiti kalibruoti,
kad modeliavimo rezultatai atitikty eksperimentinius. Tod¢l biitina supaprastinti
kinematinio kietéjimo parametry jvertinimo procesg, kartu uztikrinant modeliavimo
rezultaty patikimuma.
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Tikslai ir uzdaviniai

Sio tyrimo tikslas — sukurti supaprastintg ir patikima metodika austenitinio
nertidijanciojo plieno kinematinj ir izotropinj griidinimag lemiantiems medziagy
parametrams nustatyti, naudojant eksperimentinius mazo ciklo susidévéjimo (LCF)
bandymus ir baigtiniy elementy (BE) modeliavima. Metodologija leis patikimai
nustatyti ciklinio gridinimo / minks$téjimo biiseng ir suteiks patvirtintg LCF
charakteristiky prognozavimo galimybe, tiesiogiai palyginant skaitmeninius
modeliavimus su eksperimentiniais rezultatais. Siekiant Sio tikslo buvo iSkelti Sie
uzdaviniai:

1. sukurti iSsamig eksperimenting matrica, skirta atlikti mazo ciklo degradacijos
(LCF) bandymus su AISI 316L austenitiniu nertidijaniu plienu esant
deformacijos ir jtempio kontroliuojamam rezimui, veikiant pastovios ir kintamos
amplitudés apkrovai, siekiant gauti aukStos kokybés ciklinio jtempio ir
deformacijos atsako bei nuovargio trukmés duomenis, kad biity galima sukurti ir
patvirtinti skaitmeninj modeliavima;

2. sukurti baigtiniy elementy modelj, gebantj uzfiksuoti austenitinio neriidijancio
plieno ciklinj elastoplastinj ir kietéjimo / minkstéjimo biivi, laikantis kinematinio
griidinimo taisykliy ir kalibruojant modelio parametrus eksperimentiniais
duomenimis;

3. sukurti supaprastintg ir atkartojama AISI 316L neriidijancio plieno gridinimo ir
minkstéjimo parametry nustatymo metodika siekiant sumazinti eksperimentiniy
rezultaty poreikj, kartu iSlaikant apskaiciuoty parametry tiksluma ir patikimuma;

4. atlikti mazo ciklo susidévéjimo skaitmeninius modeliavimus ir patvirtinti sukurty
modeliy rezultatus, palyginant modeliavimo rezultatus su atitinkamais
eksperimentiniais rezultatais.

Tyrimo metodai

Disertacijoje taikyti  eksperimentiniai ir skaitinio modeliavimo tyrimy
metodai. Eksperimentiniy tyrimy rezultatai buvo naudojami modeliavimui siekiant
nustatyti medziagy parametrus mazo ciklo degradacijai jvertinti. Skaitmeniniam
modeliavimui buvo naudojama programiné jranga ,,Ansys Workbench®, ,LS-
DYNA®, o 3D modeliavimui — ,,SolidWorks*. Eksperimentiniams darbams buvo
naudojama bandymy masina ,Instron ElectroPlus E10000“ dinaminiy-statiniy
bandymy tempimo-sukimo masina (+/— 10KN tempimo galia, +/— 100 Nm sukimo
galia, bandymy temperatiira —70— 350 °C). Teoriniai modeliavimo rezultatai buvo
patikrinti eksperimentiniy tyrimy rezultatais, atliktais Kauno technologijos
universiteto Mechanikos inzinerijos katedroje, Lietuvos energetikos institute,
,Electricity de France* (EDF, Pranciizija) laboratorijose.
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Mokslinis naujumas

1.

Pasitilyta supaprastinta ir atkartojama AISI 316/316L austenitinio neriidijanciojo
plieno kinematinio gridinimo parametry nustatymo metodika, kurioje
atsizvelgiama ] darbinés temperattiros ir deformacijos amplitudés jtaka Siems
parametrams ir sumazinamas eksperimentiniy rezultaty reikalavimas, iSlaikant
modelio tiksluma.

Sitloma kinematinio gridinimo parametry nustatymo metodika pasalina poreikj
papildomai kalibruoti Siuos parametrus pagal eksperimentinius rezultatus,
siekiant uzfiksuoti plieno elastoplastinj biivi, mazo ciklo degradacijg (LCF)
modeliavimo metu, nes §i metodika leidzia patikimai prognozuoti kinematinio
griiddinimo parametrus naudojant tik deformacijos amplitudés ir darbinés
temperattiros duomenis.

Ginamieji teiginiai

1.

Tikslus austenitiniy neriidijanciojo plieno tampriyjy-plastiniy ir cikliniy savybiy
prognozavimas skaitmeniniuose modeliuose i§ esmés priklauso nuo tiksliai
jvertinty izotropiniy ir kinematiniy gridinimo parametry. Sie parametrai lemia
histerezés kilpos forma, vidutinio jtempio evoliucija ir todél daro jtaka mazo ciklo
degradacijos / irimo trukmés prognozéms.

Kinematinio grudinimo parametry nustatymas naudojant jprastus metodus daznai
yra sudétingas, daug laiko reikalaujantis ir labai priklausomas nuo iSsamiy
eksperimentiniy duomeny. Todél reikia sukurti supaprastinta, greitg ir patikima
$iy parametry jvertinimo procediira, kartu sumazinant metodo priklausomybe¢ nuo
eksperimentiniy rezultaty.

Baigtiniy elementy analiz¢, naudojant kinematinius griiddinimo modelius, suteikia
veiksminga, efektyvia ir ekonomiska alternatyva eksperimentiniams bandymams
tiriant plieno mazo ciklo susidévéjimo biiseng.

Praktiné reik§meé

Austenitinio neriidijan¢iojo plieno mazo ciklo degradacijos biivj galima jvertinti
naudojant sitlomag skaitmeninio modeliavimo metodika, nereikalaujant
eksperimentiniy bandymy duomeny medZziagos parametrams jvertinti ir
kalibruoti.

Kinematiniai gridinimo parametrai, jvertinti naudojant suformuluotus rysius tarp
deformacijos amplitudés ir darbinés temperatiiros, efektyviai atspindi plieno
clastoplasting biiseng mazo ciklo susidévéjimo metu, uZztikrindama realy
medZziagos atsakg skaitmeniniuose modeliavimuose.

Sitlomi kinematiniy gridinimo parametry jvertinimo ryS$iai supaprastina $iy
parametry nustatymo procesg mazo ciklo susidévéjimo metu, sumazina reikiama
bandymy skai¢iy ir kartu tyrimo laikg. Be to, taip pat sumazina poreikj atlikti
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papildomg parametry kalibravima po jy nustatymo, todél modeliavimo procesas
tampa efektyvesnis ir tinkamesnis inzinerinéms reikméms.

Tyrimo aprobavimas

Tyrimo rezultatai buvo paskelbti 3 straipsniuose, iSspausdintuose

tarptautiniuose zurnaluose ir turin¢iuose citavimo rodiklj (angl. Impact Factor) bei
itrauktuose i ,,Web of Science* duomeny bazes.
Rezultatai taip pat buvo pristatyti 4 tarptautinése konferencijose, 3 straipsniai
publikuoti recenzuotuose konferencijy leidiniuose, jtrauktuose i ,,Web of Science*
duomeny bazes, o vieno prane$imo santrauka iSspausdinta tarptautinés konferencijos
tezése.

Disertacijos struktiira

Daktaro disertacijg sudaro jvadas, 5 skyriai ir bendrosios i§vados. 1 skyriuje
apzvelgiama moksliné literatira apie mazo ciklo degradacija / irima. Pateikta
literatliros apzvalga apie degradacijos reiskinj, mazaciklio susidévéjimo ypatumus,
apzvelgiami tyrimai apie eksperimenting mazo ciklo degradacija ir skaitinj
modeliavima. 2 ir 3 skyriuose pateiktos eksperimentinio ir skaitinio modeliavimo
metodologijos, kurios apima eksperimentinés matricos parengima, baigtiniy elementy
modelio ir medziagos modelio parengima skaitiniui prognozuoti. 4 ir 5 skyriuose
pateikiami eksperimentiniy ir skaitiniy modeliavimy rezultatai bei skaitinio
prognozavimo rezultaty patvirtinimas eksperimentiniais rezultatais. ISvadose
pateikiami eksperimentiniy tyrimy ir skaitinio prognozavimo reezultatai. Pateiktas
literatiros S$altiniy sgrasas su 143 nuorodomis ir autoriaus moksliniy publikacijy
sgrasu. Sig daktaro disertacija sudaro 148 puslapiai, 119 paveikslai ir 26 lenteliy.
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1. LITERATUROS APZVALGA

Konstrukcijos, eksploatuojamos aplinkai pavojingomis salygomis ir veikiant
pasikartojancioms apkrovoms, patiria nuolatinj susidévéjimg / irimg. Irimas — tai
laipsnis$kas pazaidy kaupimasis elemente arba medziagos bandinyje, kai ji veikia
cikliskai kintami jtempiai. Dél ciklisko jtempiy kitimo elementuose, bandinio
pavirsiuje atsiranda plySys, kuriam pasiekus kritinj diduma, konstrukcijos elementas
staigiai luzta. Irima galima apibrézti kaip apkrovos cikly skaiciy, kuriam esant
pasiekiamas ribinis kriterijus. Priklausomai nuo cikly skaiciaus, reikalingo
komponentui suirti, jtakos tam turi ir pazaidy kaupimosi mechanizmas. Jei cikly
maziau nei 10°, irimas vadinamas mazacikliu, o medZiagos savybé jam prieSintis —
mazacikliu stiprumu. Jei cikly skai¢ius didesnis nei 10° — irimas daugiaciklis. Irimas
klasifikuojamas j daugiaciklj, kai jis atsiranda dél palyginti mazesniy jtempiy lygiy,
taikomy per didelj cikly skai¢iy (daugiau nei 105 cikly iki suirimo) [2]. Konstrukcijos
elemento arba bandinio savybé prieSintis degradacijai vadinama patvarumu, kurio
svarbiausias parametras — irimo riba. Tai jtempiy ciklo, kurj konstrukcijos elementas
arba bandinys nesuirdamas atlaiko neribotai daug karty, didZiausias jtempis.

1.1. Mazo ciklo degradacija / irimas

Mazo ciklo degradacija / irimas (MCN) apibréziamas didele jtempiy amplitude
ir Zzemu dazniu [9, 10]. Mazaciklis irimas yra susijes su padidéjusiais jtempiais,
vir§ijanciais takumo ribg ir didelémis deformacijy amplitudémis, dél kuriy
kiekviename apkrovos cikle susidaro plastiSkos deformacijos [9, 10]. Jei
konstrukcijos elementas suyra dél jtempiy, virSijanCiy takumg ir plastiniy
deformacijy, esant cikly skai¢iui maZiau nei 10°, toks susidévéjimas / irimas
vadinamas mazacikliu, o medziagos savybé jam prieSintis — mazacikliu stiprumu.
Disertacijos metu buvo atlickami mazaciklio irimo ( angl. Low Cycle Fatigue, LCF)
bandymai, jvertinant branduolinés elektrinés eksploatacijos salygas bei uztikrinant
realia bandymy trukme. Lygiagreciai eksperimentiniams tyrimams buvo
atlieckamamas ir mazaciklio irimo prognozavimas panaudojant baigtiniy elementy
metodika.

1.2. Austenitinis neriidijantis plienas

Komponentai, kurie yra veikiami pasikartojanciy apkrovy ir eksploatuojami
pavojingomis saglygomis aplinkoje, pavyzdziui, esant auks$tai temperatirai ir slégiui,
yra gaminami i§ austenitinio nertidijan¢io plieno. Austenitinis nertdijantis plienas yra
placiai naudojamas atominése elektrinése dél iSskirtiniy mechaniniy savybiy, tokiy
kaip tgsumas, atsparumas aukStoje temperatiiroje, todél Sias medziagas palanku
naudoti komponentams, veikiamiems auks$ty temperatiiry. Austenitiniai nertidijantys
plienai 304L ir 316L pasizymi dideliu atsparumu korozijai, oksidacijai, taskinei
korozijai ir pan. Todél Sie plienai placiai naudojami komponentams,
eksploatuojamiems pavojingomis aplinkos sglygomis, pavyzdZziui, atominiy elektriniy
pirminiuose auSinimo konttiruose, kuriuose yra didelis slégis ir aukSta temperatiira.
Austenitinis AISI 316L plienas pasizymi stabiliomis savybémis neutrony
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spinduliuotés aplinkoje, todél ji galima naudoti aktyviosios zonos vidinése dalyse ir
kuro apvalkaluose. Sis plienas jau kelis de§imtme¢ius naudojamas suslégto vandens
reaktoriuose (PWR) ir verdancio vandens reaktoriuose (BWR) ir pasizymi geromis
eksploatacinémis savybémis ir taip pat jvykstant avarijoms [13]. BWR (verdancio
vandens reaktorius) (65b pav.) yra lengvojo vandens branduolinio reaktoriaus tipas,
kuriame vanduo naudojamas kaip ausinimo skystis ir moderatorius. Sléginio vandens
reaktorius (PWR) turi du atskirus konttirus: pirminj ir antrinj. Pirminis konttiras veikia
275-315 °C temperatiiroje ir esant 15,5 MPa slégiui.
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Naujos kartos reaktoriai, t. y. IV kartos reaktoriai, yra sukurti siekiant pagerinti
branduoliniy atlieky sauga, efektyviai naudoti kura. Paminétina tai, kad auSinimui
naudojamas ne tik vanduo. IS IV kartos reaktoriy galima paminéti Siuos reaktoriy
projektus: dujomis ausinamas greitasis reaktorius (GFR), §vinu auSinamas greitasis
reaktorius (LFR), iSlydytos druskos ausSinamas reaktorius (MSR), natriu auSinamas
greitasis reaktorius (SFR), superkritinio vandens reaktorius (SCWR), labai aukstos
temperattros reaktorius (VHTR).

1.3. Skaitmeninis prognozavimo metodas

Degradacijos kreivés sudarymo procesas yra pernelyg ilgas, reikalaujantis daug
laiko, taip pat ir keliantis i$§ukiy atlickant eksperimentus reaktoriaus saglygomis, t. y.
esant ekstremaliai temperatiirai ir kintanc¢iam vandendenilio potencialo (tirpalo
rugStingumas ar Sarmingumas) lygiui. Skaitinis modeliavimas padeda nustatyti
pagrindinius irimo kreivés sudarymo aspektus ir pagerina miisy supratimg apie jrantj
mechanizmg [4]. Yra keletas skaitmeniniy metody, tokiy kaip peridinamika (PD),
baigtiniy elementy metodas, baigtiniy skirtumy metodas, betinklis (angl. meshless)
metodas ir ribiniy elementy metodas, kuris skirtas degradacijai / irimui, jtrokimy
daugéjimui ir pan. analizuoti. Peridinamika (PD) yra dar viena klasikinés kontinuumo
mechanikos (CCM) alternatyva [30, 31].

Degeneracijos bandymy matrica galima suformuluoti remiantis irimo
modeliavimo rezultatais, gautais naudojant baigtiniy elementy metodg. Sudétingy
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modeliy, galinciy atlikti anksciau aptartus reiskinius, kiirimas ir efektyvi §iy modeliy
integracija i placiai naudojamus baigtiniy elementy kodus, tokius kaip ,,ABAQUS*,
»ANSYS“ir ,,LS-DYNA®, yra biitini norint tiksliau jvertinti reaktoriy ir kity saugai
svarbiy komponenty struktiirinj vientisumg [38]. Dél didelés ciklinés plastinés
deformacijos veikiant ciklinéms apkrovoms, taip pat biivio sudétingumo naudojant
dabartinius skaitinius modelius yra sudétinga tiksliai atvaizduoti eksperimentuose
stebima ciklinj plastiSkuma. Metaly ciklinis plastiSkumas yra labai sudétingas, todél
reikia atlikti daug skai¢iavimy norint atlikti eksperimentinius bandymus, kad biity
galima nuodugniai istirti kaip ciklinis medziagos kietéjimas ar minkstéjimas, taip pat
progresyvi deformacija (didéjanti netamprioji deformacija) atsiranda dél kiekviename
cikle vykstancios plastinés deformacijos.

1.4. Mazaciklio irimo tyrimy apZvalga

Meng’o ir kt. [40] tyrime buvo nagrinéjama kaip temperatiira ir deformacijos
greitis veikia austenitinio nertidijancio plieno mazo ciklo patj irimo procesa. Facheris
ir Janssens’as [41] atliko nertidijancio plieno 316 bandymy esant kambario ir 200 °C
temperatiroms, kad nustatyty, kaip deformacijos amplitudé ir temperatiira veikia
mazo ciklo irimg. Chen’as ir kt. [42] atliko modifikuoto 9Cr-1Mo plieno su 0,38 % ir
1,2 % silicio mazaciklio irimo tyrimus esant 450 °C temperatirai [43].

Savo tyrime Yang’as, H. ir kt. [60] atliko mazaciklés degradacijos / irimo
bandymus kontroliuodami apkrova pagal deformacija ir esant vienodai amplitudei,
kad sukalibruoty plieno Chaboche kinematinio gridinimo parametrus. Zhang’as ir kt.
[61] atliko eksperimentinj plieno P92 mazo ciklo irimo charakteristiky tyrima
kambario temperatiiroje ir lygiagreciai naudojo skaitinj modeliavima, kurio metu
buvo jvertinti ir sukalibruoti izotropiniai ir kinematiniai gridinimo parametrai. Han,
J. ir kt. [62] atliko skaitinj Chaboche kinematinio gridinimo modelio jgyvendinima
naudodami vartotojo apibrézta medziagos modelj. Shiva ir kt. [66] atliko
modifikuotos P91 plieno plokstés ant plokstés kontakto eksperimentinius ir
skaitininio modeliavimo tyrimus, taikydami maksimalius 450 MPa, 500 MPa ir 550
MPa ciklinius jtempius, o jtempiy santykis buvo 0,3.

Zhu P ir kt. [69] pasitlé kietéjimo funkcijg ir iStyré veiksnius, turinCius jtakos
kietéjimo procesui. H. Mahbadi ir MR Eslami [70] panaudojo Pragerio it Armstrong-
Frederick kinematinius kietéjimo modelius, kad istirty ciklinio apkrovimo poveikj.
Li-Yan ir kt. [71] atliko BLY160 plieno eksperimentinius ir skaitinio modeliavimo
tyrimus, siekdami istirti plieno ciklinj minkstéjimg ir kietéjimg. Jie suformulavo
tampriai plastinj konstituatyvyjj modelj, pagrista kombinuotais izotropiniais ir
kinematiniais kietéjimo modeliais. Suformuluotas konstituatyvusis modelis buvo
iSbandytas naudojant jj skaitiniam modeliavimui, kartu lyginant prognozavimo
rezultatus su eksperimentiniais. Moeini G ir kt. [73] atliko eksperimentinius ir
skaitinius dvifazio plieno mazaciklés degeneracijos tyrimus. Stabilizuota histerezés
kilpa buvo modeliuojama naudojant mikromechaninio modeliavimo metodus.

Z. Wang’as ir kt. [74] parengé baigtinj elementg / modelj irimo jtrukimy
didéjimui prognozuoti, remdamiesi Gauso teorijos teoriniais pagrindais, patvirtintais
SCM435 medziagos eksperimentiniais rezultatais. M. A. Meggiolaro ir J. T. P. Castro
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[75] atliko plieno 724 eksperimentinius tyrimus, skirtus Coffin-Manson’o modeliui
jvertinti. L. Gardner’is ir D. Nethercot’as [76] pateiké tuSciaviduriy bandiniy
neriidijancio plieno skaitinio modeliavimo tyrima konstrukcijos atsako ciklinéms
apkrovoms nustatyti. G. Dundulis ir kt. [4] pateiké P91 plieno mazaciklés
degeneracijos veiksmy prognozavimo skaitiniui, naudojant baigtiniy elementy
modelj, tyrimus. Baigtiniy elementy modelio validavimui ir medziagos parametry
kalibravimui buvo atlikti mazo ciklo degradacijos, apkrova kontroliuojant pagal
deformacijas, bandymai 550 °C temperatiiroje. A. Dutta ir kt. [82] pateiké AISI316L
neriidijancio plieno mazaciklio susidévéjimo / irimo prognozozes panaudodamas
baigtiniy elementy motodika (kompiuteriné programa ABAQUS). Reikalingi
parametrai buvo jvertinti pagal mazaciklio susidévéjimo / irimo eksperimentinius
duomenis kambario temperatiiroje. R. Janulionis ir G. Dundulis [83] tyré 9Cr-1Mo
plieno suvirinty bandiniy mazacikle degeneracija esant 550 °C temperatiirai. Pateikti
eksperimentiniai ir skaitmeniniai tyrimy rezultatai. Visuose pateiktuose straipsniuose
naudotas medziagy kinematinio kietéjimo Chaboche modelis.

Atlikus mazaciklio susidévéjimo / irimo tyrimy apZvalgg nustatyta, kad
degeneracijos prognozavimo patikimumas priklauso nuo medziagy parametry,
jvertinan¢iy medziagy kinematinj ir izotropinj kietéjimg ciklinio apkrovimo metu.
Medziagy parametry jvertinimo procesas priklauso nuo parametry kalibravimo
naudojant eksperimentinius duomenis. Todé¢l reikia didelj démes;j skirti kinematiniy ir
izotropiniy kietéjimo parametry jvertinimo procediiroms, kad biity galima sumazinti
§iy parametry jvertinimo ir kalibravimo sudétinguma ir trukme. Tokie darbai yra
parametrus baigtiniy elementy modeliavimo programose ir patikimai prognozuoti
bandinius pradiniy cikly metu.
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2. EKSPERIMENTINE METODOLOGIJA

Eksperimentiniai austenitinio nertidijan¢io plieno mazaciklés degradacijos
tyrimai yra aktuallis nustatant medziagy irimg / susidévéjima realiomis darbo
salygomis ciklinio apkrovimo metu. Eksperimentiniai tyrimai svarbiis nustatant
konstrukcijy saugia eksploatacija ir ilgaamziSkuma, tai taip pat svarbu ir taikant
skaitmenio prognozavimo modelius.

Mazaciklés degradacijos eksperimentai atlikti AISI316L  austenitinio
nertdijancio plieno, kuris naudojamas atominése elektrinése. Patikimas konstrukcijos
ir komponenty valdymas yra labai svarbus saugiam §iy konstrukcijy eksploatavimui.
Eksperimentiniai §iy konstrukcijy bandymai saugiam jy eksploatavimui yra labai
svarbiis. Taciau kai kuriais atvejais eksperimentiniy bandymy atlikimas realiomis
eksploatavimo salygomis yra labai sudétingas ir brangus. Reikia paminéti, kad
susidévejimo kreiviy nustatymas yra brangus, uzima daug laiko ir yra sunkiai
igyvendinamas eksperimente, ypa¢ reaktoriaus aplinkoje (aukSta arba Zema
temperatiira, rigstiné arba Sarminé aplinka ir kt.). Paprastai laboratoriniy degradacijos
bandymy metu gauti duomenys netiksliai atspindi gamykloje atliktus stebéjimus.
Skaitinio modeliavimo metodai yra naudojami konstrukcijy stiprumui jvertinti esant
skirtingoms apkrovoms. Todél lygiagreciai bandymus atliekant ore, vienam bandymui
buvo pasirinkta PWR (sléginio vandens reaktoriaus) aplinka. Sis eksperimentas buvo
atliktas EDF (pranc. Electricité de France) jrenginyje [7]. Siame darbe taip pat
analizuojami AISI 304L ir AISI 316L neradijantys plienai, taciau AISI 304L plienas
tik oro sglygomis.

Siame skyriuje pateikti standartai, taikyti $ios disertacijos tema susijusiems
eksperimentiniams tyrimams, bandiniams paruosti ir bandymy jrangai kalibruoti.
Siame skyriuje taip pat apraSomas bandinio projektas ir eksperimento matrica.
Eksperimentai atlikti remiantis ASTM E 606/ E606M standartu it ASTM E 1012.

2.1. Eksperimentiniy tyrimy standartai

Norint tinkamai jvertinti susidévéjimg / irimg eksperimentiniu metodu, svarbu
remtis Siam tikslui paskelbtais standartais. Yra keletas standarty, skirty skirtingiems
susidévejimams / irimui vertinti. Standartais remiamasi siekiant pasSalinti
eksperimento proceso klaidas ir surinkti eksperimento rezultatus. Siame tyrime
eksperimentams planuoti naudojami ASTM E 606/ E606M [29] it ASTM E 1012 [30]
standartai.

2.2. Austenitinis plienas

Austenitinis nertidijantis plienas pasizymi geromis savybémis, susijusiomis su
deformaciniu kietéjimu, tgsumu ir konstrukciniu stiprumu [86]. Nertdijantis plienas
placiai taikomas jvairiuose pramonés komponentuose —nuo energetikos sektoriaus iki
biomedicinos. Labai svarbu suprasti medziagos ciklinio plastiskumo biivj, ypac esant
mazaciklei deformacijos apkrovai (LCF) [95].
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15 lentelé. AISI 304L ir AISI 316L nertidijancio plieno cheminé sudétis (wt %)
[103]

C | Si |Mn| P | S| N | Cr | Mo | Cu | Ni | Fe

AISI
304L
AISI
316L

0,029 0,75 | 1,86 [0,045| 0,03 | 0,1 18 | 0,04 | 0,02 | 10 [69,126

0,026| 0,42 | 1,81 {0,033|0,004| 0,05 | 16,96| 2,43 | 0,03 | 12 |66,237

316 austenitinis nertdijantis plienas placiai naudojamas jvairiy tipy
branduoliniuose reaktoriuose, jskaitant esamas branduolines elektrines ir naujos
kartos pazangias reaktoriy koncepcijas, tokias kaip natriu auSinami greitieji reaktoriai,
i8lydytos druskos reaktoriai ir dujomis auSinami aukStos temperatiiros reaktoriai.
304L ir AISI 316L nertidijancio plieno cheminé sudétis pateikta 15 lenteléje.

2.3.Bandiniy konstrukcija

Mazaciklio susidévéjimo bandiniai buvo suprojektuoti pagal ASTM E606 /
E606M [90] reikalavimus ir rekomendacijas. Kiekvienai eksperimento schemai buvo
paruosta keletas bandiniy. Eksperimentai buvo atlikti su pilnaviduriais bandiniais,
tusc¢iaviduriais bandiniais ir bandiniais su jpjovomis.

Neridijancio plieno AISI 304L ir 316L cilindriniai pilnaviduriai bandiniai, skirti
mazo ciklo susidévéjimo eksperimentams atlikti, buvo suprojektuoti remiantis
standarto [90] reikalavimais. [Ssamios visy atlikty eksperimenty bandiniy geometrijos
pateiktos 66—70 paveiksluose.

.
N 3 !
i e |

e “Tooaa

\ R

66 pav. AISI 304L plieno pilnaviduris 67 pav. AISI316L plieno pilnaviduris
bandinys, naudotas 0,3 ir 0,6 % bandinys, naudotas 0,18 % ir 0,6 %
deformacijos amplitudei deformacijos amplitudei

B T B
v

- 50 -l 60 -l 50 -

68 pav. AISI 316L plieno bandinys, 69 pav. AISI 316L plieno tusciaviduris
pilnaviduris bandinys, naudotas 0,5 ir bandinys, naudotas 0,3 % deformacijos
1 % deformacijos amplitudei amplitudés bandymui PWR aplinkoje 300
°C temperatiiroje
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70 pav. AISI 316L plieno bandinys su jpjova, kurio jpjovos spindulys yra 0,5 ir 2
mm, 300 °C temperattiroje, kontroliuojant pagal jtempius

66 pav. parodytas bandinio brézinys, naudotas atliekant mazaciklés degradacijos
bandyma 300 °C temperatiiroje, kai deformacijos amplitudés yra 0,3 % ir 0,6 %.
Bandinys pagamintas i§ AISI 304L nertidijancio plieno plokstés.

Dar du eksperimentai atlikti su pilnaviduriais bandiniais, pagamintais i$
AISI316L nertudijancio plieno. Eksperimentai atlikti esant 0,18 % deformacijy
amplitudei 20 °C temperatiiros aplinkoje ir 0,6 % esant 300 °C temperaturai. Kieto
AISI316L neriidijancio plieno pilnavidurio bandinio brézinys pateiktas 67 pav.

Keturi eksperimentai, kuriuose buvo tiriama AISI 316L nertdijancio plieno
mazaciklé deformacija nauodojant pilnavidurius bandinius, buvo atlikti oro aplinkoje,
esant 20 °C ir 300 °C temperatiiroms, o apkrovos buvo kontroliuojamos pagal
deformacija. Be pilnaviduriy bandiniy, mazaciklio susidévejimo bandymai taip pat
buvo atlikti naudojant AISI 316L neradijancio plieno tus¢iavidurius bandinius PWR
aplinkoje. 68 ir 69 paveiksluose pateikti Siems bandymams naudoti pilnaviduriy ir
tusciaviduriy bandiniy bréziniai.

Siekiant nustatyti jpjovos poveiki AISI316L neridijancio plieno mazo ciklo
degradacijai, buvo atlikti mazaciklés degradacijos eksperimentai naudojant bandinius
su jpjovomis. 70 paveiksle pateiktas naudoto bandinio su jpjovomis brézinys.

2.4. Eksperimentinés salygos

Mazo ciklo degradacijos bandymai buvo atlikti su keliy tipy bandiniais:
pilnaviduriais ir tuS¢iaviduriais poliruotais bandiniais ir pilnaviduriais bandiniais su
ipjovomis. Eksperimentiniai tyrimai buvo atlikti oro salygomis esant kambario, 20
°C, reaktoriy eksploatacijos ir 300 °C temperatiiroms, apkrovas kontroliuojant pagal
deformacijas ir pagal jtempius. Eksperimentiniai tyrimai buvo atlikti ir branduolinio
reaktoriaus (sléginio vandens reaktoriaus (PWR) tipo) aplinkoje. Eksperimentiniams
tyrimams reaktoriaus aplinkoje atlikti reikalinga specializuota jranga, kurios
Lietuvoje néra, todél eksperimentiniai tyrimai S§ioje aplinkoje buvo atlikti
Pranctzijoje, EDF laboratorijoje. Darbe buvo naudoti EDF laborotorijos
eksperimentiniai rezultatai degradacijos modeliavimo, jvertinancio reaktoriaus
aplinkos salygas, patvirtinimui.

Prie§ atlickant eksperimentinius mazo ciklio degradacijos bandymus, bandiniy
fiksavimo aSiSkumas buvo reguliuojamas pagal ASTM E1012 [96] reikalavimus.
Reguliavimas buvo atliekamas atsizvelgiant | bandinio lenkimo deformacijos
kriterijus, t. y. didziausia leidZziama lenkimo deformacija neturéjo biiti didesné kaip 5
% [40].
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16 lentelé. Eksperimentinio tyrimo matrica bandiniams be jpjovy

Bandymo 9 (EDF
Nr. ! 2 3 4 > 6 ’ 8 bandymas)
Bilil:;gw pilnaviduris be jpjovos Tusciaviduris
MedZiaga AISI304L | AISI316L
Bandymo . ..
valdymas Kontroliuojama pagal deformacijas
Deformacijos
amplitudé 0,3 0,6 | 0,18 | 0,6 0,5 1 0,3
(%)
Teml(’fcr;‘t“ra 300 20 [ 300 | 20 | 300 | 20 | 300 300
Apkrovimo Pastovios amplitudés kintamasis apkrovimas su nuline vidutine
tipas deformacija. R=-1
Aplinka Oras I PWR

Mazo ciklo degradacijos bandymas su vientisu nertidijancio plieno AISI 304L
bandiniu buvo atliktas naudojant ,,Instron 8801 servo” hidraulinio bandymo masing
su £100 kN dinaminiu apkrovos elementu. LCF bandymui aukstoje temperatiiroje
atlikti buvo naudojami atvirkstinio jtempimo strypai. Bandiniui pritvirtinti buvo
naudojamas srieginis bandinio adapteris. Bandinio koncentriSkumas ir
kompaktiSkumas buvo sureguliuoti naudojant srieging lygiavimo celg ,,AignPRO*.
Ant bandinio buvo sumontuoti K tipo termoelementai temperatiirai matuoti. Viso
eksperimento metu buvo palaikoma vienoda temperatiira, ne didesnés kaip numatyta
1-2 °C paklaidos. Eksperimentinio bandymo metu deformacijai matuoti buvo
naudojamas ,,Instron 2632 serijos aukstos temperattiros ekstensometras [38].

1-9 eksperimentiniai bandymai buvo atlikti apkrovas kontroliuojant pagal
deformacijas. O 10-11 eksperimentai buvo atlikti apkrovas kontroliuojant pagal
jtempius.

Eksperimentiniams bandymams buvo naudojama elektromechaniné tempimo-
sukimo masina INSTRON E10000, kurios maksimali tempimo jéga yra 10 kN, o
sukimo galia — 100 Nm. Eksperimentiniams tyrimams naudoti bandiniai yra pateikti
2.3 skyriuje. Siekiant uztikrinti tinkamg bandinio centravima, tempimo masinos
INSTRON EI10000 apatinio griebto fiksavimas buvo modifikuotas pritvirtinant
centravimo flansg ir naudojant keturis reguliavimo varztus. Bandinio centriSkumas
regulivojamas matuojant bandinio deformacijas, naudojant deformacijy daviklius,
pritvirtintus prie tempiamo bandinio. Jtempimo davikliy signalai buvo prijungti prie
kompiuterio per ,,National Instruments* duomeny rinkimo sistemg N/ CDAQ -9188 ir
apdoroti MATLAB programoje.

102



17 lentelé. Ipjovos bandinio eksperimento matrica

Bandymo
Nr.
Bandinio
tipas
Medziaga AISI316L

Ipjovos
spindulys 0,5 2
(mm)
Bandymo
valdymas
Didziausia
taikoma 2447 8908
iega, (N)
Temperatir
a (°0)

10 11

Pilnaviduris su jpjova

Kontroliuojama pagal jtempius

300

Kintamos amplitudés
Apkrovimo (laipsniskas apkrovimas)
tipas apkrovimas su nuliniais
vidutinias jtempiais, R =—1
Aplinka Oras

Pastovios amplitudés kintamasis
apkrovimas su nuliniais
vidutinias jtempias. R = -1

Termingje kameroje bandymai buvo atliekami 300 °C temperatiiroje. Bandinio
deformacijos buvo matuojamos ant bandinio pritvirtintu aukStatemperatiiriu
»~Epsilon  gamintojo  ekstensometru = 7642-010M-025SM-TD.  Atliekant
eksperimentinius bandymus, bandiniy su jpjovomis deformacijos pleis¢jimui fiksuoti
ir deformacijoms matuoti per terminés kameros langg buvo naudojama 3D
skaitmeninio vaizdo koreliacijos (DIC) sistema su dviem ,,Basler acA4112-20um*
kameromis ,,Correlated Solutions* gamybos. DIC kameromis uzfiksuoti bandiniy
vaizdai buvo apdoroti VIC-3D programoje.

3. SKAITMENINIO MODELIAVIMO METODOLOGIJA

D¢l savo patikimumo, ekonomiskumo ir galimybés atlikti iSsamig analize
jvertinant pavojingas eksploatavimo salygas, skaitmeninis modeliavimas pastaruoju
metu tapo svarbiu metodu mazo ciklo degradacijai prognozuoti. Taip pat yra galimybé
prognozuoti susidévéjimo trukme realiomis ir sudétingomis eksploatavimo
salygomis. Prognozuojant komponenty biisena, jg veikiant mazo ciklo degradacijos
apkrovoms, modeliuojamas medziagos ciklinis tampriai plastinis buvis iki
stabilizavimosi, kuris paprastai jvyksta esant pusei cikly iki suirimo [97]. Siame
tyrime atlickamas skaitmeninis mazo ciklo degradacijos modeliavimas siekiant istirti
austenitinio nertidijan¢io plieno tampriai plastine biiseng. Siame skyriuje
paaiSkinamas parengtas baigtiniy elementy modelis mazo ciklio degradacijai
prognozuoti, taikytos apkrovos sglygos, ribinés salygos ir medziagy modeliavimas.
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3.1.Mazo ciklo degradacijos modeliavimo modelis

Mazo ciklo degradacijai modeliuoti naudota baigtiniy elementy metodika.
Modeliavimui paruosti baigtiniy elementy modeliai pateikti 71-74 paveiksluose. Kaip
minéta anksCiau 2.2 skyriuje, Siame tyrime buvo tiriami keliy tipy bandiniai, t. y.
pilnaviduriai, tus¢iaviduriai ir su jpjova. Skaitmeniniam modeliavimui buvo paruostas
bandinio baigtiniy elementy modelis, kuris pateiktas 71 pav. Kadangi bandinys yra
simetriskas, todél mazaciklio irimo prognozavimui buvo paruostas 1/4 bandinio dalies
baigtiniy elementy modelis.

X=0

X= Cyclic displacement

71 pav. Pilnas baigtiniy elementy (BE) modelis su pritaikytomis ribinémis
salygomis

Y=XR=ZR=0

Z=XR=YR=0

X= Cyclic displacement X~ Cyclic displacement

72 pav. Taikytos krastinés salygos 73 pav. Tusciavidurio bandinio
redukuotam baigtiniy elementy tinklinis baigtiniy elementy modelis su
modeliui pritaikytomis ribinémis salygomis

. : R2 ‘ Applied
cyclic force

X=0

Y=0

74 pav. Tinklinis baigtiniy elementy modelis su jpjautam bandiniui pritaikytomis
ribinémis salygomis

Mazo ciklo degradacijos bandymai buvo vykdomi apkrovg kontroliuojant pagal
deformacijas. Modeliuojant bandinio buivi mazo ciklo degradacijos metu, bandinio
modelio priekinio pavirSiaus judesys buvo kontroliuojamas pagal deformacijas.
Taikytos ribinés sglygos parodytos 8 paveiksle.

AISI 304L neriidijancio plieno, kurio deformacijos amplitudé yra 0,3 % ir 0,6 %,
mazo ciklo deformacijos modeliavimas atliktas naudojant ,,Ansys Workbench*.
Bandinys buvo modeliuojamas naudojant ,,ANSYS SOLID185“ elementus — tai 8
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mazgy elementas su trimis laipsniais kiekvienam mazgui. AISI 316L nertudijancio
plieno, kurio deformacijos amplitudé yra 0,18 %, 0,6 %, 0,5 % ir 1 %, modeliai buvo
parengti naudojant ,,LS-DYNA® programing jranga. Pilnaviduriams (72 pav.) ir
tus¢iaviduriams bandiniams (73 pav.) modeliuoti buvo naudojami konstantiniy
itempiy 8 mazgy heksaedriniai elementai. Visais atvejais bandiniy apkrovos buvo
pridétos prie priekinio pavir§iaus kontroliuojant pagal deformacijas (72 ir 73 pav.).
TuscCiaviduriuose bandiniuose buvo jvertintas vidinis pavirSius ir vidinis slégis,
susidarantis vamzdynuose reaktoriy eksploatacijos metu (73 pav.).

Bandiniy su jpjovomis baigtiniy elementy modelis buvo parengtas naudojant 2D
elementus. Naudojant abu Siuos modelius buvo atliktas pirmojo ciklo modeliavimas
naudojant 0,3 % deformacijos amplitudés apkrova, nes buvo siekiama iSanalizuoti
bandinio dydzio jtaka skaitmeninio modeliavimo rezultatams. Bandinys buvo
sumodeliuotas naudojant 4 mazgy keturkampj apvalkalo elementg su ,,Belytschko-
Tsay*“ formuluote. Paveikslélyje (74 pav.) pateiktas paruoStas baigtiniy elementy
modelis ir jam taikomos krastinés salygos. Siems modeliams buvo naudojamas
smulkus tinklelis siekiant jvertinti jtempiy koncentracija, susidarancig jpjovoje. Taip
pat, skirtingai nei kituose modeliuose, dél simetriskumo buvo paruostas 1/2 bandinio,
viso ilgio modelis. Paruosti du skirtingi modeliai, kuriy vienas su 0,5 mm jpjovos
spinduliu, o kitas su 2 mm jpjovos spinduliu. Bandiniy apkrovos buvo pridétos prie
priekinio pavirSiaus kontroliuojant pagal jtempius (74 pav.).

3.2.Mazo ciklio degradacijos modeliavimui naudotos apkrovos

Mazo ciklo deformacijos eksperimentiniai bandymai pagal apkrovos pobiidj buvo
dviejy tipy, t. y. apkrovas kontroliuojant pagal deformacijas ir pagal jtempius.
Analogiskos apkrovos buvo naudojamos ir mazo ciklo deformacijoms modeliuoti.
Skaitmeninio modeliavimo metu bandinio apkrovai buvo naudojamas poslinkis,
kontroliuojant bandinio apkrova pagal deformacijas. Poslinkio amplitudé buvo tokia
pati kaip ir eksperimento deformacijos amplitudé.

1 i Ciklas 2 -oivieta Ciklas
3 5

Santykine apkrova

4
Santykinis laikas

75 pav. Santykiné deformacija pritaikyta baigtiniy elementy modeliui, kai schema
valdoma deformacija

Bandiniai buvo apkrauti asine kryptimi, pridedant apkrovg prie vieno bandinio
pavir$iaus, o kito pavirsiaus poslinkis buvo fiksuojamas pagal visas koordinaciy asis.
Santykinis bandiniy apkrovimas pateiktas 75 pav. Pirmasis ciklas prasideda nuo 0
tasko (75 pav.), kai bandinys yra ramybés biuisenos. Pirmojo ciklo metu jis yra
padalintas ] tris dalis: pirmasis taskas (0—1) yra pusé tempimo dalies, po kurios vyksta
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gniuzdymo ciklas iki taSko 2 (nuo 1 iki —1) ir vél tempimo ciklas iki tasko 3 (nuo —1
iki 1). Tai uzbaigia pirmajj cikla, o antrasis ciklas vyksta nuo tasko 3 iki tasko 5 (1, —
1, 1) ir taip toliau iki prognozuojamo bandinio menamo nutriikkimo.

Mazo ciklo degradacijos bandymo schemoje, kurioje apkrova kontroliuojama
pagal deformacijas, deformacijos amplitudés buvo +0,18 %, £0,3 %, +0,5 %, £0,6 %
ir £1 %. Todel 1 ir —1 atitinkamai atitinka deformacijos amplitude teigiama ir
neigiama kryptimis. Norint modeliuoti apkrovas jas kontroliuojant pagal deformacijas
kaip ir eksperimenty metu, bandiniai buvo apkraunami poslinkiu, atitinkanc¢iu
deformacijy amplitudes (pvz., kai deformacijos amplitudé yra 1 %, o bandinio
modelio ilgis — 10 mm, modeliui taikoma +0,1 mm poslinkio amplitudé).

2500 2500

1500 1500
z 500 . R Z 500 .
< Cikly skaicius, Nf g Cikly skaiCius, Nf
é{‘-5()(] 0 4125 8250 12375 16500 = -500 0 500 1000 1500 2000 2500 3000
-1500 I -1500

-2500 —L-l_ -2500 y

76 pav. Apkrova, taikyta baigtiniy 77 pav. Apkrova, taikyta baigtiniy
elementy modeliui, kai bandinys su elementy modeliui, kai bandinys su

ipjova, r = 0,5 mm ipjova, r =2 mm

Modeliuojant mazo ciklio deformacijos biivj, kai apkrova buvo kontroliuojama
pagal jtempius, bandiniy apkrovos buvo pridedamos analogiskai, kaip ir
kontroliuojant apkrovas pagal deformacijas (74 ir 75 pav.). Pagal ipjovos spindulj
buvo du skirtingi bandiniai, t. y. 0,5 mm ir 2 mm. Bandiniy su jpjova eksperimentiniai
tyrimai atlikti apkrovg kontroliuojant pagal jtempius. Jéga buvo pridéta prie bandinio
galinio pavirSiaus (74 pav.). Jégos dydis eksperimentiniams tyrimams buvo parinktas
pagal tiksline deformacija bandinio jpjovos gale. Bandiniui su 0,5 mm spindulio
Ipjova, mazo ciklo deformacijos eksperimentiniai tyrimai buvo atlikti pridedant jéga
trimis apkrovimo etapais, kad tiksliné deformacija jpjovos gale biity atitinkamai 0,2
%, 0,4 % ir 0,6 %. Bandinys su 2 mm spindulio jpjova buvo iSbandytas esant pastovios
amplitudés jégai, kai tiksliné deformacija jpjovos gale buvo 0,6 %. Kaip minéta
anksciau, bandiniui su 0,5 mm jpjovos spinduliu apkrova buvo taikoma trimis etapais
(76 pav.), t. y. 1520 N jéga (atitinka 0,2 % deformacijg) apkraunama iki 10445 cikly,
tada apkrovos jéga didinama iki 2100 N (atitinka 0,4 % deformacijg) ir galiausiai po
12065 cikly, apkrovos jéga padidinama iki 2445 N (atitinka 0,6 % deformacija).
Bandinys su 2 mm spindulio jpjova buvo apkraunamas vieno etapo metu 2245 N jéga
(atitinka 0,6 % deformacija) (77 pav.) iki prognozuojamo suirimo.

3.3. Medziagy modeliai

Norint tinkamai jvertinti komponento mazo ciklo degradacijos trukme, svarbu
realistiSkai modeliuoti medziagos ciklinj plastiSkuma. Plastiné deformacija yra
negriztama deformacija, atsirandanti, kai jtempis pasiekia medziagos takumo ribg
[98—-102]. Darant priclaida, kad plastinés deformacijos atsiranda nepriklausomai nuo
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laiko, egzistuoja jvairiy teorijy, skirty medziagy reakcijoms jvertinti ciklinés
deformacijos metu. PlastiSkumo teorija iSskiria tris pagrindinius komponentus:
takumo kriterijy, takumo taisykle ir medziagos (kietéjimo) modelius [98—102]. Siame
tyrime kinematinis kietéjimas naudojamas kartu su izotropiniu griidinimu, siekiant
modeliuoti medziagos biivi ciklinés deformacijos metu panaudojant baigtiniy
elementy metodikg.

18 lentelé. Austenitinio neriidijancio plieno mechaninis savybés

Kiekis | Simbolis | Vienetai Vertybés
Medziaga AISI304L AISI316L
Temperatiira T °C 300 20 | 300
Tankis p Ke/m? 7930 7980
Youngo E GPa 157 201 167
modulis
Takumo o, MPa 220 231 149
1tempis
Didziausias
tempiamasis Outs MPa 499 554 439
stipris
Pailgéjimas EL % 42 67 48
Puasono v i 0.27 0.3
santykis
19 lentelé. Austenitinio neriidijancio plieno takumo riba, nustatyta pagal
eksperimentiniy tyrimy pirmajj cikla
.. Kiekis Deforn‘mcn].os Temperatiira Tal.(umo
Medziaga Meéginio amplitude riba
tipas Simbolis Ae T Oiys
Vienetai % °C MPa
0,3 79
AISI304L 0.6 300 65
0,18 20 133
. 0,6 300 68
Kietas 0 20 105
’ 300 94
Vertybés 1 20 120
AISI316L 300 91
Tus¢iaviduris 0,3 133
Ipjauta, r =
0,5 mm j 300 76
Ipjauta, r =2 ) 37
mm

Lenteléje (zr. 19 lentele) pateiktos austenitinio nertidijanc¢io plieno takumo ribos
esant skirtingoms apkrovimo deformacijoms ir temperatiroms. Takumo riba buvo
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nustatyta pagal eksperimentiniy tyrimy pirmojo ciklo jtempio-deformacijos kreive.
Taskas, kuriame jtempio-deformacijos kreivé nukrypsta nuo tiesinio tamprumo
srities, buvo laikoma tiriamojo metalo takumo riba.

3.4. Kinematinis kietéjimas

Atliekant metaly tyrimus nustatyta, kad veikiant ciklinéms apkrovoms, takumo
pavirSiaus centras pasislenka plastinio takumo kryptimi, atskleisdamas Bauschingerio
efekta [102]. Kinematinis modelis efektyviai apibiidina apraSyta efekta, nes jame
teigiama, kad progresuojant plastiSkumui, plastiSkumo pavirSius pasislenka jtempiy
erdvéje, iSlaikydamas pastovy dydj [98—102].

Dél ciklinés plastinés deformacijos sudétingumo daugelis esamy medziagy
modeliy turi ribotas galimybes tiksliai atkurti eksperimentiniuose tyrimuose stebimag
ciklinio plastiSkumo biivi. Kadangi ciklinis metaly plastiSkumas yra sudétingas
reiSkinys, todél reikia atlikti nemazai eksperimenty, kad biity galima iSsamiai istirti
tokius aspektus kaip ciklinis medziagos kietéjimas ar mink$téjimas ir progresyvinés
deformacijos (angl. ratcheting), atsirandancios dél kiekvieno ciklo metu vykstancios
plastinés deformacijos.

Chaboche ir kt. (1979) [109] ir Chaboche (1986) [105] pasitlé nauja kinematinio
kietéjimo modelj. Modeliui aprasyti naudojama lygtis (37) :

2

dai = ;Cidé'p — Yl-al-dp; (37)

¢ia C, Y— atitinkamai yra kinematinio sukietéjimo modulis ir laipsnio rodiklis;
dp — yra sukaupta plastiné¢ deformacija.

1
dp = (de?:2aev) . (38)

Lygtis (39-42) gaunama matematiskai iSsprendziant lygtj (37) :

Ci Ci AgP
Ap = Ey—: + (aixn - gy—z) e(‘YlAgx)], def >0 ; (39)
2¢; 2¢; &P
Ayp = [_Ey_: + (aixn + ;Y—i) e(YlAgx)], def <0; (40)
2
Ayp = 5(0" —0y),del >0 (41)
2
Axn = E(O-x + 00), dggzcj <0; (42)
¢ia o jp — didziausia atgalinio jtempio verte, veikiant tempimo arba gniuzdymo
apkrovoms;
o in— minimali atgalinio jtempio verté, veikiant tempimo arba gniuzdymo
apkrovomes.

Medziagy parametrai, naudoti modeliuojant AISI 304L nertidijantj pliena, pateikti
19 ir 20 lentelése (analizé atlikta naudojant kompiutering programg ,,Ansys
Workbench “. Kinematiniai kietéjimo parametrai esant 0,3 % ir 0,6 % deformacijy
amplitudéms 300 °C temperatiroje buvo jvertinti naudojant abiejy apkrovy
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eksperimentiniy tyrimy 1000-o0jo ciklo (nustatyta, kad tai stabilizuotas ciklas) antros
pusés rezultatus, 20 lenteléje pateikti kinematiniy parametry komponentai, gauti
jvertinus eksperimentiniy tyrimy rezultatus.

20 lentelé. AISI 304L nertudijancio plieno Chaboche modelio parametrai (Ansys
modeliui)

Ec%) CI ( mpa) Y1 C2 ( mpa) Y2 C3 ( mpa) Y3
0,3 15482,86 2427214 16950,62 213542 61446,98 268.889
0,6 15482,86 575,58 16950,62 1675,4 61446,98 679,35

Greta placiai naudojamo Chaboche medziagy modelio, mazo ciklo deformacijai
modeliuoti buvo naudotas ir Armstrongo-Fredericko plastiSkumo modelis, sukurtas
jtraukiant dinaminj atsistatymo narj pagal Pragerio [110] nustatyta tiesinio
sukietéjimo taisykle. Armstrong-Frederick tipo modeliai vis placiau naudojami dél
savo pranaSumy jvertinant ir proporcingas, ir neproporcingas apkrovas [104, 111].
Paskutiniu metu Armstrong-Frederick koncepcija buvo iSplétota, kad buty galima
atsizvelgti | sudétingesnius apkrovos scenarijus, padidinti modelio tikslumg ir
veiksmingai jvertinti tokius reiSkinius kaip progresinés deformacijos (angl.
ratcheting) greic¢io mazéjimas [76, 112, 113].

Armstrongo-Fredericko medZziagos modelyje yra jtrauktas netiesinis kinematinio
kietéjimo komponentas [114]. Dinaminio atsistatymo komponentas buvo jtrauktas j
Pragerio linijinio kinematinio kietéjimo taisykle [110], pripazintg kaip vieng i$
papras¢iausiy naudojamy medziagy modeliy. Sis komponentas turi jtaka atminties
iSlaikymo efektui, susijusiam su deformacijos trajektorija. Modelis parodé pervertinta
progresing (angl. ratcheting) deformacija [115] ir jtrauké ribotag medziagy konstanty
rinkinj, kad bty pagerintas progresiniy deformacijy prognoziy tikslumas [116].

Mazo ciklo deformacijos modeliavimas naudojant Armstrongo-Fredericko
medziagos model; atliktas panaudojant kompiutering programg ,,LS-DYNA “. , LS-
DYNA*® turi i§ anksto apibrézta medziagos modelj, kuris apjungia izotropinj ir
kinematinj kieté¢jima, pavadintg ,MAT 153 DAMAGE 3“. Sis medziagos modelis
parodo kinematinj kietéjima, kuris apibréziamas naudojant Armstrongo-Fredericko
kinematinj kietéjimo modelj:

CZJ = ngspl - yjajé_pl ; (43)

¢ia C— kinematinio sukietéjimo koeficientas (MPa);

y — kinematinio kietéjimo rodiklis;

éPl _ plastiné deformacija;

£P! — sukaupta plastiné deformacija;

@; — atgalinis jtempis.

Armstrongo-Fredericko kinematinio kietéjimo (KH) medZziagos modelis ,,

MAT 153 DAMAGE 3“kompiuterinéje programoje ,,LS-DYNA*“ apraSomas pagal
43 lygtj.

109



2 .. .
OCmax = Z?c:l [5 ngpl - yxaxgpl] 5 (44)
¢ia ay g, — didziausias ciklinis jtempis (MPa).

Kinematiniai kietéjimo parametrai buvo jvertinti naudojant eksperimentiniy
tyrimy rezultatus pagal 44 lygtj. KH parametrai buvo jvertinti pagal kiekvieno
eksperimento stabilizuotus ciklus.

21 lenteléje pateikti AISI316L neriidijancio plieno Armstrongo-Fredericko
kinematinio kietéjimo modelio parametrai, kurie buvo naudoti mazaciklei
degradacijai prognozuoti naudojant kompiutering programa ,,L.S-DYNA*,

Atliekant mazo ciklo deformacijos skaitinio modeliavimo tyrimus taip pat buvo
atliekami kinematinio kietinimo parametry nustatymo ir kalibravimo darbai. Tong’as
ir Vermeulen’as [117] atliko eksperimentinius ir skaitmeninio modeliavimo
plastiskumo tyrimus. Nikelio pagrindo superlydinio kinematinio kietéjimo parametry
klampos plastiSkumas buvo jvertintas ir optimizuotas, siekiant geresniy skaitinio
modeliavimo rezultaty. Tong’as ir kt. [118] savo iSpléstiniame darbe remdamiesi
metodika, pateikta [114], pristaté nuoseklia procediirg kinematiniams kietéjimo
parametrams nustatyti ir jiems kalibruoti naudojant netiesinj maziausiy kvadraty
metoda. Zhan’as ir Tong’as [119], Moslemi ir kt. [120], Koo ir Kwon [121],
Rahman’as ir kt. [122], Kacar’as [123], Mahmoudi ir kt. [124], Moslemi ir kt. [120],
Kacar’as [123], Huachao [60], Shutong’as ir kt. [125] atliko kinematinio kietéjimo
(KH) parametry jvertinimo ir kalibravimo tyrimus, taciau reikia paminéti, kad nebuvo
nustatytos priklausomybés Siy parametry nuo deformacijos amplitudés ir aplinkos
temperaturos.

21 lentelé. AISI316L nertidijancio plieno Armstrongo-Fredericko kinematinio
kietéjimo modelio parametrai

Deformaci
jos Temperatiira C1 Y1 C2 Y2 C3 Y3
amplitudé
% °C MPa - MPa - MPa -
0,18 20 150500 | 1680 | 450650 | 2530 | 10560 | 1360
0,6 300 5000 83,3 | 100000 | 825 1000 1530
20 1505 1680 | 15065 253 90500 | 1360
0 300 4000 5 25500 550 | 100000 | 1887
1 20 150 1680 1000 253 40000 360

Nepaisant i§samiy kinematinio kietéjimo parametry jvertinimo ir kalibravimo
tyrimy, tai vis dar yra sudétingas ir daug laiko reikalaujantis procesas, nes dazniausiai
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Siuos jvertintus kinematinio kietéjimo parametrus reikia kalibruoti modeliavimo
metu, o tai yra papildomas ir sudétingas bei daug laiko reikalaujantis procesas.

Siekiant sumazinti kinematinio kietéjimo parametry jvertinimo ir kalibravimo
proceso sudétinguma, reikia sumazinti modeliavimo paklaidas ir sutrumpinti
modeliavimo procesg. Kiekvienam kinematinio kietéjimo parametro komponentui
iSvestos priklausomybés, kuriose jvertinama deformacijos amplitudés ir darbinés
temperatiiros jtaka Siems komponentams. Priklausomybés suformuluotos remiantis 23
lenteléje pateiktais kinematinio kietéjimo parametrais, kurie naudojami AISI316L
nertdijancio plieno mazo ciklo deformacijai prognozuoti naudojant kompiutering
programg ,,LS-DYNA “. ISvestose priklausomybése (45-50 lygtys) yra jvertinama
deformacijy ir temperatiiry jtaka:

C;, = —0,01220y5 — 8,8551 Ae? + 10,5727A¢ + 1,2496T; (45)
V1 = —264,3294 Ac? + 715,8896 A¢ + 48,1017T; (46)
C, = 0,11580y5 + 0,0805 Ae2 — 26,2504A¢ + 1,4235T; (47)
¥, = 9263,575 Ae? + 695,3537A¢ + 21,2144T; (48)
C; = 0,43330y5 + 12,3301 Ac? + 10986,4059 Ae + 3,2122T; (49)
Vs = 10324634,68 Ac? + 5012,0759A¢ + 37,6428T; (50)

cia
oys — takumo riba (MPa);

Ag — deformacijos amplitudé (%);

__ Operating Temperature (°C)

T 20 (°C)

Suformuluotos lygtys (45-50) buvo panaudotos kinematiniams Kkietéjimo
parametrams jvertinti atlieckant mazaciklj irimo / susidévéjimo (apkrovas
kontroliuojant pagal deformacijas) skaitinj prognozavima. Nustatyti parametrai pagal
Sias lygtis pateikti 22 lenteléje. Sie apskai¢iuoti parametrai naudoti skaitmeniniam
prognozavimui naudojant kompiutering programa ,,LS-DYNA®.

22 lentelé. Kinematinio kietéjimo parametrai jvertinti naudojant 45-50 lygtis

Méginio tipas Pilnaviduris | Tus¢iaviduris
Deformacijos
amplitudjé i ! 0.3
Temperatira | °C 300
C1 MPa 18640 19300
Y1 - 1173,09 912,5
C2 MPa 12440 30740
Y2 - 550 485,1
C3 MPa 49440 109640
Y3 - 842 1642,14
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3.5.1zotropinis kietéjimas

Siekiant aprasyti

mazo ciklo deformacijos

modeliavimg naudojamame

izotropiniame modelyje yra jprasta, kad bet kurio apkrovimo etapo metu takumo
pavirSiaus centras nuosekliai yra pradzios taske, o pavirSius ple¢iasi homogeniskai,
progresuojant plastinei deformacijai. Daznai naudojamas netiesinis izotropinis
modelis, dar vadinamas Voce modeliu [111]. Siame modelyje takumo pavirsiaus
kitimg apibiidina pasipriesinimo jtempio R kitimas [98—102].

Taskas . iki kurio kreivé aprasoma .. Ansys Workh

0

60 80 100

Sul-:auf:cta efel-:t_v\; glastiné d:afmnacija: %

78 pav. AISI304L nertidijancio plieno
izotropinio kietéjimo kreivé, apskaiciuota
esant 0,3 % deformacijos amplitudei 300

°C temperatiiroje (naudojama Ansys

modelyje)

100
£ 580
g—g»ﬂ
20
<3
& 20

0

0 20000 40000 60000 80000 100000

Sukaupta plastiné deformacija, %

80 pav. AISI316L nertidijancio plieno
izotropinio kietéjimo kreivé, kurio
deformacijos amplitudé yra 0,18 % 20 °C
temperatiiroje (naudojama LS-DYNA

modelyje)

0 200 400 600
Sukaupta plastin¢ deformacija, %

82 pav. Izotropinés kietéjimo kreivés,
naudotos jpjauto bandinio skaitmeniniam
modeliavimui, kai r = 0,5 mm

60

Taskas , iki kurio kreivé apraSoma ,,Ansys Workb¢

Takumo paviriaus dydis

0 20 40 60 80 100
Sukaupta efektyvi plastiné deformacija, %

79 pav. AISI 304L neriidijancio plieno
izotropinio kietéjimo kreivé, apskaiciuota
esant 0,6 % deformacijos amplitudei 300

°C temperatiiroje (naudojama Ansys
modelyje)

0 500 1000 1500 2000
Sukaupta plastiné deformacija, %

81 pav. AISI316L nertdijancio plieno
izotropinio kietéjimo kreivé, naudojama
LS-DYNA modelyje, AISI 316L plienas,
esant 0,6 % deformacijos amplitudei 300
°C temperatiiroje (naudojama LS-DYNA

modelyje)

96

Takumo pavirSiaus

0 600 1200 1800
Sukaupta plastin¢ deformacija, %

83 pav. Izotropinés kietéjimo kreivés,
naudojamos jpjauto bandinio
skaitmeniniam modeliavimui, r = 2 mm

Paveiksluose (78,79 pav.) pavaizduotos izotropinio kietéjimo kreivés, gautos i$
eksperimentiniy tyrimy rezultaty, esant 0,3 % ir 0,6 % deformacijos amplitudéms 300
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°C temperaturoje. Mazo ciklo deformacijos bandymo modeliavimai, esant 0,3 % ir
0,6 % deformacijos amplitudei, buvo atlikti naudojant kompiutering programa ,,Ansys
Workbench“.  ApraSant izotropinio kietéjimo kreive ,,Ansys Workbench*
programoje, nebuvo nustatytos vertés, mazesnés uz paskutine jvesta sukauptos
plastinés deformacijos verte vertinant takumo plokStumg. Kompiuteriné programa
»Ansys Workbench “ nesugebéjo generuoti takumo pavirSiaus neigiamo nuolydZio,
todel buvo nuspresta, kad maksimalus takumo pavirSiaus dydis iSlieka pastovus. Dél
Sios priezasties buvo taikomos tik kylancios vertés. Kompiuteringje programoje
»Ansys Workbench” izotropinio kietéjimo kreivei nustatyti buvo panaudoti tik
apskaiciuoty kreiviy segmentai iki raudonai paryskinty tasky [43] (78 ir 79 pav.).

Takumo pavirSiaus pokytis buvo apskaiciuotas pagal 51 lygti. O sukaupta
plastiné deformacija apskaiciuojama pagal 52 lygtj, nes apkrovas kontroliuojant pagal
deformacijas, A € ;1 beveik nesikeicia:

0 = Omax,i — Oy0; (51)

&Pl = 2NAgy, . (52)

Mazaciklio susidévéjimo / irimo skaitmeniniam modeliavimui naudotos
AISI316L neridijancio plieno medziagos izotropinés kietéjimo kreivés buvo
apskaiCiuotos pagal 51 ir 52 lygtis. Modeliavimui naudotos AISI316L nertidijancio
plieno medziagos izotropinés kietéjimo kreivés pateiktos 80-83 paveiksluose. Siy
medziagy mazaciklio irimo modeliavimas buvo atliktas naudojantis kompiuteriné
programos ,,LS-DYNA “.
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4. EKSPERIMENTINIU TYRIMU REZULTATAI

Norint suprasti komponenty medziagy degradacijos eiga kontroliuojamomis,
bazinémis eksploatacijos salygomis yra svarbu atlikti mazo ciklo degradacijos (LCF)
eksperimentinius bandymus. Eksperimentiniai bandymai oro salygomis nustato
atskaitos taska medziagos degradacijos trukmei, nevertinant aplinkos poveikio
mechaniniam irimo atsakui. Eksperimentiniai bandymai oro aplinkoje yra paprastesni
ir ekonomiskesni nei auksto slégio / aukstos temperatiiros aplinkoje, nes jiems
nereikia sudétingos infrastruktiiros, vandens cheminés sudéties kontrolés ar saugos
priemoniy. Tarptautiniai degradacijos bandymy standartai (ASTM ir ISO) yra
paruosti bandymams atlikti oro aplinkoje, todél gautus tyrimy rezultatus galima
tiesiogiai palyginti su jau nustatytais medziagy duomenimis, kurie yra skirti
medziagoms klasifikuoti ir kurie naudojami projektuojant komponentus. Komponenty
projektavimas ir atranka yra butini renkantis pradines medZziagas. Paminétina, kad
ypac svarbu jvertinti prognuozuojamy degradacijy charakteristikas pries investuojant
1 brangesnius, konkreciai aplinkai skirtus eksperimentinius bandymus.

Darbe atlikta 11 mazo ciklo degradacijos tyrimy, apkrovas kontroliuojant pagal
deformacijas ir jtempius. Eksperimentiniy tyrimy metu buvo tiriama jtempiy
priklausomybé nuo cikly skaiciaus. Kaip tyrimy rezultatai, buvo pateiktos jtempiy
priklausomybés nuo cikly skaiciaus kreivés. Eksperimentiniy tyrimu metu manoma,
kad bandinys suyra, kai jtempio lygis sumazéja 25 %, palyginti su maksimaliu jtempio
mazéjimo lygiu.
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84 pav. AISI304L nertdijancio plieno jtempiy priklausomybé nuo cikly skaiciaus,
esant 0,3 % deformacijos amplitudei 300 °C temperatiiroje

AISI 304L nertudijancio plieno eksperimentiniy tyrimy rezultatai, esant 0,3 %
deformacijos amplitudei 300 °C temperatiroje, pateikti 84 paveiksle. [tempiy
priklausomybé nuo cikly skai¢iaus parodyta paveiksle (84a pav.), o bandinio su
degeneraciniu plySiu nuotrauka pateikta kitame paveiksle (84b pav.). Plysio
formavimasis bandinyje nustatytas tarp ekstanciometro kojeliy bandinio centre. I§
jtempiy-cikly kreiviy matyti, kad per pirmuosius kelis ciklus jtempiy amplitudé didéjo
iki 61- ojo ciklo, o tada nustatytas didziausio jtempio sumaZzéjimas, po kurio bandinys
stabilizavimosi ir suiro 24923 - ajame cikle. Sie bandomieji tyrimai buvo atlikti
Lietuvos energetikos institute (LEI).
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85 pav. AISI304L nertudijancio plieno jtempiy priklausomybé nuo cikly skaiciaus
esant 0,6 % deformacijos amplitudei 300 °C temperatiiroje

AISI304L nertdijancio plieno eksperimentiniy tyrimy rezultatai, esant 0,6 %
deformacijos amplitudei 300 °C temperatiiroje, pateikti 85 paveiksle. Medziagos
bisena, t. y. jtempiy priklausomybé nuo cikly skaiciaus (85a pav.), buvo panasi |
biiseng esant 0,3 % deformacijos amplitudei. I§ jtempiy-cikly kreiviy skaiciaus matyti,
kad per pirmuosius kelis ciklus jtempiy amplitudé didéjo iki 61- ojo ciklo, o tada
pastebétas didziausio jtempio sumazéjimas, po kurio viskas stabilizavimosi ir
bandinys suiro 4256 - ajame cikle. Deformacijos plySys pradéjo formuotis uz
ekstanciometro kojeliy virSutinéje bandinio puséje (85b pav.). Tai gali biiti susije su
lokalizuota jtempiy koncentracija Salia ekstanciometro kojelés jdubos [42]. Sie
eksperimentiniai tyrimai buvo atlikti LEI.
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86 pav. AISI316L nertudijancio plieno jtempiy priklausomybé nuo cikly skaiciaus
esant 0,18 % deformacijos amplitudei 20 °C temperatiiroje

AISI 316L nertidijancio plieno eksperimentiniy tyrimy rezultatai esant 0,18 %
ir 0,6 % deformacijos amplitudéms 20 °C ir 300 °C temperattrose pateikti 86 ir 87
paveiksle. Itempiy priklausomybés nuo cikly skaiCiaus parodytos 86a ir 87a
paveiksluose [126], o 86b ir 87b paveiksluose pateiktos bandinio su deformacijos
plysiu nuotraukos. PlySio formavimasis bandiniuose nustatytas tarp ekstanciometro
kojeliy bandinio centre.

I§ jtempiy-cikly skaiCiy kreivése (86a pav.) matyti, kad per pirmuosius kelis
ciklus jtempiy amplitudé didéjo iki 6 - ojo ciklo esant 0,18 % deformacijos
amplitudei 20 °C temperatiiroje. Nuo septintojo ciklo didziausias jtempis per cikla
mazejo iki 1235 - ojo ciklo, po kurio viskas stabilizavosi ir jtempis svyravo nuo 210
MPa iki 214 MPa iki 326557- ojo ciklo. Po 326557- ojo ciklo didziausias jtempis
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nuosekliai mazéjo per kelis ciklus ir tai sukélé bandinio plei$¢jimg, bandinys suiro
esant 342 870 - ajam ciklui [126].
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87 pav. AISI316L nertdijancio plieno jitempiy priklausomybé nuo cikly skaiciaus
esant 0,6 % deformacijos amplitudei 300 °C temperattiroje

AISI 316L nertidijancio plieno eksperimentiniy tyrimy rezultatai, esant 0,6 %
deformacijos amplitudei 300 °C temperatiiroje, buvo panasiis j rezultatus, esant 0,3 %
deformacijos amplitudei. I§ jtempiy-cikly skai¢iy kreivés matyti, jog pirmuosius kelis
ciklus jtempiy amplitudé didéjo iki 10 - ojo ciklo. Nuo vienuoliktojo ciklo didZiausias
jtempis mazéjo, kol suiro 1183 - iajame cikle. Siame tyrime nebuvo nustatyta
stabilizuotos srities. Tai rodo, kad AISI 316L neriidijantis plienas pasiZymi medZiagos
minkstéjimo savybémis, kai yra veikiamas ciklinio apkrovimo [126].

Eksperimentiniy tyrimy, kurie yra atlikti Pranctizijoje, EDF laboratorijoje,
rezultatai pateikti 88-92 paveiksluose. Sie eksperimentai buvo atlikti naudojant
pilnavidurius ir tuséiavidurius bandinius oro ir reaktoriaus eksploatacijos aplinkoje.
Naudojant pilnavidurius bandinius buvo atlikti keturi eksperimentai esant 0,5 % ir 1
% deformacijos amplitudei 20 °C ir 300 °C temperatirose. Naudojant tus¢iavidurj
bandinj buvo atliktas eksperimentas esant 0,3 % deformacijos amplitudei 300 °C
temperattiroje suslégtojo vandens branduolinio reaktoriaus (PWR — suslégtojo
vandens reaktoriaus) aplinkoje.
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88 pav. AISI316L nertdijancio plieno
pilnavidurio bandinio jtempiy

priklausomybé nuo cikly skaiciaus esant 0,5
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priklausomybé nuo cikly skaiciaus
esant 0,5 % deformacijos amplitudei
300 °C temperatiiroje (EDF
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92 pav. AISI316L nertudijancio plieno tus¢iavidurio bandinio jtempiy priklausomybé
esant 0,3 % deformacijai 300 °C temperatiiroje (EDF laboratorijos eksperimentiniai
rezultatai)

I§ jtempiy-cikly skaiCiaus kreivés (88 pav.) matyti, kad per pirmuosius kelis
ciklus jtempiy amplitudé¢ didéjo, o po to pradéjo mazéti. Bandinys suiro esant 5628 -
ajam ciklui. Sio eksperimento atveju nustatyta, kad didZiausias jtempis gedimo ciklo
metu didéjo, o tai galéjo atsirasti dél to, kad jtrikimas susidaré uz ekstensometro
kojeliy riby. 89 paveiksle pateikti eksperimentiniy tyrimy rezultatai esant 0,5 %
deformacijos amplitudei 300 °C temperatiiroje. Esant tokioms tyrimo sglygoms
bandinio suirimas jvyko esant 5072 - ajam ciklui. Eksperimentiniy tyrimy rezultatai
esant 1 % deformacijos amplitudei 20 °C ir 300 °C temperatiirose pateikti 90 ir 91
paveiksluose. Siy eksperimentiniy tyrimy metu bandiniai suiro esant 925 - ajam (90
pav.) ir 502 - ajam (91 pav.) ciklams.

Mazaciklo nuovargio (LCF) eksperimentinius tyrimus svarbu atlikti ne tik lauko
salygomis, taCiau ir komponenty eksploatacijos sglygomis. Tai ypa¢ svarbu
prognozuojant komponenty eksploatacijos ilgaamziskuma. Siame darbe yra pateikti
eksperimentiniy tyrimy rezultatai suslégtojo vandens reaktoriaus (PWR) aplinkoje,
siekiant jvertinti faktines branduolinio reaktoriaus komponenty, ypa¢ pirminio
kontiiro vamzdyny, eksploatavimo sglygas ir jy poveikj komponenty ilgaamziskumui.
Suslégtojo vandens reaktoriaus (PWR) eksploatacijos temperatiira pirmojo konttiro
vamzdynuose svyruoja nuo 280 °C iki 325 °C ir pasickiamas 16,6 MPa slégis. Siy
aplinkos salygy veikiama medziagy degradacija vyksta dé¢l korozijos, pleiséjimo ir
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priklauso nuo aplinkos salygy (angl. EAC — environmentally assisted cracking) ir
aplinkos sukeltos degradacijos (angl. EAF — environmental assisted fatigue). Tyrimai
ir eksploatavimo patirtis rodo, kad komponenty degradacijos laikas PWR aplinkoje
gali buiti gerokai trumpesnis nei oro salygomis dél oksidacijos jtrikio virSuje,
deguonies ir vandenilio poveikio bei greitesniy plySio didéjimo veiksniy. Tai
paskatino sukurti aplinkos poveikio irimo korekcijos koeficientus. Mazo ciklo
degradacijos tyrimas padeda uztikrinti atitiktj branduolinés energetikos reguliavimo
institucijy pateiktuose dokumentuose, jskaitant aplinkos poveikj degradacijai. Jie taip
pat padeda jvertinti medziagy atsparumo ir susidévéjimo tyrimus vertinant lydiniy,
tokiy kaip 316 SS, Inconel ir mazai legiruoto plieno degradacijos biivi esant
kombinuotai mechaninei ir aplinkos apkrovai.

Eksperimentiniai tyrimai buvo atlikti ir branduolinio reaktoriaus (suslégtojo
vandens reaktoriaus (PWR) tipo) aplinkoje. Eksperimentiniams tyrimams reaktoriaus
aplinkoje atlikti reikalinga speciali jranga, kurios Lietuvoje néra, todél
eksperimentiniai tyrimai buvo atlikti Pranctzijoje, EDF laboratorijoje. Darbe buvo
naudoti EDF laborotorijos degradacijos modeliavimo tyrimo rezultatai, patvirtinantys
reaktoriaus aplinkos salygas. 92 paveiksle pateikti tus€iavidurio bandinio
eksperimentiniai rezultatai esant 0,3 % deformacijos amplitudei 300 °C temperatiiroje
suslégto vandens reaktoriaus (PWR) aplinkoje. Esant tokioms tyrimo sglygoms
bandinio suirimas jvyko esant 3500 - ajam ciklui.

Visuose atliktuose eksperimentiniuose tyrimuose, kai apkrova kontroliuojama
pagal deformacijas, buvo nustatyta panasi medziagos buisena. Pirmyjy keliy cikly
metu maksimaliis jtempai didéjo su kiekvienu i$ eilés einanciu ciklu, po to jtempis
maksimaliai mazé&jo, véliau stabilizavosi, o po to bandinys pradéjo pleiséti ir irti. Sis
reiSkinys vadinamas minks$téjimu / minks$téjimo procesu. Minks$téjimas susijes su
dinaminiu rekristalizavimu kambario temperatiiroje ir kristaly pasisukimais
aukstesnéje temperattroje [127].

23 lentelé. AISI316L nertidijancio plieno nejpjauty bandiniy cikly skai¢ius, kuriems
esant bandinys suiro

Ban(%qu Deforn-lacij'os Temperatira Sl:;ll;llll?o
serijos amplitudé oy
NT. skaicius
% °C N¢
1 0,18 20 343106
2 0,3 300 3500
3 0.5 20 5628
4 ’ 300 5072
5 0,6 300 1192
6 | 20 925
7 300 502

Remiantis eksperimentiniais rezultatais nustatyta, kad bandiniui suirti didelg
jitaka daré deformacijos amplitudé. AISI316L nertidijan¢io plieno nejpjauty
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bandiniy cikly skaiCius, kuriems esant bandinys suiro, pateiktas 23 lenteléje.
Nustatyta, kad darbiné temperatiira taip pat turi didele jtakg bandinio suirimui.

AISI 316L nerudijantis plienas taip pat buvo iSbandytas ir bandinio su
ipjovomis. Mazo ciklo degradacijos (LCF) eksperimentiniai bandymai atlickami su
ipjovos bandiniais siekiant iStirti komponenty degradacijos eiga su jtempiy
koncentratoriais. [pjovos bandiniuose lemia plySiy formavimasi jtempiy atsiradimo
vietose ir leidzia tirti trumpalaikj plySiy formavimosi procesa, o tai svarbu atlickant
mazo ciklo degradacijos tyrimus. Buvo du eksperimentiniai bandiniy tyrimai su
skirtingais jpjovy spinduliais, atitinkamai 0,5 ir 2 mm esant 300 °C temperatiirai.
Eksperimentiniai tyrimai bandiniy su jpjovomis buvo stebimi / vertinami pagal
jtempius, skirtingai nei bandiniai be jpjovy, kurie buvo stebimi / vertinami pagal
deformacijas.
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93 pav. AISI316L nertdijancio plieno bandinio su r = 0,5 mm jpjova jtempiy

priklausomybé nuo cikly skaic¢iaus 300 °C temperatiiroje
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94 pav. AISI316L nertdijancio plieno bandinio su r = 2,0 mm jpjova jtempiy
priklausomybé nuo cikly skai¢iaus 300 °C temperatiiroje

24 lentelé. AISI316L nertdijancio plieno bandiniy su jpjovomis cikly skaicius,
kuriems esant bandinys suiro

Ipjovos _ Pakrovimo Ciklo
. Temperatiira . .
Nr. spindulys tipas numeris
mm °C Nr
1 0,5 Laiptinis 16251
300 Pastovi
2 2 amplitudé 29660
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Mazo ciklo degradacijos ekaperimentiniai tyrimai AISI316L nertdijancio
plieno bandiniy su jpjovomis buvo atlikti apkrovas kontroliuojant pagal jtempius,
siekiant, kad apkrovos biity atitinkancios apkrovas, kurios buvo naudotos
eksperimentams  kontroliuojant jas  deformavimo metu. Jégos  dydis
eksperimentiniams tyrimams buvo parinktas pagal tiksling deformacija bandinio
ipjovos gale. Bandiniui, su 0,5 mm spindulio jpjova mazo ciklo degradacijai
i§siaiskinti, buvo pridedama jégos trijy apkrovimo etapy metu, kad tiksliné
deformacija jpjovos gale bity atitinkamai 0,2 %, 0,4 % ir 0,6 %. Bandinys su 2 mm
spindulio jpjova buvo isbandytas esant vienodai amplitudés jégai, kad tiksliné
deformacija jpjovos gale bty 0,6 %.

93 ir 94 paveiksluose pateikti bandiniy su jpjovomis oro sglygomis tyrimo
rezultatai 300 °C temperatiroje. Bandinio su 0,5 mm spindulio jpjova suirimas jvyko
esant 16251 - ajam ciklui (zr. 24 lentelg). Bandinio su 2,0 mm spindulio jpjova
suirimas jvyko esant 29660 - ajam ciklui (Zr. 24 lentele). Paveiksluose (93b ir 94b
pav.) parodyti suir¢ bandiniai po eksperimentinio tyrimo. Bandiniy suirimas jvyko
ipjovose.

120



5. SKAITMENINIO MODELIAVIMO TYRIMO REZULTATAI IR
PATVIRTINIMAS

Austenitinio nertidijancio plieno skaitmeninis mazo ciklo degradacijos tyrimas
naudojant baigtiniy elementy metodika, atliktas siekiant prognozuoti nagrinéty metaly
ilgaamziskumg veikiant mazo ciklo degradacijos apkrovoms. Siame skyriuje
paaiskinami skaitinio modeliavimo tyrimy rezultatai ir pateikti naudoty modeliy ir
metodiky patvirtinimai, padaryti remiantis eksperimentiniy tyrimy rezultatais.

Austenitinio nertdijancio plieno skaitmeninis mazo ciklo degradacijos
modeliavimas buvo atliktas panaudojant eksperimentiniams tyrimams naudoto
bandinio geometrijg (71 pav.), t. y. sumazinti geometrijos bandiniai, kurie buvo
apkrauti 0,3 % deformacijos amplitude, kad biity patikrinta bandinio dydzio reikSmé
modeliavimo rezultatams. Bandinio dydzio jtakos modeliavimo rezultatams
nenustatytos (95 pav.). Abiejy bandiniy rezultatai buvo identiski, todél galima teigti,
kad bandinio geometrijos dydis neturi jtakos skaitmeninio modeliavimo rezultatams.
Svarbu, kad bandinio modeliui biity taikomos tinkamos ribinés salygos ir apkrovos, o
modeliuojant bandinio geometrija, galima naudoti ir trumpa bandinj, tik svarbu, kad
jo skerspjiivis biity analogiSkas bandiniui. Reikia paminéti, kad viso bandinio
skaiCiavimas uztruko daugiau nei 1 valanda, o sumazinto bandinio — vos kelias
sekundes (zr. 25 lentele). Siekiant sutrumpinti modelio skai¢iavimo laika, visi
baigtiniai elementai buvo paruosti sumazintam bandiniui (1/4 bandinio gabaritinio
ilgio dalis, modelio skersmuo lygus bandinio skersmeniui).

25 lentelé. Pirmojo ciklo skai¢iavimams reikalingas laikas

Modelio tipas Skaiciavimams reikalingas laikas
Pilnos geometrijos 1 val. 20 m
bandinys
Sumazintas bandinys 15 sek.

Priémus sprendimag dél modeliuojamo bandinio dydzio, baigtiniy elementy
modelis buvo patikrintas dél skaitmeninio modeliavimo jautrumo modelio tinklelio
dydziui. ParuoSiant baigtiniy elementy modelj skaitiniams tyrimams, yra svarbu
tinkamai parinkti tinklelio dydj. Tinklelio jautrumas yra labai svarbus atliekant
skaitmeninj mazo ciklo degradacijos modeliavima, siekiant uztikrinti rezultaty
tiksluma ir patikimuma, ypac jtempiy, deformacijos koncentracijy zonose ir vertinant
bandinio degradacijos ilgaamziskuma.

Tinklelio jautrumo analizei buvo paruosti 4 baigtiniy elementy modeliai, kuriy
elementy dydis buvo 0,5 mm, 1 mm, 5 mm ir 10 mm. Visi Sie modeliai buvo paruosti
AISI 304L austenitinio neriidijancio plieno eksperimentiniams tyrimams esant 0,3 %
deformacijos amplitudei ir 30 °C temperatiirai. Tinklelio dydZio jtaka modeliavimo
rezultatams nenustatyta (96 pav.) dél modelio paprastumo. Siekiant skaitmeninio
modeliavimo rezultaty patikimumo ir skai¢iavimo efektyvumo laiko atzvilgiu,
baigtiniy elementy modeliams, skirtiems mazo ciklio degradacijai modeliuoti, kai
apkrovos kontroliuojamos pagal deformacijas, parinktas 1 mm tinklelio dydis.

121



e— | x perimental
Full specimen
«= = = Reduced specimer

150

Padermé

-0.35 0.35

[tempis, MPa

95 pav. Pilno ir sumazinto bandiniy
modeliavimo rezultaty palyginimas

200

o

[tempis, MPa

, Strain_Ansys

Jtampa, %ommm——— 0.6% Strain_Ansys

97 pav. Pirmasis AISI304L
neriidijancio plieno ciklas 300 °C
temperatiroje

250

3% _Strain_Experiment

, Strain_Experiment

e Experimental 150
e | mim_mesh_size

e Smim_mesh_size
e 10mm_mesh_size
e+ ¢ == 0.5mm_mesh size

-0.35 0.35

Jtempis, MPa

-llst(a)mpa, %
96 pav. Tinklelio jautrumo patikrinimas

llem%sA MPa

6. Strain_Experiment
e 0.3%_Strain_Ansys
»_Strain_Experimentt
rain_Ansys

Itampa, %

98 pav. 2000 - asis ciklas
neriidijanciam plienui AISI304L 300
°C temperatiiroje

- - -

210 N--- periment o T e - -
& rain_Ansys
S 190 rain_Experiment
s /o_Strain_Ansys
2170
5 ~
= -~
15()[ T S
130
0 500 1000 1500 2000

Cikly skaiGius, Nf

99 pav. AISI304L nertudijanciam plienui jtempiy priklausomybé nuo cikly
skai¢iaus esant 0,3 % ir 0,6 % deformacijos amplitudéms 300 °C temperatiiroje

99 paveiksle pateikta AISI304L austenitinio nertidijanc¢io plieno jtempiy
priklausomybé nuo cikly skai¢iaus esant 0,3 % ir 0,6 % deformacijos amplitudéms

300 °C temperatiirose. Siame paveiksle pateikti eksperimentiniy ir skaitinio

modeliavimo tyrimy rezultatai, gauti esant abiems deformacijos amplitudéms.
Skaitinio modeliavimo rezultaty, esant 0,3 % deformacijos amplitudei, priimtinas
sutapimas gautas tik pirmaisiais ciklais, taciau po septintojo ciklo maksimalis
jtempiai liko nepakite — didéjant cikly skaiciui, jtempiy vertés 18,95 % nukrypo nuo
eksperimentiniy tyrimy rezultaty. Analogiski skaitinio modeliavimo rezultatai gauti ir
esant 0,6 % deformacijos amplitudei. Skaitinio modeliavimo rezultaty, esant 0,6 %
deformacijos amplitudei, priimtinas sutapimas gautas tik pirmaisiais ciklais, taciau po
75 - ojo ciklo maksimaliis jtempiai liko nepakite didéjant cikly skaiCiui, jtempiy vertés
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19,90 % nukrypo nuo eksperimentiniy tyrimy rezultaty. Pastovios maksimalios
jtempio vertés buvo gautos dél izotropinés kreivés, naudojamos kompiuterio
programoje ,, ANSYS“. Kompiuterio programoje ,,ANSYS negalima jvertinti
medziagy jtempiy mazéjimo. Todél nerekomenduojama naudoti kompiutering
programa ,,ANSYS*“ medziagy mazo ciklo degradacijai prognozuoti. Tolimesniuose
mazo ciklo degradacijos skaitinio modeliavimo tyrimuose buvo naudota kompiuteriné
programa ,,LS-DYNA*".
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316L neriidijancio plieno modeliavimas esant 0,18 % deformacijos amplitudei
20 °C temperatiiroje ir 0,6 % deformacijos amplitudei 300 °C temperatiiroje buvo
atliktas naudojant ,LS-DYNA FE“ programing jrangg. Norint modeliuoti
komponenty, veikiamy mazo ciklo apkrovoms ilgaamziskumg reikiamu tikslumu,
rekomenduojama jvertinti medziagy biivi naudojant medziagos charakteristikas, esant
jau stabilizuotiems ciklams, kurie stebimi mazdaug po 50 % cikly nuo bendro cikly
skaiciaus, kai bandinys suyra [87, 121, 126]. Skaitinio mazo ciklo degeneracijos
modeliavimo modeliai patvirtinami lyginant modeliavimo rezultatus su
eksperimentiniais rezultatais, t. y. lyginant jtempiy priklausomybes nuo cikly
skaiCiaus, taip pat histerezés kilpas esant atitinkamiems ciklams.

Lyginant jtempio ir deformacijos histerezés kilpas pastebimas nezymus
nukrypimas skaitinio modeliavimo rezultaty nuo eksperimentiniy tyrimy rezultaty.
Itempiy amplitudés priklausomybés nuo cikly skai¢iaus modeliavimo rezultatai buvo
labai artimi eksperimentiniams rezultatams.
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Esant pradiniams ciklams prognozuojamos maksimalios jtempio vertés
nukrypsta nuo eksperimentiniy rezultaty, taciau didéjant cikly skai¢iui, modeliavimo
rezultaty nukrypimas nuo eksperimentiniy rezultaty mazéja. Didziausiy jtempiy per
pirmuosius 100 cikly modeliavimo nukrypimas nuo eksperimentiniy siekia 1,58 %;
tarp 101- ojo ir 170 000 - ojo cikly jtempiy vertés, esant 0,18 % deformacijos
amplitudes modeliui, nukrypo 0,5 % [126], o esant 0,6 % deformacijos amplitudés
modeliui, modeliavimo rezultaty nukrypimas nuo eksperimenty yra atitinkamai 3,7 %
ir 1 % esant ciklams tarp 1-60 - ojo ciklo ir nuo 61 - ojo cikloiki 1192 - ojo ciklo.
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Pilnavidurio bandinio modeliavimo rezultatai, gauti esant 0,5 % ir 1 %
deformacijos amplitudei 20 °C ir 300 °C temperatiirose, pateikti 106-109 ir 111-114
paveiksluose. 106—-109 paveiksluose pateiktos pirmojo ciklo jtempio ir deformacijos
histerezés kilpos esant 0,5 % deformacijos amplitudei 20 °C ir 300 °C temperatiirose
bei 1 % deformacijos amplitudei 20 °C temperatiiroje. Mazo ciklo degeneracijos
modeliavimai, esant 0,5 % ir 1 % deformacijos amplitudéms, buvo atlikti naudojant
kinematinio griidinimo parametrus, taikant Armstrongo-Fredricko medziagos
kinematinio kieté&jimo modelj.
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temperatiiroje 2 mm 300 °C temperatiiroje

Pateiktos pirmajam ir 1000 - ajam ciklams jtempiy ir deformacijos histerezés
esant deformacijos amplitudei 20 °C ir 300 °C temperatiirose, pirmajam ir 900 - ajam
ciklams esant 1 % deformacijos amplitudei abiejose temperatiirose. Palyginus
modeliavimo rezultatus su eksperimentiniy tyrimy rezultatais nustatyta, kad
modeliavimo rezultaty nukrypimas nuo eksperimentiniy yra mazas. Pateikti mazo
ciklo degeneracijos rezultatai yra priimtini, paruo$ta medziagos modelj galima
naudoti komponenty degradacijos ilgaamziskumui prognozuoti.

Todél atlikus kinematinio kietéjimo parametry priklausomybés nuo deformacijy
amplitudés ir temperatiiros analizes, buvo suformuluoti visy kinematinio kietéjimo
parametry rySiai, jvertinantys deformacijy amplitudés ir temperatiiros jtaka.
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Naudojant iSvestas (45-50) lygtis, kinematinio kietéjimo parametrai buvo
apskaiciuoti ir panaudoti pilnavidurio bandinio, esant 1 % deformacijos amplitudei
abiejose temperatiirose ir tus¢iavidurio bandinio, esant 0,3 % deformacijos amplitudei
300 °C temperatiiroje, modeliavimams. Naudojant apskaiciuotus kinematinio
kietéjimo parametrus gauti mazo ciklo degradacijos prognozavimo rezultatai pateikti
109-110 ir 114-115 paveiksluose.

Pilnavidurio bandinio modeliavimo rezultatai pirmojo ir 300 - ajo cikly jtempiy
ir deformacijy histerezés, esant 1 % deformacijos amplitudei 300 °C temperatiiroje,
pateikti 109 paveiksle. TusCiavidurio bandinio modeliavimo rezultatai pirmojo ir
3000 - ojo cikly, esant 0,3 % deformacijos amplitudei 300 °C temperattroje, pateikti
110 paveiksle. Kinematiniai kietéjimo parametrai buvo naudojami pagal 45-50 lygtis
be papildomo apskai¢iuoty parametry kalibravimo.

Mazo ciklo degradacijos skaitinio modeliavimo ir eksperimentiniy tyrimy
jtempiy priklausomybés nuo cikly skaiCiaus pateiktos 111-115 paveiksluose.
Palyginus modeliavimo rezultatus su eksperimentiniais rezultatais, modeliavimo
rezultaty nukrypimas nuo eksperimentiniy tyrimy rezulty yra nedidelis. Modeliavimo
rezultaty nukrypimas nuo eksperimenty ne didesnis kaip 0,6 % ir 8,1 % esant 0,5 %
deformacijos amplitudei 20 °C ir 300 °C temperatiirose, ir 16 % esant 1 %
deformacijos amplitudei 20 °C temperatiiroje. Didesnis nuokrypis nustatytas esant 0,3
% ir 1 % deformacijos amplitudei 300 °C temperatiiroje. Kaip minéta anks¢iau, Siems
modeliavimams naudojami kinematiniai kietéjimo parametrai buvo apskaiéiuoti
naudojant suformuluotas lygtis (45-50) ir nebuvo kalibruoti. 0,3 % (tus¢iaviduris
bandinys) ir 1 % (pilnaviduris bandinys) deformacijos amplitudés 300 °C
temperatiiroje atveju gautas modeliavimo rezultaty nuokrypis nuo eksperimenty ne
didesnis kaip 10 % esant ciklams, per kuriuos jvyko bandinio suirimas. DidZiausias
nuokrypis gautas pradiniy cikly metu ir nebuvo didesnis kaip 13 % ir 19 %. Mazo
ciklo degradacijos modeliavimo rezultaty nuokrypiai nuo eksperimentiniy tyrimy
rezultaty pateikti 26 lenteléje.

Bandymo su jpjovomis mazo ciklo degradacijos skaitinio modeliavimo ir
eksperimentiniy tyrimy, apkrova kontroliuojant pagal jtempius, rezultatai pateikti
116-119 paveiksluose. Skaitinis modeliavimas dél skai¢iavimo laiko buvo atlickamas
mazdaug iki 15 000 cikly, esant 0,5 mm spindulio jpjovai ir 28 000 cikly, esant 2 mm
spindulio jpjovai.

Bandiniy su 0,5 mm ir 2 mm spindulio jpjovomis prognozuojamos ir
eksperimentinés jtempiy priklausomybés nuo cikly skaiciaus pateiktos 117 ir 119
paveiksluose. Abiejy maksimaliy jtempiy modeliy: progozuojamy ir eksperimentiniy,
gautas priimtinas sutapimas. Atitinkamai, minéty bandininiy modeliavimo ir
eksperimentiniy tyrimy jtempiy ir deformacijy histerezés pateiktos 116 ir 118
paveiksluose. 116 paveiksle pateiktos bandinio su 0,5 mm spindulio jpjovomis
pirmojo, 9000 - ojo ir 12000 - ojo cikly histerezés. Esant dviem pirmiesiems
apkrovos etapams, modeliavimo rezultatai buvo artimi eksperimentiniams
rezultatams, taciau, apkrovos ciklui pasiekus tre¢iaji apkrovos etapa, kreivé Siek tiek
nukrypo nuo eksperimentinés kreivés. Modeliavimo metu buvo uzfiksuotas
medziagos deformacijos pobudis, koks buvo matomas ir eksperimento metu.
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26 lentelé. Mazo ciklo degradacijos modeliavimo rezultaty nuokrypis nuo
eksperimentiniy tyrimy rezultaty

Bandymo
Nr.
M(.eglnlo Pilnaviduris Tusc1.aV1du
tipas ris
Medziaga | AISI304L | AISI316L
Temperatii 30 30 30
ra, (°C) 300 20 0 20 o | o 0 300 300
Deformacij

u
amplitudé, 0.3 106
(%)

1 2 3 4 | 5|16 |7 8 9 10 | 11

Ipjautas

[\

0.1 0,6 0,5 1 0,3 - -

Naudoja
Naudojant KH nt KH
Naudojant KH modelio lygtis (45-50). modelio lygtis modelio
(45-50) lygtis
(45-50)

Ivertinti
kinematini
ai kietéjimo
parametrai

Kompiuteri
né ANSYS LS-DYNA

WB
programa
Didziausia

paklaida
(%)

18,9 | 19, | 1,5

=
—_

3,7 8,1 6 13 16 6,9 19,3

118 paveiksle pateiktos bandinio su 2 mm spindulio jpjovomis pirmojo ir
10000 - ojo cikly histerezés. Palyginus modeliavimo rezultatus su eksperimentiniais
rezultatais nustatyta, kad modelio jtempio ir deformacijos histerizés buvo simetriskos,
skirtingai nei eksperimentinés histerizés, nes modelis negaléjo uzfiksuoti medziagos
minkstéjimo biisenos dél kontroliuojamos apkrovos pagal jéga, kaip buvo pastebéta
eksperimentiniuose tyrimuose. Taciau jtempiy priklausomybés nuo cikly skaiciaus ir
modeliavimo rezultaty sutapimas su eksperimentiniais buvo gautas tinkamai (119
pav.).
5.1.SKkyriaus iSvada

Mazo ciklo degradacijos tyrimai, panaudojant skaitmeninio medeliavimo
metodus ir lyginant juos su eksperimentiniais tyrimais, yra ekonomiski, lengviau
pritaikomi esant jvairioms sglygoms ir kompleksiniams variantams.  Nors
skaitmeniniai metodai negali visiSkai pakeisti eksperimentiniy bandymuy, taciau
galima teigti, kad gali gerokai pagerinti gebé&jimg prognozuoti degradacijos biisena,
patobulinti projektus ir sumazinti i§samiy fiziniy bandymy poreikj, ypac¢ sudétingose
ar pavojingose aplinkose. Skaitmeniniai tyrimai buvo atlikti panaudojant baigtiniy
elementy kompiuteriy programas ,,Ansys Workbench® ir ,,LS-DYNA®“. Medziagos
tamprumas ir plastiSkumas buvo aprasytas panaudojant medziagy modelius, kuriuose
jvertinamas kinematinis ir izotropinis kiet¢jimas degradacijos metu. Nustatyta, kad
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mazo ciklo degradacijai modeliuoti baigtiniy elementy tinklelis neturi didelés jtakos.
Skaitmeniniam modeliavimui paruos$ti modeliai patvirtinti eksperimentiniy tyrimy
rezultatais.

AISI 304L neriidijanc¢io plieno bandinio mazo ciklo degradacijai, esant
deformacijos amplitudéms 0,3 ir 0,6 %, modeliuoti buvo panaudota kompiuteriné
programa ,,Ansys Workbench®. Tyrimy rezultatai parodé prognozuojamy rezultaty
reik§minga nukrypima nuo eksperimentiniy rezultaty. Reikiami rezultatai buvo gauti
tik esant pradiniams ciklams, kuriy metu jtempiy amplitudés didéjo. Kompiuteriy
programa ,,Ansys Workbench* negalima jvertinti medziagos jtempiy mazéjimo, todél
negalima modeliuoti medziagos minkstéjimo, kaip buvo matoma eksperimentiniuose
tyrimuose.

AISI 316L neriidijancio plieno mazo ciklo degradacijos skaitiniams modeliavimo
tyrimams buvo naudota kompiuteriné programa ,,LS-DYNA®. [vertinti medziagos
kinematinio kietéjimo parametrus buvo naudotas Armstrong-Frederick medziagos
kinematinio kieté¢jimo metodas, o Siems parametrams kalibruoti naudotas
stabilizuotas ciklas. Mazo ciklo degradacijos skaitinio modeliavimo tyrimai atlikti
apkrovas kontroliuojant pagal deformacijas ir esant 0,18 %, 0,5 %, 0,6 %, 1 %
deformacijos amplitudéms, o bandiniy su 0,5 mm, 2 mm spindulio jpjovomis
modeliavimai atlikti apkrovas kontroliuojant pagal jtempius.

AISI 316L neriidijancio plieno kinematinio kietéjimo parametrams nustatyti buvo
isvestos lygtys, jvertinantios deformacijy ir temperatiiros jtakas. Sios lygtys
patvirtintos modeliuojant pilnavidurj bandinj, esant 1 % deformacijos amplitudei ir
tuSciavidurj bandinj, esant 0,3 % deformacijos amplitudei. Mazo ciklo susidévéjimo
modeliavimas, naudojant kompiutering programa ,,.LS-DYNA®, leido uzfiksuoti
ciklinj medziagos kietéjimg ir mink§téjima, o skaitinio modeliavomo rezultatai buvo
labai artimi eksperimentiniams rezultatams.

Mazo ciklo degradacijos AISI 316L neridijancio plieno pilnavidurio bandinio,
esant 1 % deformacijos amplitudei ir tus¢iavidurio bandinio, esant 0,3 % deformacijos
amplitudei, modeliavimo tyrimuose buvo naudoti kinematiniai kietéjimo parametrai,
kurie buvo apskaiCiuoti naudojant iSvestas lygtis. Skaitinio modeliavimo tyrimy
rezultaty nukrypimas nuo eksperimentiniy tyrimy nebuvo didesnis kaip 16 %.
Nustatyta, kad AISI 316L neridijanc¢io plieno mazo ciklo kinematinius kietéjimo
parametrus galima naudoti be papildomo kalibravimo.

Atlikus AISI 316L neriidijanc¢io plieno bandiniy su 0,5 mm ir 2 mm spindulio
jpjovomis mazo ciklo degradacijos skaitinio modeliavimo ir eksperimentinius
tyrimus, nustatytas priimtinas jtempiy priklausomybiy nuo cikly skai¢iaus sutapimas.
Taip pat palyginus modeliavimo rezultatus su eksperimentiniais rezultatais nustatyta,
kad bandinio su 2 mm spindulio jpjovomis jtempio ir deformacijos histerizés buvo
simetriS§kos, skirtingai nei eksperimentinés histerizés, nes modelis negaléjo uzfiksuoti
medziagos minkstéjimo biisenos dél kontroliuojamos apkrovos pagal jéga, kaip buvo
matoma eksperimentiniuose tyrimuose.
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ISVADOS

1.
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Siame darbe atliktas eksperimentinis AISI 304L ir AISI 316L austenitiniy
nertdijanciojo plieno mazo ciklo degradacijos tyrimas esant 20 °C ir 300 °C
temperatiroms, deformacijai ir jtempiy kontroliuojamai apkrovai. Buvo iSbandyti
vientisi, tu$¢iaviduriai ir jpjauti bandiniai. Eksperimentiné programa buvo
parengta pagal ASTM E606/E606M ir ASTM E1012 reikalavimus.
Eksperimentinio tyrimo metu buvo stebimas kinematinis griidinimas per
pirmuosius kelis ciklus, po kuriy seké ciklinis medziagos minkStéjimas ir
galiausiai bandinio liizis. Bandiniy mazo ciklo degradacijos trukmei didele jtaka
turéjo deformacijos amplitudé. Darbiné temperatiira taip pat turéjo tam tikros
jitakos bandinio gedimo ciklui. AISI 316L nertidijanciojo plieno atveju, padidéjus
deformacijos amplitudei 277,78 % ir esant tokiai paciai temperattrai, gedimo
ciklas sumazéjo 98,36 %, o padidinus temperatiirg nuo 20 °C iki 300 °C, gedimo
ciklas sumaze¢jo 9,88 %. Eksperimentiniy tyrimy metu, veikiant jtempio
kontroliuojamai apkrovai, buvo nustatytas bandiniy su 0,5 mm ir 2 mm spindulio
jpjovomis medziagos minkstéjimas (suspaudimas), dél kurio jtempio ir
deformacijos histerezé buvo asimetriska, nors apkrovos buvo simetriskos.
Baigtiniy elementy metodas buvo naudojamas mazo ciklo degradacijai modeliuoti
su pilnaviduriais, tusciaviduriais ir 0,5 mm bei 2 mm spindulio jpjovomis
bandiniais. Medziagos kinematiniam griidinimui apibiidinti buvo naudojama
Armstrongo-Fredericko kinematiné gridinimo taisyklé. Kinematiniai gridinimo
parametrai buvo jvertinti naudojant stabilizuota cikla. Medziagos izotropinis
grudinimas buvo nustatytas naudojant netiesinj izotropinj gridinimo modelj,
vadinamg Voce modeliu. Izotropiniai ir kinematiniai gridinimo parametrai buvo
kalibruoti pagal eksperimentinius rezultatus. Deformacijos, veikiancios apkrovos
modelio atveju, neturéjo reikSmés bandinio modeliavimo rezultatams, taCiau
elemento dydis buvo jvertintas, todél buvo naudojamas mazesnis bandinys.
Bandiniui su jpjova buvo sumodeliuotas viso ilgio bandinys, o jpjovos zonai
modeliuoti buvo naudojamas smulkus tinklelis, kad buty uzfiksuota jtempio
koncentracija. Mazo ciklo degradacijai modeliuoti naudojami modeliai buvo
patvirtinti eksperimentiniy tyrimy rezultatais.

Kinematinis gridinimas mazo ciklo degradacijos skaitmeninio modeliavimo metu
buvo aprasytas naudojant Armstrong-Frederick kinematinio gridinimo model;.
Darbiné temperatiira ir deformacijos amplitudé turéjo tam tikrg jtaka kinematinio
griildinimo parametrams. I§ jy deformacijos amplitudé buvo dominuojantis
veiksnys, turintis jtakos K, H parametrams. Didéjant deformacijos amplitudei K,
H parametrai mazéja. Kinematiniy grudinimo parametry jvertinimas yra
sudétingas procesas, kuriam reikia papildomo Zingsnio kalibruoti parametrus
pagal eksperimentinius rezultatus, o tai yra sudétingas ir daug laiko reikalaujantis
procesas. Siekiant sumazinti kinematiniy griidinimo parametry jvertinimo
sudétinguma ir laikg bei panaikinti kalibravimo procesa, iSvedami rySiai tarp
kinematiniy gradinimo parametry, deformacijos amplitudés ir darbinés
temperatiiros. Sie rysiai buvo naudojami jvertinimui, todél buvo i§vestos lygtys,
skirtos nustatyti AISI 316L neridijan¢io plieno kinematinius griidinimo



parametrus, kurie parodo deformacijos ir temperatiiros jtaka. Sios lygtys buvo
patvirtintos naudojant eksperimentiniy tyrimy rezultatus. Naudojant Sias lygtis
buvo apskaiciuoti kinematiniai griiddinimo parametrai, kurie buvo tiesiogiai
naudojami mazo ciklo degradacijai modeliuoti be kalibravimo proceso, kuris
sutrumpino vertinimo laikg iSlaikydamas parametry tikslumg. MaZzo ciklo
degradacijos modeliavimas naudojant ,,LS-DYNA* kompiuterine programa leido
uzfiksuoti ciklinj medziagos gridinimg ir minkstéjima, o skaitinio modeliavimo
rezultatai buvo labai artimi eksperimentiniams rezultatams. Mazo ciklo
degradacijos modeliavimo, naudojant apskai¢iuotus kinematinius griidinimo
parametrus be kalibravimo, rezultatus patvirtino eksperimentiniy tyrimy
rezultatai.

Darbe atlikti AISI 304L ir AISI 316L austenitiniy nertidijanc¢iojo plieno mazo
ciklo degradacijos skaitinio modeliavimo tyrimai 20 °C ir 300 °C temperatiirose
oro salygomis ir 300 °C temperatiiroje reaktoriaus aplinkoje, kontroliuojant
deformacijas ir kontroliuojant jéga ant kiety, tuséiaviduriy ir jpjauty bandiniy.
Kompiuteriné programa ,, ANSYS“ negali priimti mazéjanciy jtempiy verciy
norint apibrézti izotroping griiddinimo kreive, todél buvo nejmanoma modeliuoti
medziagos minkstéjimo biisenos, kuri buvo atliekant eksperimentinius tyrimus.
Dél Sios priezasties ,,Ansys Workbench“ programa davé gery rezultaty
pradiniame griidinimo etape ir vélesnéje nuolatinés jtempiy amplitudés fazéje per
visa modeliavimo laikotarpj, o nuokrypis nuo eksperimentiniy rezultaty sieké
19,9 %. Todél mazo ciklo degradacijai modeliuoti buvo naudojama kompiuteriné
programa ,,LS-DYNA®. AISI 316L plieny mazo ciklo nuovargio skaitmeniniai
modeliavimai buvo atlikti esant 0,18 %, 0,5 %, 0,6 % ir 1 % deformacijos
amplitudéms kietiems bandiniams ir 0,3 % deformacijos amplitudei
tus¢iaviduriams bandiniams. [tempio kontroliuojamo mazo ciklo degradacijos /
irimo bandymai atlikti su 0,5 mm ir 2 mm spindulio jpjovomis. Medziagos
kinematiniams grudinimo parametrams jvertinti buvo naudojamas Armstrongo-
Fredericko medziagy kinematinio grudinimo metodas. Skaitmeninio
modeliavimo tyrimy rezultaty nuokrypis nuo eksperimentiniy tyrimy buvo ne
didesnis kaip 16 %. Padidéjus deformacijos amplitudei nuo 0,5 % iki 1 % (t. y.
200 % padidéjus deformacijos amplitudei), rezultaty paklaida padidéja 60,49 %.
Galima daryti iSvada, kad parengti modeliai gali biiti naudojami mazo ciklo
degradacijos ilgaamziskumui prognozuoti esant deformacijos kontroliuojamai
pastovios amplitudés apkrovai.

PASIULYMALI

Pateikta mazo ciklo degradacijos skaitmeninio modeliavimo metodologija gali

buti taikoma, kai apkrovos kontroliuojamos pagal deformacijas kontroliuojamai
pastoviai amplitudei ir esant simetrinei apkrovai. Atliekant tolimesnius mazo ciklo
degradacijos / irimo tyrimus reikia sukurti medziagos kietéjimo modelj, kuris galéty
jvertinti medziagos bliseng nesimetriniy ir daugiaaSiy apkrovy atvejais.

Mazo ciklo degradacijos, kontroliuojant apkrovas pagal jtempius / jéga,

bandymo metu pastebimas medziagos minkstéjimas (angl. ratcheting), todél atsiranda
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tempimo-gniuzdymo asimetriSkumas. Tolimesniuose tyrimuose reikia modifikuoti
medziagos kiet¢jimo modelj, kad bty galima jvertinti medziagos plastinés
deformacijos tendencijas vienaaSio ir daugiaasio apkrovimo atvejais, kai apkrovos
kontroliuojamos pagal jtempius.
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