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ABSTRACT :

AISI 316L stainless steel is a popular choice for marine engine parts because of its excellent re-
sistance to corrosion, good weldability, and reliable mechanical performance. However, this
steel undergoes complex cyclic plastic deformation under repeated loading, including nonlinear
hardening, cyclic stabilization, and strain-amplitude-dependent hardening, which are challeng-
ing features for constitutive modelling. These effects are not properly captured by simplified
constitutive models that are typically employed in industrial finite element analyses, e.g., elastic-
perfect plastic formulation. Therefore, the estimation of local stresses, plastic strains and fa-
tigue-critical areas might not be trustworthy. This thesis is mainly aimed at enhancing the con-
stitutive modelling capability of cyclic plasticity of AISI 316L stainless steel and investigating the
impact of sophisticated material modelling on the predicted response of marine engine gas man-
ifold components. More specifically, the work explores whether a constitutive model with non-
linear kinematic hardening, isotropic hardening, viscoplasticity, and strain-amplitude-depend-
ent hardening can reproduce the experimentally observed cyclic behavior of AlSI 316L and pro-
vide finite element predictions that are more accurate and credible than simple material models.
A one-dimensional implementation for the chosen constitutive model was created and tested
versus a simple example from the Z-set materials library. The cyclic loading experiments that
had been performed and published were digitized, analyzed, and used for parameter identifica-
tion. To calibrate the model, a combination of global and local optimization methods was used
to fit the parameters to the stress-strain hysteresis loops and the evolution of peak stress data.
The trained model was later tested on different experimental cases that were not part of the
training set. The parameterized constitutive model was able to match the cyclic hardening, hys-
teresis loop development, and stress stabilization data for different strain levels obtained from
the experiments. In addition, the parameters related to isotropic hardening and memory effects
were varied to study their impact on the cyclic response. At last, the calibrated material model
was integrated into an Abaqus finite element submodel of a marine engine gas manifold. The
findings revealed major changes in local stress redistribution, stress concentration phenome-
non, and plastic strain evolution as compared to the traditional elastic-perfect plastic material
model. The research indicates that the advanced material modelling of cyclic plasticity, an AlSI
316L behavior representation could be achieved that is closer to reality and therefore enhance
the prediction of mechanical weak points in marine engine structures. This modelling approach,
therefore, constitutes a practicable method for engineering analyses requiring both high fidelity
of prediction and numerical robustness.

KEYWORDS: Cyclic Plasticity/AISI 316L Stainless Steel/Constitutive material modelling/Kine-
matic Hardening/Isotropic Hardening/Strain amplitude dependent hardening/Viscoplasticity
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1 Introduction

1.1 Background

Marine engines are typically exposed to severe thermo-mechanical loadings involving
pressure fluctuations, thermal gradients, vibrations, and mechanical cyclic loadings.
Such conditions can cause changes in the material structure and properties of the com-
ponents leading to plastic strain, stress redistribution and damage due to fatigue for
main parts of the engine (Dowling, 2013; Fatemi, 1998; Socie & Marquis, 2000; Stephens
et al., 2001). Gas manifold systems, as one of these parts, are always under combined
thermal and mechanical loadings. Therefore, their structural integrity depends heavily
on the accurate prediction of local stress and strain distributions.

The finite element method (FEM) is widely used as a tool for studying the structural be-
havior of engineering components under pressure. In addition, constitutive modelling is
the first step that strongly influences the performance of the finite-element model
whenever the matter comes to nonlinear analysis (Lemaitre & Chaboche, 2012a). Sim-
plified constitutive descriptions may fail to reproduce the complex cyclic deformation
mechanisms resulting in an inaccurate evolution of stress, accumulation of plastic strains
and misprediction of fatigue critical locations.

AISI 316L stainless steel is a low-carbon austenitic stainless steel and is known as a steel
to be highly corrosion resistant, and it has excellent weldability and a wide range of good
mechanical properties. For these reasons, it has been extensively used in the marine,
chemical, power, and process industries (ASM Handbook:P Roperties and Selection: Iron,
Steels, and High-Performance Alloys, 1990; Davis, 1994). Compared with regular carbon
steels, AISI 316L has superior resistance to degradation by chloride-containing environ-
ments and elevated temperatures, making it an ideal material especially for gas handling
systems and marine engine components (Kovach & Redmond, 2009). Therefore, AlSI
316L stands as a leading candidate among materials used for gas manifolds, piping sys-
tems, pressure vessels, and other pressure containing components exposed to service

conditions that are chemically aggressive.
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The cyclic deformation behavior of AISI 316L is challenging and comprises different hard-
ening mechanisms during strain reversal and results in gradual evolution of cyclic
stresses with the number of cycles (Pelegatti et al., 2021; Pham et al., 2013a; Polak et
al., 1994; Zhou et al., 2018a). These phenomena highlight the fact that the mechanical
response of the material is dependent not only on the present stress and strain state but

also on the previous loading history.

1.2 Research Problem and Motivation

The main problem of this study is to accurately predict cyclic plasticity which is still a very
difficult task in computational solid mechanics. Elastic-perfect plastic models are widely
used in industrial finite element analyses since they are often simply adopted in indus-
trial analyses and can represent some aspects of mechanical behaviour. However, they
cannot represent the description of most of the physical behaviours observed in experi-
ments, such as cyclic hardening, cyclic softening, stress stabilization, the Bauschinger ef-
fect, and strain-amplitude-dependent hardening (Armstrong & Federick, 1966;
Chaboche, 1989; Jiang & Sehitoglu, 1996).

Because of the need for a quantitative understanding of the effects of repetitive cyclic
loading, constitutive equations based on nonlinear kinematic hardening and isotropic
hardening have been developed. Among these approaches, the Chaboche constitutive
model has become one of the most widely used formulations for cyclic plasticity simula-
tions because of its ability to reproduce complex cyclic material behaviour while main-
taining computational efficiency (Chaboche, 1989, 2008).

Besides, various research works found the cyclic behaviour of AISI 316L to be quite heav-
ily dependent on strain amplitudes as well as loading sequences (Pham et al., 20133;
Polak & Man, 2016). To really describe constitutive behaviour with high fidelity, nonlin-
ear hardening effects together with the ability of the material to remember previous

deformation histories must be considered.
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From an engineering viewpoint, this problem is extremely relevant in the case of gas
manifolds. Different sections of the manifold may be exposed to very different local
strain amplitudes during service, which would result in different hardening states and
levels of stress. Therefore, the use of overly simplified constitutive models may vyield
non-physical stress results and lead to wrong conclusions about structural integrity.
Extensive research has been conducted on the cyclic plasticity characteristics of AISI 316L
stainless steel. These investigations revealed the criticality of nonlinear kinematic hard-
ening, isotropic hardening, and memory effects to account for the experimentally ob-
served response accurately (Pham et al., 2013a; Polak et al., 1994; Zhou et al., 2018a).
Likewise, constitutive models that can describe such behaviour were first introduced
decades ago and have evolved since then (Chaboche, 1989, 2008).

However, there has been very little research done on the systematic parametrization of
strain-amplitude-dependent constitutive models of AISI 316L based on published cyclic
experimental tests. Furthermore, there are not enough documented studies examining
the effect of implemented advanced cyclic plasticity models on the resulting stress and
strain fields in components of gas manifolds. This disparity in literature forms the basis

of the motivation for the present paper.

1.3 Research Questions

This thesis attempts to answer the following research questions:

RQ1: Is it possible for a constitutive model that includes nonlinear kinematic hardening,
isotropic hardening, viscoplasticity, and strain-amplitude-dependent hardening to cor-
rectly reproduce the cyclic behaviour of AISI 316L stainless steel?

RQ2: Can the set-up model estimate cyclic responses at strain amplitudes that are dif-
ferent from those used during calibration?

RQ3: What effects does using a sophisticated constitutive model have on the finite ele-
ment gas manifold analysis stress and strain predictions when compared to a simple

elastic-perfectly plastic material model?
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1.4 Research Objectives

This research aims at:

e Developing and implementing a constitutive framework that can capture the
phenomena of cyclic hardening and strain-amplitude-dependent behaviour.

e Using cyclic loading data obtained from experiments reported in the literature as
a basis for parameter identification of the model.

e Carrying out the validation of the calibrated model for predicting new loading
scenarios.

e Examining the role of material parameters in the cyclic loading performance.

e Utilizing the established model in a finite element submodel of a gas manifold,

followed by the assessment of changes in structural response predictions.

1.5 Structure of the Thesis

This thesis is divided into a number of chapters that cover the following topics:

Chapter 2 reviews previous work on cyclic plasticity, constitutive modelling, memory ef-
fects, and the cyclic behaviour of AlISI 316L stainless steel.

Chapter 3 elaborates on the technique of model implementation, parameter calibration,
and validation.

Chapter 4 deals with the presenting of model verification, calibration, validation, and
first application results to the gas manifold submodel.

In chapter 5, the discussion mainly revolves around the interpretation of the findings
obtained. It also includes a comparison of the advanced constitutive model to the basic
one and describes the study limitations as well as the engineering significance.

To conclude, Chapter 6 reviews the main points of the study and offers suggestions for

future work.
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2 Literature review

This chapter reviews all relevant published work on the cyclic plastic behaviour of metal
materials, mainly on AISI 316L stainless steel. First, a brief note is made on why accurate
material modelling is crucial from an engineering perspective. Then, the normal cyclic
plasticity constitutive modelling approaches, such as isotropic hardening, kinematic
hardening, viscoplasticity, and strain-amplitude-dependent hardening are briefly ex-
plained. Lastly, a review is made of the issues and drawbacks of the presently existing

models and the research gap filled by this thesis is revealed.

2.1 Cyclic behavior of AISI 316L Stainless STEEL

AISI 316L is one of the main austenitic stainless steel with low carbon that has a wide
commercial use in marine, chemical, power and processing industries owing to the com-
bination of very high corrosion resistance, produce easily welding and the perfect com-
bination of strength and ductility (ASM Handbook:P Roperties and Selection: Iron, Steels,
and High-Performance Alloys, 1990; Davis, 1994; Sedriks, 1996). Besides that, the incor-
poration of molybdenum promotes resistance against localized corrosion, especially in
chloride environments which have made AISI 316L as a material of choice for compo-
nents subjected to operating service under quite aggressive conditions. Consequently,
the product is being widely used in piping systems, pressure-containing components,
heat exchangers, and marine-engine assemblies where not only mechanical perfor-
mance but also corrosion resistance is required.

In comparison with traditional carbon steels, AISI 316L has higher corrosion resistance
and ductility, yet the way it deforms under cyclic loading is much more complicated (Lip-
pold & Damian, 2005). Cyclic behavior results from the changes in the dislocation struc-
tures and internal stresses that are generated during the process of loading and unload-
ing being repeated. On top of that, the material may show nonlinear hardening behavior,

evolution of hysteresis loops, and dependence on loading history which are features that
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simple elastic-perfectly plastic constitutive models cannot deal with adequately
(Chaboche, 2008; Mughrabi, 2002; Polak & Man, 2016).

Experimental investigations have shown that the cyclic behavior of AISI 316L is highly
dependent on the applied strain amplitude. When subjected to cyclic loading, the mate-
rial usually first shows cyclic hardening during the first few cycles and then the stress
response stabilizes slowly. Also, different strain amplitudes can cause significantly differ-
ent stress levels and hardening rates after stabilization, which means that material re-
sponse depends not only on the current deformation state but also on the previous load-
ing history (Pham et al., 2013a; Polak & Man, 2016). Such strain-amplitude-dependent
behavior presents a challenge for constitutive modeling and parameter identification.
Many authors have found that standard cyclic plasticity models frequently fail to accu-
rately describe the experimentally observed hardening evolution of AlSI 316L under dif-
ferent strain amplitudes. Literature proposes to use advanced constitutive models de-
signed with nonlinear kinematic hardening, isotropic hardening, and memory effects
(Abdel-Karim & Ohno, 2000; Chaboche, 1989; Jiang & Sehitoglu, 1996). By these meth-
ods, the material model can simulate the loading-history effects and strain-amplitude-
dependent hardening.

The goal of this study is to implement and calibrate a constitutive model that can repro-
duce the cyclic behaviors of AISI 316L stainless steel accurately. Therefore, it is crucial to
have a thorough understanding of the cyclic behavior of the material as observed in ex-
periments. For this purpose, the next sections first review the constitutive modelling
methods that are frequently used to characterize cyclic plasticity and material behavior

that depends on loading history.

2.2 Engineering context and the need for reliable material modelling

Mechanical design and the analysis of structural performance rely heavily on the correct
prediction of finite element simulations, which in turn depends on the selection of an
accurate material constitutive model. Simplified material models are commonly used,

but they might not adequately describe the behavior of materials subjected to repeated
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plastic deformation. As a result, inaccurate estimation of stresses and strains can hinder
fatigue and durability assessments.

AlSI 316L shows a complex cyclic response that cannot be described adequately by sim-
plified constitutive assumptions. Experimental evidence shows that this material exhib-
its strain amplitude dependent hardening and a non-monotonic hardening trend during
strain-controlled cyclic loading (Pelegatti et al., 2021; Pham et al., 2013a; Zhou et al.,
2018). Figure 1 shows the evolution of the cycle peak stress evolution of AISI 316L at
different strain amplitudes measured by Pelegatti et al (2021). Zhou et al. (2018b)
demonstrated that different loading paths can result in long softening regimes that are
followed by rehardening, while Polak et al.(1994) showed that the cyclic response of
316L is complex and cannot be represented by one single universal curve but rather con-

sists of several behavioral domains depending on the deformation level.
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Figure 1 Peak stress evolution during cyclic strain-controlled tension-compression of
316L (Pelegatti et al., 2021).

2.3 Challenges in representing Cyclic Material Behavior

One of the main challenges in modelling cyclic deformation relates to the fact that the
material response is not controlled solely by the current stress or strain level but is also
influenced by the loading history (Krempl, 2001; McDowell, 1995). As mentioned in sec-
tion 2.1, a particular aspect of 316L in cyclic loadings is that it exhibits strain amplitude
dependent hardening, which means that different cycle strain amplitudes lead to differ-
ent hardening levels. This feature is relevant for gas manifolds, where different locations
can experience different strain amplitudes under cyclic loading and therefore different

stress levels would be developed.
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2.4 Cyclic plasticity modelling

The numerical description of cyclic plasticity requires the use of internal variables re-
sponsible for tracking hardening and accumulated strain (Chaboche, 1989, 2008). The
stress space is typically divided into elastic and plastic regions. The elastic part obeys
Hooke’s law whereas plastic deformation depends on plasticity related features ex-
plained here after.

One aspect of plastic deformation cyclicity is the modeling of hysteresis loops, cyclic
hardening and softening, and ratcheting in metals. The unified viscoplastic constitutive
models proposed by Chaboche stand out as the most popular ones among the numerous
existing formulations since they involve the combination of isotropic hardening, kine-
matic hardening, and rate-dependent plastic flow in one model (Chaboche, 1989, 2008).
The implementation of these models has shown good results for stainless steels, struc-

tural steels, and high-temperature alloys under cyclic loading (Besson et al., 2009).

2.4.1 Strain Decomposition and Elastic Response

The constitutive framework used in this study is based on the elasto-viscoplastic formu-
lation reported by Chaboche (1989) and enriched with the work of Lemaitre and
Chaboche for strain amplitude dependence (Chaboche, 1989, 1989; Lemaitre &
Chaboche, 2012b).

The idea of breaking down the total strain into elastic and plastic parts is the starting
point of classical elastoplasticity theory. It is based on the assumption that one can dis-
tinguish between the reversible elastic deformation and the irreversible plastic defor-
mation that is accumulated during the loading process. This kind of splitting has been
the most common feature of the constitutive formulations because it gives a physically
meaningful basis for explaining cyclic deformation and the development of internal state
variables (Lemaitre & Chaboche, 2012b; Simo & Hughes, 1998).

The total strain is formed of elastic and plastic parts (Dunne & Petrinic, 2005):
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€ =g+ Pl (1)

The stress—strain relationship is controlled by linear elasticity (Simo & Hughes, 1998):

o=C:(s—¢ePh (2)

where C is the fourth-order elasticity tensor.

The elastic constitutive relation determines the stress response when the material is still
inside the yield surface. After the yield condition is achieved, the excess plastic strain
arises, and the material response is then governed by the hardening laws and visco-

plastic flow rules explained in the next sections (Dunne & Petrinic, 2005).

2.4.2 Yield Function and Internal Variables

One of the ways to determine when a material is changing from elastic behaviour to
plastic one is through a yield criterion. Yielding usually happens in metallic materials
when irreversible dislocation motion is activated. Since ductile metals after yielding are
typically controlled by their deviatoric stress state and not hydrostatic pressure, the von
Mises criterion is widely used (Mises, 1913). When the material is cyclically deformed,
the yield surface will be changing all the time as a result of isotropic and kinematic hard-
ening processes that are described by internal variables (Chaboche, 2008; Hill, 1950).
Plastic deformation starts when the stress state reaches the yield surface. The yield sur-
face defines the boundary between elastic and plastic behavior in space. Therefore, the

yield criteria are written as (Mises, 1913):

<0 elastic region (3)

f (o)

>0 viscoplastic region
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Figure 2 Geometrical representation of the yield surface (adapted from Lemaitre &
Chaboche (2012) )

In the Chaboche framework, the backstress tensor X controls the position of the yield
surface, while its size is controlled by the isotropic hardening variable R. For describing
cyclic plasticity, both kinematic and isotropic hardening mechanisms are implemented.

The yield function is defined as (Chaboche, 1989):

f(0,X,R) =J(o —X) — (0)0 + R) (4)

where:

X is the total backstress tensor

R is the isotropic hardening variable.
Oy is the initial yield stress.

J (+) shows the von Mises equivalent stress.
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2.4.3 Nonlinear Kinematic Hardening (Chaboche Model)

Gdevs

K

\ > Ogop2

Ogeyp

Figure 3 Schematic of Kinematic Hardening and translation of the yield surface
(adapted from Lemaitre and Chaboche (2012))

Kinematic hardening is a concept that tries to explain the movement of the yield surface
in the stress space when a material undergoes cyclic loading. The main reason for intro-
ducing kinematic hardening is to model the Bauschinger effect, which is a phenomenon
where the yield stress is reduced after the load reversal due to the internal stress fields
caused by the dislocation structures. The nonlinear Armstrong-Frederick model and its
generalization by Chaboche have become very popular as they very well capture the
short-term cyclic hardening and hysteresis loop changes (Armstrong & Federick, 1966;
Chaboche, 1989; Ohno & Wang, 1993). By using kinematic hardening, the yield surface
is shifted which is required to model the Bauschinger effect (Chaboche, 1989, 2008). The
overall backstress tensor is the result of the addition of multiple components X; (Arm-

strong & Federick, 1966)
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X = Zz:xi (5)
i=1

Each backstress component is representative for a different kinematic hardening with its
own evolution rate. The change of every backstress component is controlled by the non-
linear kinematic hardening rule suggested by Chaboche in equation 6 (Armstrong & Fed-

erick, 1966):

Xi = (%)C;(n — (3D;/2C)X)p
(6)

C_i shows the kinematic hardening modulus.
D_i is the dynamic recovery parameter.
p is the equivalent plastic strain rate.
Allowing the model to have several backstress components is equivalent to having mul-
tiple hardening mechanisms that work at different speeds. As a result, it is possible to
simulate the short-term as well as the long-term cyclic behaviors in a much more faithful

way.

2.4.4 Isotropic Hardening (Voce Law)

Unlike kinematic hardening, isotropic hardening controls the change in size of the yield
surface. From a physical point of view, isotropic hardening corresponds to the build-up
of dislocations and the formation of microstructural defects that result in the material
becoming more resistant to plastic deformation. Due to its simplicity and effectiveness,
the Voce hardening law is widely used to fit the experimental results of metals that show

a saturation in their response (Chaboche, 2008; Voce, 1948).
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Figure 4 Schematic of Isotropic Hardening and expansion of the yield surface (adapted
from Lemaitre and Chaboche(2012b))

The isotropic hardening is controlled by a variable R controlling the radius of the yield
function (Chaboche, 1989, 2008) and is introduced as the result of the sum of multiple
components as shown in equation 7, each of them with evolution given by equation

8(Voce, 1948).

2
=1

R =ZRi (7)

The behavior of isotropic hardening is described by using a multi-component Voce-type

law (Chaboche, 1989):

(R) = bi(Qsari — Ri) D (8)
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Qsqt i is the saturation value that the i, component of the isotropic hardening, and b; is
a parameter controlling how fast R; approaches Qg4 ;-

The sum of isotropic hardening components makes it possible to simulate non-mono-
tonic stress evolution during cyclic loading. Such formulations have also worked well for
understanding how austenitic stainless steels behave under cyclic loading (Facheris &
Janssens, 2014).

When the stress state hits the yield surface; it is needed to use a flow rule to figure out
the path of the plastic strain evolution. Viscoplastic models are widespread since these
formulations make it possible to work numerically in a very stable way and permit the
consideration of strain rate changes. In fact, in these models, the rate at which plastic
strain changes is a function of how much the stress exceeds the yield surface (Chaboche,

1989; Perzyna, 1966).

2.4.5 Flow rule

The evolution of the plastic strain in the model follows from a Norton potential yielding
a plastic strain rate given by equation 9 (Chaboche, 1989).

The equivalent plastic strain rate is (Chaboche, 1989):

("
p= (7) (9)

where:

K is the consistency parameter.

n is the rate sensitivity exponent.

() stands for the Macaulay bracket.

The Norton potential includes two material parameters that determine how a material's
deformation rate influences its properties. With larger exponents, the material's behav-
iour will more resemble that of a rate-independent plasticity, while smaller values gen-

erate greater loading rates which will affect the material response.
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2.4.6 Limitation of the original Chaboche-Voce Model

Many constitutive models have been developed to describe cyclic plasticity in metallic
materials. The original Chaboche—Voce framework that combines isotropic and kine-
matic hardening can reproduce key features of cyclic plasticity behavior, including stress-
strain hysteresis loop evolution and cycle stabilization(Chaboche, 1989, 2008; Frederick
& Armstrong, 2007). However, it assumes a monotonic evolution of the iso-tropic hard-
ening variable toward a single saturation value (Chaboche, 1989). As a result, the model
cannot represent strain-amplitude-dependent hardening, which is a relevant phenome-
non in the plastic flow of AISI 316L (Pelegatti et al., 2021; Pham et al., 2013b; Zhou et al.,
2018a). Therefore, an additional history-dependent mechanism is required to account

for the influence of loading history on cyclic hardening.

2.4.7 Strain amplitude dependent hardening

The alloy AISI 316L exhibits strain amplitude dependent hardening is a critical challenge.
Cyclic responses and the evolution of hysteresis loops could be captured by conventional
kinematic hardening formulations, including multi-component Chaboche models. How-
ever, the effect of each component of backstress keeps on decreasing with the progress
of cyclic loading due to the inclusion of dynamic recovery terms. As a result, these mod-
els usually fail to retain a persistent memory of maximum strain ranges experienced pre-
viously, especially after load path changes or amplitude variations. This shortcoming be-
comes more evident in cases with variable amplitude loading scenarios where the stabi-
lized cyclic response is strongly affected by previous loading history. Therefore, it is nec-
essary to incorporate additional internal variables or memory sur-face that can track the
maximum strain range the material has experienced and to control the evolution of iso-
tropic hardening. Such modifications allow the constitutive model to reproduce strain-
range dependent saturation behavior and improve the pre-diction of cyclic response un-
der complicated loading histories (Abdel-Karim & Ohno, 2000; Bari & Hassan, 2000;
Ohno, 1982).
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To address this issue, a strain-range memory feature is added to the constitutive model,
in accordance with the concept of Chaboche (1989, 2008).
In terms of plastic strain, the strain amplitude dependent hardening is described by a

memory surface:

Figure 5 Geometrical representation of memory in strain surface (adapted from Z-Set
Material Model Manual: Memory Behavior, n.d.)

F=y@2/3)]J®-8§€)—-q=<0 (10)

where £ is the center and q is the radius of the strain envelope surface (Chaboche, 1989).
As long as the plastic strain evolves within memory surface domain F < 0, the memory
variables do not change. Change of memory variables occurs after boundary of memory
surface reaches (F = 0), and the loading path is forced to extend it.

The evolution equations are given as (Z-Set Material Model Manual: Memory Behavior,

n.d.):



26

§=1/2 (n*:p) n* H(F) (11)

q=npHF) (12)

Where H(x) = 1ifx > 0,H(x) = 0if x < 0. The variable n is determined by the con-

dition of dF = 0 as below (Z-Set Material Model Manual: Memory Behavior, n.d.):

_ n:n*
77_2|n:n>l<| (13)
Where n*is the normal of the surface F = 0
._ 3¢
2 Ip—¢| (14)

These variables enable tracking of the plastic strain range. The strain amplitude de-pen-
dent hardening is linked to isotropic hardening by means of a variable saturation level

(z-Set Material Model Manual: Memory Behavior, n.d.):

Qeff = Qsar — (Qsat - QO) exp(_zﬂQ) (15)

This formulation makes the hardening limit depend on the loading history. Therefore,
the model can show different stabilized cyclic responses as a function of the strain am-

plitudes experienced previously (Chaboche, 1989, 2008).

2.5 Research gap and motivation

The literature indicates that the cyclic performance of AlSI 316L stainless steel heavily
relies on strain amplitude and loading history. It has been pointed out by experiments

that cyclic hardening, cyclic softening, re-hardening, stress stabilization, and non-
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monotonic peak stress evolution can be observed in the material under strain-controlled
cyclic loading (Pelegatti et al., 2021; Pham et al., 2013b; Poldk et al., 1994; Zhou et al.,
2018). This points to the fact that the material behavior is not simply represented with
just one stabilized stress—strain curve or an elastic—perfectly plastic material description.
To mitigate this, advanced constitutive models have been proposed with the Chaboche
framework being a leading example. These models are capable of capturing key cyclic
plasticity features like nonlinear kinematic hardening, isotropic hardening, the
Bauschinger effect, and viscoplastic flow (Armstrong & Federick, 1966; Chaboche, 1989;
Lemaitre & Chaboche, 2012). Moreover, by applying memory variables or strain-range-
dependent saturation levels to such models, it becomes possible to reflect changes in
hardening behavior based on strain amplitude and account for loading-history effects.
Consequently, the theoretical basis that is necessary for explaining the cyclic behavior of
AISI 316L can be found in the literature.

However, although these constitutive models and cyclic experimental datasets are pre-
sent, their use for systematic calibration and validation of a strain-amplitude-dependent
Chaboche-type model for AISI 316L is rather sparse. Using experimental data from liter-
ature could be a starting point for the identification of a model capable of not only re-
producing the stress—strain hysteresis loops but also the cycle-by-cycle evolution of the
maximum stress. In addition, the role of strain-amplitude-dependent hardening param-
eters and isotropic hardening saturation levels in controlling the predicted cyclic re-
sponse have not been made clear enough for their practical use in model calibration.
Therefore, from the engineering point of view, such an issue is quite relevant since the
manifold gas parts of marine engines go through the effect of combined thermal, pres-
sure, and mechanical loading. As different local regions of a manifold may go through
different strain amplitudes, they will also have different cyclic hardening states. There-
fore, if a simplified material model is employed, then the predicted local stress redistri-
bution, plastic strain accumulation, and critical regions might not be representative of

the real material behavior in the production setting.
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The current study addresses this gap by first implementing a one-dimensional version of
a strain-amplitude-dependent constitutive model and then verifying it through a Z-set
reference model before parameterizing it with published cyclic experimental data for
AISI 316L and finally testing the calibrated model to see if it can replicate unseen strain
amplitudes. In addition, the gas manifold submodel built by finite element method is
used to showcase the importance of the choice of constitutive material model on the

resulting local stress and strain predictions, using the calibrated model.
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3  Methodology

3.1 Overview of Methodology

The aim of this study is to calibrate the model described in the background section (Pel-
egatti et al., 2021), which is already available in commercial codes such as Z-mat, using
relevant experimental data from the literature to improve the predictions of the me-
chanical response of AISI 316L under cyclic loading. From an engineering point of view,
modeling cycle-by-cycle changes in the material is both impractical and unnecessary.
What matters is obtaining a stabilized and representative cyclic response that captures
the overall material behavior.

The constitutive formulations of section 2.3 were implemented in a one-dimensional
simplification and used for calibration of the model. Before obtaining the parameters,
the model was validated against the results of an example in the Z-mat library. Conse-
qguently, existing published cyclic experimental data for AlISI 316L were digitized and uti-
lized for the identification of parameters. The parameters of the model were determined
through a calibration process based on optimization, and after that, they were used to

predict the mechanical response of the material under unseen conditions for validation.

3.2 Modelling Assumptions and Physical Scope

While the material's response changes with each cycle, from an engineering point of
view, it's not feasible or necessary to give a unique response to each load cycle. There-
fore, the goal in the current modelling approach is to implement a constitutive model

that is physically meaningful and can provide a representative cyclic response.
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3.3 \Verification of strain amplitude dependent hardening Implementa-

tion

The 1D implementation of the constitutive model is against the example case in the Z-
set manual (Z-Set Material Model Manual: Memory Behavior, n.d.). The reference case

uses:

e Two kinematic hardening components
e One isotropic hardening component
o Norton flow rule

e Two strain amplitude dependent hardening variables

The parameters of the reference material model are directly taken from the Z-set model
manual according to table 1 to provide an equivalent comparison (Z-Set Material Model
Manual: Memory Behavior, n.d.). The results of this comparison are discussed in the next

chapter in section 4.1.

Table 1 The values of the parameters according to Z-set example (Z-Set Material Model
Manual: Memory Behavior, n.d.)

Parameter Value
n 7
k 100
C1 30000
c2 100000
D1 80
D2 1200
bl 25
b2 25
Qo1 25
Qo2 25
Qsatl 400
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Qsat2 400
mul 50
mu2 300

RO 50

3.4 Experimental data processing and preparation

3.4.1 Source of experimental data

The experimental data used in this research are obtained from the work of Pelegatti et
al. (2021), who studied the cyclic behavior of AISI 316L stainless steel material under
strain-controlled loading.

Two strain amplitudes are used during the calibration, 0.5 and 0.7% and the experi-

mental data extracted for each loading condition is:

e Stress—strain hysteresis loops at certain cycles (1, 10)

e Maximum stress evolution over the cycle number (S-max vs N plots)

However, the data is not accessible in a numerical format and is only graphical, therefore

a step of data digitization was required.

3.4.2 Data digitization

To make a quantitative comparison with the numerical model, the experimental data
obtained were digitized from the graphs available in the literature. Each strain amplitude
digitization was carried out separately to keep the amplitude-dependent characteristics

of the material response. The approach includes:

e importing the graphical data into a digitizer (WebPlotDigitizer, n.d.).
e Selecting points on the curves.

e Transforming the extracted coordinates into numeric data sets.
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Figures 6 and 7 illustrate the extracted data for both strain amplitudes (€, =
0.5%, 0.7%) including stress-strain hysteresis loops and peak stress evolution during 10
cycles. The hysteresis loops shown in this plot are just for the first cycle at each strain

amplitude, while the other cycles are also extracted and the data is shown in figure 8.

Digitized hysteresis loops
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Figure 6 The first stress-strain hysteresis loop for 0.5% and 0.7% strain amplitude(Pel-
egatti et al., 2021; WebPlotDigitizer, n.d.)
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Digitized Stress peak evolution-Number of cycles
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Figure 7 peak stress evolution for strain amplitudes of 0.5% and 0.7% (Pelegatti et al.,
2021; WebPlotDigitizer, n.d.).

3.4.3 Interpolation and cyclic reconstruction

The experimental data available covers a limited number of cycles available (N =1, 1000,
2000). To overcome this limitation, an interpolation method is used to estimate the in-
termediate stress-strain hysteresis loops via interpolation from the available experi-
mental loops.

The interpolation procedure is used separately for each strain amplitude making sure
that the strain amplitude-dependent hardening is captured from experimental evidence.
Therefore, interpolation enables the creation of a continuous dataset that can be used

in comparison with numerical simulations.
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Figure 8 digitized and interpolated data for 10 cycles in strain amplitude of 0.007 (Pel-
egatti et al., 2021; WebPlotDigitizer, n.d.)
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3.4.4 Preparation of strain history input

Raw and treated digitized hysteresis loops used for cycle reconstruction

Interpolated evolution of peak stress with cycle number

Comparison between the first loop and the scaled stabilized loop

Reconstructed full cycle stress-strain history

Reconstructed strain history for cyclic loading

Reconstructed stress response

The resulting strain histories are used as loading for simulation and the resulting stresses

are compared to the simulated ones during optimization.

10*
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3.4.5 Extraction of Comparison Quantities

Key elements were extracted from both experimental and numerical results for the pur-
pose of model validation and calibration. The main measurement for comparison is the
maximum stress within a cycle, which is mathematically expressed as:

Smax(N) = max(a(t)) within each cycle.

This parameter is determined individually for each level of strain amplitude. Besides that,
the complete stress—strain curve is utilized to evaluate the fit of the stress-strain hyste-

resis loops.

3.5 Calibration Procedure

3.5.1 Simulation Setup

The experimental strain histories were reconstructed from the literature data using the
approach presented in Section 3.4.3. These histories were then applied as loading input
in the simulations of the cyclic tension-compression response of AlSI 316L. In this way,

the numerical experiments were kept fully consistent with the experimental setups.

3.5.2 1D projection of the model

For every possible set of parameters, an implicit integration method is used to solve the
constitutive model subjected to strain-controlled loading. Then the calculated stress re-
sults are matched with the experimental results for both strain amplitudes. The series of
parameter adjustments is stopped once changes of the objective function be-come
smaller than the allowed tolerance. Using this optimization-driven scheme, it is guaran-
teed that the discovered parameters best represent both the cyclic hysteresis loops and
the stress development during cycles. The following state vector at each strain increment

is solved by one-dimensional implementation.
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x = [s, e pl, X1, X2, R1, R2, xil, xi2, gl, Qg2]

X _new fsolve (residuals, x0)

s[i]= x new[0]

e pl[i]l= x new[1]

X [i,:]= x new[2:2+kinematic cols]

R[i, :]=x new[2+kinematic cols:2+kine-

matic cols+istropic cols]

xi[1i, :]=x new[2+kinematic cols+isotropic cols:2+kine-
matic cols+2*isotropic cols]

gli, :]=x new[2+kinematic cols+2*isotropic cols:2+kine-
matic cols+3*isotropic cols]

3.5.3 Objective Function

A numerical optimization-based calibration procedure is used for identifying the mate-
rial parameters by minimizing the deviation from the model response to the experi-
mental data processed. Data of cyclic plasticity tests with two different strain amplitudes
(0.005 and 0.007) are used for calibration.

The calibration is formally defined as a minimization problem of the following objective

function:
P (X) = a®pys(P) + (1 — a)Ps max(p) (17)

where p is the vector of material parameters. The main component @;,,,; corresponds to

the error between the predicted and the experimental stress-strain hysteresis loops:

(phys = (1/N)2[(O-num - O'exp)/o-ref]2 (18)

where 0y,,,, and g,y are the calculated and measured stress outputs, respectively, and
Oref is a scale factor equal to the maximum absolute value of the experimental stress.
The auxiliary component ®gmax corresponds to the error in the simulation of the cycle-

to-cycle change of the maximum stress.

dsmax = (1/M)Z[(Spaxnum — .S’machp)/Sref]2 (19)
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The definition of S, is the peak stress during the cycle:

Smax(N) = max(c(t))

The scale factor S,.rcorresponds to the maximum experiment value of S, To account
for the relative importance of both the hysteresis loops and the cyclic stress evolution, a

weight factor a= 0.5 is adopted.

3.5.4 Physical Constraints

To obtain parameter values consistent with reality, the following constraints are set dur-

ing the optimization:

e The parameters for kinematic hardening must be positive definite (€ /> 0, D_i >
0) The recovery rates should be ordered (D_2 > D_1)

e The memory parameters must be positive (u_i = 0)

e The isotropic hardening parameters should be positive (Q,, Q_sat >0)

e (Qsat>Q,

e Consistency between initial and saturation values of Q, and Q_sat.

3.5.5 Optimization Strategy

To guarantee global exploration and local refinement of the parameter space, a hybrid
optimization strategy is adopted. First, a global search is done with the Differential Evo-
lution global optimization algorithm. The result of the global stage is then taken as the
starting point for a local gradient-based optimization using the (SLSQP) algorithm. Such
a two-step method increases the calibration robustness and minimizes the likelihood of
a local minima convergence. The constitutive model is characterized by parameters that
need to be determined by calibration. These parameters and their meanings are given

in Table 2.



38

Table 2 description of the model parameters

hardening

Constitutive Model Parameter Description
Armstrong-Fredrick Ci Hardening modulus
Kinematic hardening Di Dynamic recovery parameter
Qo Initial isotropic hardening value
Saturation value of isotropic
Isotropic hardening Q_sat
hardening
b Rate of saturation
Exponent controlling rate
Norton viscoplasticity rule " sensitivity
k Viscosity parameter
Strain amplitude dependent
mu Memory evolution parameter
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4 Results

4.1 Verification of the 1D Implementation Against Z-set Reference

Before employing the one-dimensional model to calibrate parameters, the numerical
method was checked with the reference implementation in the Z-set material library. To
guarantee a correct comparison, identical material parameters, loading cases, and time
steps were applied in the two simulations. Figure 9 shows a comparison between the
Python model and the Z-set standard model regarding strain amplitude, stress variation,

stress-strain hysteresis loops, and total plastic strain.

4.1.1 Comparison of Results
The parameters for performing comparison are:

e Stress versus time (S11-Time)
e Stress versus strain loops (S11-E11)
e Strain versus time (E11-Time)

e Plastic strain evolution

Following the example, triangular waveforms with fixed strain rate are employed and at
the same time step discretization is used in both cases.
The model response is obtained from:

e Python implementation developed in this study

e Standard Z-set model
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Figure 9 Agreement in comparison of the adopted model (strain amplitude dependent
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As shown in Figure 9, the result of the implemented model matches the reference Z-set

hardening with two isotropic) with the example in Z-set (Z-Set Material
Model Manual: Memory Behavior, n.d.)

Strain-time diagram
Stress-time diagram
Stress-strain diagram

Accumulated plastic strain diagram

solution for all quantities of comparison.

The correspondence of the stress—strain hysteresis loops confirms that the response to

cyclic loading and unloading has been modelled correctly. The similarity in accumulated

plastic strain is another evidence that the viscoplastic flow rule and the strain-amplitude-

dependent hardening variables have been implemented in a consistent manner.




Consequently, the one-dimensional implementation is considered appropriate for the

next calibration and validation stages.

4.2

Initial Model Prediction Before Calibration

Once the numerical implementation was verified; the response of the model was evalu-

ated first without parameter calibration. This comparison was made to set a baseline

response and to see the extent of the difference between the initial parameter set and

the experimental cyclic behaviour of AISI 316L. Figure 10 shows the comparison of the

initial model prediction with the experimental data in terms of maximum stress evolu-

tion and stress—strain hysteresis loops.

The stress-strain hysteresis loops predicted by the model have already captured the main

features of non-linear cyclic behavior, including the transition between the loading and

unloading phases. Besides that, the model has been able to reproduce stress evolution

during the cyclic loading that is seen in experimental data.
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Figure 10 Initial model simulation for S-max-Number of cycles and hysteresis loops

Figure 11 demonstrates that the uncalibrated model is able to replicate the basic outline

of the cyclic hysteresis phenomenon, however it cannot produce a sufficiently accurate

guantitative match with the experimental data. Also, the differences are clear in the
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evolution of maximum stress and the size and height of the hysteresis loops. These in-
consistencies reveal that the starting parameter set will not be capable of straightfor-
wardly forecasting the cyclic response of AISI 316L. Therefore, the parameters need to
be calibrated in order to get better matching between the numerical model and experi-

mental results.

4.3 Parametric Analysis

A parametric study was carried out to gain insights into the physical role of constitutive
parameters controlling cyclic plasticity evolution. The study concentrated on isotropic
hardening parameters Q, Qsq4¢, M, as these parameters have a significant impact on cy-

clic stabilization, stress evolution, and strain-amplitude dependent behavior.

4.3.1 Effect of Q0 on Cyclic Stress Evolution

The parameter @, is controls the initial isotropic hardening part. Three different sets of
Q, are selected to investigate the effect of this parameter while leaving all other cali-

brated parameters unchanged.

Table 3 Different values for analyzing the effect of Q0

Case Qo1 Qo2
No Q 0 0
Calibrated amount 1.47 27.79

High Q, 15 60
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Effect of Q0 on cyclic stress evolution Effect of Q0 on cyclic stress evolution
—— low QO —— low QO
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Cycle Number (N) Cycle Number (N)
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Figure 11 The effect of Q0 with different values for strain amplitudes of (a) 0.005 and
(b) 0.007

Results indicate that changing Qomainly affects the early cyclic response and the first
loading cycles. In both figures, the lowest amount of Q, is 0 which means that there is
no initial isotropic hardening, and the difference between the saturated stress level and
the first cycle stress would be very low. Larger values of Qyraise the initial stress level
and postpone the turning point to stabilized behavior and lowering Q, reduces the initial
isotropic hardening component. It is also illustrated that the higher strain amplitude is

more sensitive to changing the value of Q,.

4.3.2 The Effect of Qg ;

The Q4¢parameter controls the long-term isotropic hardening behavior and stress levels

that have reached the stabilized stress level.
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Table 4 Different values for analyzing the effect of Qg ;

Case Qsar1 Usat2
Low Q¢ 7 20
Calibrated Qg 27.064242 60.984990
High Qsqe 100 150
#01 —— Jow Q_sat ! — lowQ_sat
reference Q_sat - reference Q_sat
wo | —— high Q_sat s { —— high Q_sat
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Figure 12 Influence of the Q¢,; parameter on the Smax—N response for strain ampli-
tudes of (a) 0.005, and (b) 0.007.

Increasing the Qg4 parameter will increase the stabilized cyclic stress levels as well as

making stress saturation happen later. On the contrary, low values result in faster stabi-

lization and smaller stress amplitudes under cyclic loading conditions. According to the

results, Qs,¢ controls the long-term cyclic hardening rather than the initial isotropic

hardening. It is also concluded that the higher stress amplitude is more sensitive to

changing this value.

4.3.3 The Effect of u in strain amplitude dependent hardening

The parameter W controls the strain-amplitude dependent hardening effect in the con-

stitutive model.
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Table 5 Different values for analysing the effect of mu

Case M1 K2
Low u 0.1 5
Calibrated u 5.85 52.40
High u 100 500
Effect of mu on cyclic stress evolution .o Effect of mu on cyclic stress evolution
— low mu — low mu
30 reference mu 370 reference mu
—— high mu —— high mu
340 360
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E E 340
W w
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Cycle Number (N)

(b)

Figure 13 Influence of the parameter p on the Smax—N response for strain amplitudes

of (a) 0.005, and (b) 0.007

The results indicate that increasing i enhances the strain-amplitude sensitivity of the

constitutive response. As a result, the stress evolution becomes more dependent on the

previous loading history and accumulated cyclic deformation. This behavior is particu-

larly important for reproducing the different mechanical histories observed at pipe

hotspots subjected to different strain amplitudes. The more u increases, the more sep-

aration between cyclic stress evolution would be seen for different strain amplitudes.

This behavior shows that this constitutive model can reproduce different mechanical his-

tories based on the cyclic loading conditions implemented. It is also clear that at higher

strain amplitudes, increasing u has higher effect on raising the stress level.
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4.4 Calibration Results
4.4.1 Calibration over 10 Cycles

After optimizing for 10 cycles, the model shows a significant improvement in reproduc-
ing the experimental response. Subsequently, the stress—strain hysteresis loops closely
match the experimental curves in terms of loop width, peak stress, and cyclic evolution.
The nonlinearity of the loading and unloading branches is well captured, which means
that the kinematic hardening formulation accurately represents the model response.

The progression of S-max is also well reproduced. The model captures the rapid in-crease

in stress during the initial cycles, and there is good agreement from the first cycle.
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Figure 14 Hysteresis loops and Smax-N calibration for 10 cycles

As mentioned in section 3.5, the model is supposed to capture a representative stabilized
cyclic response which offers a physically meaningful average stress state for the following
structural and fatigue-related analysis.

The enhanced constitutive model was validated by comparing its numerical results with
the experimental cyclic responses measured at different strain amplitudes. This part
aims at testing the ability of the proposed formulation to reproduce cyclic plasticity,

stress evolution, and stabilization features experimentally observed.
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4.4.2 Generating stabilized behavior of calibrated strain amplitudes (0.005, 0.007)

To begin with, the cyclic responses from experiments at the strain levels of 0.005 and
0.007 are used to illustrate the cyclic hardening and saturation behavior of the material.
These loading cases were basically used during the calibration step of the constitutive
model. In the next section, the results from the calibrated model are compared with
experimental hysteresis loops and stress evolution plots for different strain amplitudes.
The model does not have softening and is representative of the maximum stress that is
obtained experimentally. After the maximum level of the stress the model flats down
without softening because the maximum stress here is the conservative measure of the
stress range. According to figure 15, the first point in the model and the ending point of
10 cycles match well with the experimental values. While other points are not aligned
well, the starting and ending points are important because the first point can control

how well the assembly loads could be described.
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Figure 15 Simulation of proposed model with calibrated parameters for strain ampli-
tudes of 0.005 and 0.007
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4.4.3 Parameter Calibrated results

In order to quantitatively evaluate how well the model performed, the relative error of
the maximum stress predicted was evaluated. For the two strain amplitudes considered,
the relative error remained in an acceptable range, showing that the numerical predic-
tion and experimental data matched well. This confirms that the method of finding pa-
rameters produced an appropriate set of parameters capable of reproducing stabilized

cyclic behavior. The final material model parameters are given in table 6.

Table 6 Calibrated parameters of the material model

Parameter Calibrated value
n 6.887065
k 42.375060
D1 329.945927
D2 993.192779
C1 21586.239288
Cc2 42092.141907
M1 0
M2 0
m1l 1
m2 1
Qsatl 27.064242
Qsat2 60.984990
Qo1 1.472346
Q02 27.788221
mul 5.857819
mu2 52.406089
bl 1014.666581
b2 12.998533
RO 190
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4.5 validation of the resulting model with unseen data

After the parameter set was calibrated, the model's robustness evaluation was per-
formed by using it for additional strain amplitudes that were not included in the calibra-
tion data. The predicted responses of maximum stress versus number of cycles (Smax-N)
show physically meaningful trends for all cases studied. The higher strain amplitudes
show higher stabilized stress level and cause the material to harden faster initially. The
model shows consistent qualitative behavior and illustrates that it is able to generalize
beyond the calibration conditions.

The first 10 cycle data is gathered for different strain amplitudes from the literature (Pel-
egatti). The model is tested against experimental data in the simulation, and a good
agreement could be seen from figures 16 and 17. The experimental data is shown by

dash lines, and the model is indicated with solid lines.
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Stress-Strain Hysteresis (First 10 cycles)
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Figure 16 Behavior prediction of constitutive model (stress-strain) against experi-
mental data for different strain amplitudes for 10 cycles.
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Smax-N Data
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Figure 17 Behavior prediction of constitutive model (stress-strain) against experi-
mental data for different strain amplitudes for 10 cycles.

The model then predicted 1000 cycles for all the strain amplitudes that are unseen da-
ta mentioned above and the stabilized behavior could be seen after the first hardening

for all strain ranges.
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Figure 18 Evolution of Stress—Number of cycles for 1000 cycles in different strain am-
plitudes

4.5.1 Application of the Calibrated Constitutive Model in a Gas Manifold
4.5.1.1 ABAQUS global model analysis

The global analysis is done to evaluate the structural response of the installed gas-system
under combined service loading. The loading conditions included gas pressure up to 10
bar[g], gas temperature variation from -20 to +80 °C, bolt pretension, thermal loads,
nominal pressure loads, and assembly displacement according to the drawings. The anal-
ysis provided the overall distributions of stress, plastic strain, displacement, and flange
contact behavior, which formed the basis for selecting the local region for further sub-
model analysis. The global finite element model represents the W18V46TS-DF/SG gas-
system assembly in its surrounding engine environment. The model includes the main
gas-system components, such as the gas inlet pipe, gas manifolds, supports, degassing

valve, associated piping, inter-cylinder pipe, SOGAV assembly, and crankcase breather,
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together with relevant engine structures (figure 19a) needed to represent the overall

stiffness and loading conditions of the assembly.

4.5.2 Abaqus Submodel Analysis

Once the constitutive model was calibrated, the material parameters determined were
implemented in a finite element framework through ABAQUS to study how they could
influence the predicted stress distribution estimated in a real engineering part.

To use less time, a submodel approach is used and the boundary conditions are imple-
mented from the global model. The component analysed is a gas manifold system with
local stress concentration in marine engines, which experiences cyclic loading conditions
during operation. The initial global finite element model was based on an elastic—per-
fectly plastic material model of AISI 316L steel components. The implementation of cyclic
plasticity model makes it possible to directly compare the differences between a simpli-
fied and physically enriched material models regarding their influence on the stress pre-

diction.

Adaqus Jod Created By Smiad 2022 .
Y 008 Godalod Adague/Suncard 023 HF2 Wed 2 3008 53.40 EEST 2025 Abaqus Job Created By Smiab 2023
Y 008 Godalodd AdaQue/Sundard 2023 HF2  Wed Jul 3008 5340 EEST 2025
I Swp Pressure_Load, APPLY PRESSURE LOAD - DesgvOperatng Pressure
P X rcemet 4SwoTmee 1000 I Swp Pressure_Load, APPLY PRESSURE LOAD - DesigvOperatng Pressure
ncrement 4 3wpTmee 1000

(a) (b)

Figure 19 (a)The representative pipe as the submodel and (b)the global model in
ABAQUS
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4.5.3 Submodel results

A submodeling strategy was adopted to enable detailed local analysis while maintaining
computational efficiency. The submodel area that was chosen for this purpose corre-
sponds to the critical zone of the gas manifold where the highest stress concentrations
were found in the global model.

Submodel boundary conditions were derived from the displacement field of the global
model. Nodal displacements obtained from the global model were implemented as

boundary conditions on the submodel's cut surfaces.

A

z X

Figure 20 Connected surfaces of submodel to the global model for implementation of
the boundary conditions

The load was also implemented according to the global model on the related surfaces

according to the global model as shown in figure 21.
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Figure 21 Inner and outer surfaces of the pipe for implementation of the load from the
global model

This approach ensures that the submodel experiences the same global deformation state

while allowing the local stress—strain response.

4.5.4 Submodel Validation Using the Basic Material Model

4.54.1 Contour comparison

Before introducing the advanced material model, the submodel was checked against the
global model for consistency. Both the models were subjected to similar elastic—perfectly
plastic material characterization.

The comparison shows good agreement between the two models in terms of the dis-
placement and the stress fields. The displacement pattern at the submodel boundaries
closely follows that of the global model, which proves that the boundary conditions have
been properly transferred.

Similarly, the von Mises stress pattern in the submodel also agrees with the global solu-

tion.
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Figure 23 Displacement contour matches in (a) submodel and (b) global model

4.5.4.2 Local Stress and Strain History Comparison

To check the accuracy of the submodel and ensure that it can act as the global model,
the stress-strain and stress-time diagrams are plotted and checked for nodes with differ-
ent locations. A Location with low stress is selected to show that in parts of the sub-
model far from the boundary conditions and in elastic regions, the stress histories should
match well with the global model. In locations with high stress values, where the mate-

rial enters plasticity, the submodel results will not match exactly with the global model
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Figure 24 Selection of a node (5707773) with a low stress value and extracting the
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4543 Validation summary

The validation results show that the developed submodel reproduces the mechanical
response of the reference global model accurately when identical material assumptions
are considered. The contour comparisons and the local stress—strain histories both show
close agreement between the two models, which confirms that the strategy of submod-
eling and boundary condition transfer are sufficiently representative for the current anal-
ysis. Therefore, the submodel is considered validated for further constitutive model as-

sessment.
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5 Discussion

5.1 Implementation of the enhanced Constitutive Model

Initially, the submodeling strategy was verified using the basic material formulation, and
the constitutive model was then developed to incorporate a more advanced cyclic plas-
ticity model.

The reference analysis was based on a simple elastic-plastic model without hardening,
where the yield surface remains fixed after yielding, and no hardening evolution is con-
sidered after plastic deformation.

The improved constitutive model implemented in this study includes nonlinear kine-
matic hardening, isotropic hardening, viscoplasticity, and strain-range dependent behav-
ior. The model was implemented through the Z-mat constitutive framework and coupled
with the finite element simulation environment of Abaqus.

The incorporation of nonlinear kinematic hardening allows the constitutive model to
represent the yield surface translation evolution during cyclic loading, whereas iso-tropic
hardening controls the size evolution of the yield surface. Furthermore, Viscoplasticity
introduces the rate dependency in the inelastic deformation behavior, and the strain-
memory model permits the material to respond in a way that de-pends on the previously
experienced deformation history.

The updated constitutive model, different from the base elastic-plastic model, lets the
local mechanical behavior change gradually during the plastic deformation phase. There-
fore, regions with different local strain levels are no longer forced toward a common
saturated stress response after yielding. Instead, the constitutive response continues to
be influenced by the local deformation history and hardening evolution.

The reason behind adopting the new constitutive model is, therefore, not just to change
the level of stress, but also to better represent the local cyclic mechanical behavior in

the most critical regions that are relevant to fatigue assessment.
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5.2 Stress Redistribution and Contour Comparison

The comparison of the stress contours reveals an evident difference in the local stress
redistribution behavior which is predicted by the two constitutive formulations. Alt-
hough similar critical regions are identified in both models within the structure, the de-
velopment of the local stress field differs significantly once plastic deformation develops.
In the basic elastic—perfectly plastic model, the stress at the critical hotspot rapidly ap-
proaches a saturated level after yielding. Consequently, the surrounding regions progres-
sively carry a larger portion of the applied load, leading to a relatively diffuse stress re-
distribution pattern around the hotspot region.

In contrast, the enhanced constitutive model predicts a more persistent localized stress
concentration at the critical spot. Local material resistance keeps on evolving during plas-
tic deformation through nonlinear kinematic hardening, isotropic hardening, viscoplas-
ticity, and strain-history dependent changes. Therefore, the hotspot is expected to re-
main mechanically active during the entire loading sequence instead of rapidly transi-
tioning toward a saturated stress state.

The regions of the postage stamp square contours comparison indicate that the en-
hanced constitutive model supports the existence of a very local stress distribution near
the critical hotspot, whereas the basic model generates a more diffused distribution of
stress around the material.

From an engineering point of view, the difference is particularly important since the be-
havior of local stress concentrations strongly influences the fatigue critical zones and the

development of cyclic mechanical response in the gas manifold structure.
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(a) (b)

Figure 26 Comparison of local stress redistribution and stress concentration behavior
be-tween (a) the enhanced material model (b) the basic elastic—perfectly
plastic material
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5.2.1 Constitutive evolution at comparable hotspot condition

(a) (b)
S.Mises vs Time S11 vs LE11
— Previous material — Previous material
801 — — Ennanced matertal 0.25 4 ~ =~ Enhanced material
0.00 4
60
-0.25
¢ = -0.501
I- 40 v
w
-0.75
2 -1.00
-1.254
° SRS S SN S—
0.0 0.5 1.0 15 2.0 25 3.0 35 0.00000 0.00002 0.00004 0.00006 0.00008 0.00010 0.00012

Time LE11

Figure 27 Representative low stress node in (a) model with enhanced material and (b)
the base model and comparison of the stress—time and stress—strain re-
sponse at this node (4446690) where the predicted stress remains below the

material yield stress.

Initially a representative point was selected from a low-stress zone where the predicted

stress levels did not exceed the material yield stress. The main purpose of this compari-

son is to check the consistency of the two constitutive formulations before significant

plastic deformation.

The stress—time and stress—strain curves reveal that the two models produce almost

identical local responses here. Since the local stress level does not reach the yield stress,

the behavior of the structure is dominated primarily by elastic deformation. Therefore,

the effect of constitutive hardening evolution remains limited.
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In fact, this observation confirms that the variations noticed later in plastifying hotspot
areas are mainly associated with the constitutive treatment of plastic deformation and

not to the numerical differences between the models.

5.2.2 Local stress concentration in plastified locations

The main low-stress region showed a similar behavior in both constitutive formulations.
However, once plastic deformation develops, more significant differences emerge. To as-
sess the effect of constitutive hardening behavior in plastic conditions, two hotspots
were selected from critical regions in the basic model where the local stress is higher
than the material yield stress. These locations are the structurally critical regions which

are supposed to govern the local cyclic mechanical response of the manifold.
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Figure 28 Location of the selected plastified hotspot regions in the global model used
for local constitutive response comparison
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The chosen hotspots are distributed in the plastified regions where the basic model
shows high local stress concentration. While all the points are from mechanically critical
regions, the local stress and strain histories are different. The reason for selecting these
points is to check if the constitutive formulation captures the effect of local de-formation

history on the predicted response of the hotspot.
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Figure 29 Comparison of von Mises stress distribution near the selected plastified
hotspot regions (nodes 4467125, 5709746) for (a) the enhanced constitutive
formulations and (b) the basis model with S. Mises-LE11 and S. Mises-Time
diagrams.



67

The contour comparison near the chosen hotspot regions reveals that the constitutive
model affects not only the local stress values but also the pattern of stress distribution
around the plastified zones.

Even though both models point out similar critical spots, the advanced constitutive for-
mulation shows a different local stress pattern compared to the basic elastic—perfectly
plastic model. The differences become most apparent near the plastified hotspot areas,
where in the enhanced model, the stress field appears more concentrated.

This observation implies that by adding nonlinear hardening and strain-history de-pen-
dent changes, the way in which load is locally transferred is modified once plastic defor-
mation develops. So, it becomes evident that the constitutive differences are not only at
the level of the local stress—strain curves but also directly in the structural stress distri-
bution.

To make it possible to investigate the mechanical response at the chosen hotspots, the
stress—time and stress—strain histories are extracted from the corresponding nodes. The
local responses make the comparison possible to see how the two constitutive formula-
tions evolve once plastic deformation develops within the critical regions.

The hotspot responses show that there is a big difference in the constitutive evolution
of the two material formulations after the plastic deformation phase starts.

In the basic elastic—perfectly plastic model, after yielding, the stress response stabilizes
in a relatively narrow range while the local deformation keeps accumulating. This be-
heavier is because the constitutive formulation does not have any hardening evolution,
so the local response keeps moving towards a saturated stress state during continued
loading.

The improved constitutive formulation through the non-linear kinematic hardening, iso-
tropic hardening, viscoplasticity, and strain-history dependent behavior, predicts stress
changes continuing over deformation.

The local constitutive response evolves differently depending on the local deformation
level and loading history even though all the chosen locations are in plastified regions.

The enhanced constitutive model shows these differences more clearly than the basic



68

formulation, which means it has a stronger sensitivity to local de-formation history

within plastifying regions.

5.2.3 Strain-Range dependent response at different hotspots

According to stress-strain response, the basic elastic-perfect plastic demonstrates a large
local strain accumulation after yielding while the stress evolution slowly limits to a rela-
tively narrow saturated range. This is a perfect plasticity feature, where no further hard-
ening evolution occurs after yield has developed. Therefore, the main deformation mode
after that is the accumulation of plastic strains.

On the other hand, the improved constitutive model indicates stress that keeps evolving
with rising local strain. The addition of isotropic hardening, kinematic hardening, visco-
plasticity, and strain-history dependence leads to local increase in material resistance
when subjected to plastic deformation. Consequently, the enhanced model reaches
higher stress states and at the same time it limits excessive local strain accumulation at
the hotspot.

The stress-time response analysis shows that the improved constitutive model maintains
a higher stress level after yielding than the basic model. This implies that the enhanced
model maintains higher local stress levels and it also modifies the local stress redistribu-
tion behavior during plastic deformation.

Overall, the results demonstrate that the constitutive formulation strongly influences
the local mechanical response at hotspot regions. While the basic elastic—perfectly plas-
tic model progressively drives the response toward stress saturation, the enhanced for-
mulation preserves a stronger sensitivity to local deformation his-tory and produces a
more differentiated evolution of local stress and strain fields.

In order to deepen the investigation on how history of local deformation affects consti-
tutive behavior, the stresses and strains extracted from the particular hotspot locations
are listed in Table 3. By comparing these, it is possible to quantitatively analyse the dif-
ferences between the basic and enhanced constitutive formulations respond to different

local deformation levels within plastifying regions.
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Table 7 Comparison of stress and strain in the base model and the enhanced model for
two different nodes

Enhanced
Base model Base Model Enhanced
Hotspot Node model
S. Mises LE11 Model Llel1
S. Mises
0.0025 < LE11 0.0017< LE11<
4467125 240<S< 250 280<S<340
< 0.0099 0.006
0.0006 < LE11< 0.00018 < LE11
5709746 ~250 250<S< 350
0.0012 < 0.0007

According to Table 7, different local strain levels at the selected hotspot locations could
be seen in both constitutive formulations. However, in the basic elastic-perfectly plastic
model, while the local deformation varies, the stress response re-mains within a rela-
tively limited range. In contrast, significantly different stress evolution is predicted in the
enhanced constitutive formulation depending on the local strain history. This behavior
shows that the evolution of the effective yield surface evolves continuously through iso-
tropic and kinematic hardening mechanisms. This, in turn, allows the local constitutive
response to remain dependent on the deformation history which was experienced pre-

viously during continued plastic deformation.
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5.2.4 Local plastic strain evolution

(a) (b)

Figure 30 Comparison of accumulated plastic strain distribution predicted by (a) the
enhanced constitutive model (SDV7), and (b) the basic elastic—perfectly plas-
tic model (PEEQ)

According to figure 30, Both constitutive formulations identify localized plastic de-for-
mation in the critical hotspot region. However, the basic elastic—perfectly plastic model
shows clear higher levels of accumulated plastic strain compared to the enhanced con-
stitutive formulation.

This behavior is consistent with constitutive behavior of the basic formulation since
there is no hardening evolution after yielding, the extra deformation is mainly accom-
modated through the plastic strain accumulation, while the stress response progres-
sively approaches saturation.

Enhanced constitutive formulation, on the other hand, increases material resistance dur-
ing deformation by nonlinear kinematic hardening, isotropic hardening, viscoplasticity,
and strain-history dependent constitutive evolution. Consequently, the enhanced model
not only restricts the extreme local plastic strain accumulation but also supports a con-

tinuously changing stress response during further loading.
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5.2.5 Local plastic strain evolution at hotspots

To evaluate the history of plastic deformation further at the chosen hotspot points, the
accumulated plastic strain was plotted against time. The normal Abaqus PEEQ output
was used for the basic model, while for the enhanced Z-mat material model, SDV7 was
used since it represents accumulated plastic strain. Looking at plastic strain-time plot, it
reveals that the basic elastic—perfectly plastic model develops higher accumulated plas-
tic strain at the investigated hotspots. This is in line with the fact that there is no hard-
ening evolution in the basic model, where continued loading after yielding is mainly ac-
commodated through additional plastic strain accumulation. On the other hand, the en-
hanced constitutive model shows lower accumulated plastic strain after the same load-
ing history. When the evolution of isotropic and kinematic hardening continues, the local
material resistance increases and therefore it limits excessive plastic strain accumulation
at the hotspot.

This difference is confirmed by stress—plastic strain response. In the basic model, the
stress response tends to approach a saturated level while plastic strain increases contin-
uously. In the enhanced model, when stress evolves, the accumulated plastic strain in-
creases, which indicates that the local material resistance remains active during plastic
deformation.

According to figure 30, these results show that in the enhanced constitutive model not
only the stress distribution, but also the local plastic deformation history is modified,

which is directly relevant to fatigue-critical hotspot behavior.

5.2.6 Relevant Interpretation

The comparisons presented in the previous section show that the choice of constitutive
model highly affects the predicted mechanical behavior in the critical hotspots. While
both models identify the same critical areas in the manifold, once plasticity occurs, the
local stress levels, stress redistribution behavior, and constitutive response differ sub-

stantially.
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In the one hand, in the basic elastic—perfectly plastic model, once a region yields, the
hotspot areas might display very similar stress states. On the other hand, the enhanced
material model continues to preserve the effect of the local deformation history through
continuous hardening, which results in different stress levels.

From an engineering perspective, these differences are highly important since local
stress range, mean stress, and constitutive state evolution are the attributes that fatigue
critical parameters are directly linked to in structures that are cyclically loaded. Therefore,
the enhanced constitutive model provides a rich resolution of the local stress in highly
deformed regions. Although fatigue is not studied in this thesis, the results of changing
the material model have high effects on mean stress and consequently the fatigue anal-

ysis.

5.3 Limitations of the Present Study

Even though the proposed constitutive model was able to adequately simulate the cyclic
behavior of AISI 316L and showed enhanced predictive ability compared to the simple
elastic-perfectly plastic model formulation, there are still some limitations that need to
be addressed.

First, the calibration methodology was based on strain-controlled experimental results
from the literature. As such, the determined material parameters are tied to the experi-
mental conditions and could potentially need adjustment if applied to different loading
paths, temperatures, or materials.

Secondly, the calibration was done by employing a one-dimensional constitutive model
only. Although such a simplification significantly reduced the computational cost and
made the identification of parameters easier, the calibration phase excluded the direct
incorporation of multiaxial loading effects.

Thirdly, the finite element model was cantered on a particular gas manifold component
submodel. Hence, the numerical outcomes of this paper are not intended to be extended

to all stainless-steel parts in the absence of further validations.
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Finally, the present research was limited to the cyclic behaviour at room temperature.
Temperature-dependent material properties along with thermo-mechanical coupling
were not considered and would likely influence the cyclic behavior.

Despite these limitations, the study not only highlights the feasibility of the implemen-
tation of an advanced strain-amplitude-dependent constitutive model within finite ele-
ment frameworks but also this study recalls its potential advantages for engineering is-

sues addressing cyclic plasticity.

5.4 Industrial and Engineering Implications

The outcomes of this research indicate that the selection of the correct material model
for constitutive behavior can have a major impact on the forecasted local stress and
strain fields in components prone to fatigue. better strain-amplitude-sensitive constitu-
tive model aims to capture the cyclic material behavior more realistically than a standard
elastic-perfectly plastic model.

Such enhanced prediction features can support the effective fatigue evaluation in prob-
lematic spots for engineering purposes. Taking the gas manifold design as an example,
an accurate description of cyclic hardening and stress changes in the material will allow
the engineers to locate vulnerable areas more precisely, carry out structural integrity
evaluations at a higher level of confidence, and lessen the margin of error in the fatigue
life estimations.

Furthermore, the introduced method for calibration offers the possibility of utilizing so-
phisticated constitutive models in finite element modelling with parameters derived
from experiments. By doing so, this technique potentially decreases dependence on a
large number of physical experiments and assists in the design and validation stages of

the product lifecycle in a more streamlined manner.
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6 Conclusion

6.1 Summary of Findings

This thesis was mainly focused on constitutive modelling of cyclic plasticity behavior
characterized by nonlinear hardening evolution, history-dependent response, and Nor-
ton viscoplasticity in AISI 316L stainless steel. In this research constitutive model imple-
mentation, parameter calibration, Finite Element implementation and validation against
experimental cyclic data were combined to assess the ability of advanced material mod-
elling approaches for reproducing complex cyclic deformation behavior of this material.
The data used in this study were from graphically available results for limited number of
strain amplitudes in literature and all subsequent analyses were done by using the re-
constructed datasets.

The research showed that perfect plastic material fails to capture the cyclic behavior of
AISI 316L when it is subjected to repeated loading conditions. In the experiments, the
nonlinear cyclic changes were hardening, cyclic softening, and resharpening (while in
this study the interested behavior was saturated stress level after the first hardening), as
well as strain amplitude dependent hardening. These characteristics were not suffi-
ciently simulated by using simplified elastic—perfectly plastic models.

To address these limitations, a viscoplastic constitutive framework based on the com-
bined isotropic—kinematic hardening and strain amplitude hardening was implemented
and studied. Special focus was on the nonlinear hardening parameters and how they
affect the evolution of stress, hysteresis loops, and strain amplitude dependent harden-
ing. The findings indicated that the framework was able to model several keys experi-
mentally observed cyclic features, such as the evolution of stress amplitude and the me-
chanical response dependent on loading history over repeated loading cycles.

The parameter calibration was done, and physical constraints were imposed. The opti-
mizer was implemented in the way that the cost function was relative error. The relative

error of the best fit for the first cycle and the last cycle was 0.001. The method illustrated
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a high dependence of cyclic response on interaction of isotropic hardening, kinematic
hardening, viscoplasticity, and strain amplitude dependent hardening parameters. The
presented parameter analyses further explained how different sets of parameters affect
stabilized cyclic behavior, giving more understanding of the physical role of the different
parts of the constitutive framework.

Moreover, the developed numerical scheme was evaluated by making a comparison with
reference numerical solutions and finite element results. The solver verification out-
comes showed good agreement with benchmark data which, in turn, validated the sta-
bility and reliability of the implementation.

The finite element analyses verified the usability of the constitutive model for cyclic load-
ing situations in engineering applications where stress redistribution and the effects of
load history are significant. Since local cyclic stress and strain fields are strongly effective
on fatigue damage, the proposed framework can provide a more reliable basis for fatigue
assessment in finite element simulations where the components are subjected to re-
peated loading.

Overall, this study emphasizes the need to account for strain amplitude dependent hard-
ening constitutive mechanisms in the cyclic plasticity modelling of AISI 316L stain-less
steel. Findings show that advanced viscoplastic formulations provide a more physically
meaningful description of cyclic deformation behavior than the simplified constitutive
methods, especially in conditions where the material is subjected to repeated plastic
loading and changing stress histories.

Finally, this research illustrates that to have a reliable constitutive modelling of cyclic
plasticity, not only it is necessary to have precise constitutive equations, but also the
calibration should be done precisely to ensure that the numerical operations run
smoothly and maintain that the implementing strategies are always consistent. There-
fore, the implemented framework leads to an improved capability of prediction in cyclic

finite element simulations with considering practical applicability in engineering analysis.
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6.2 Future Research Directions

There are multiple opportunities that could be explored in future research. Firstly, the
calibration procedure can be developed to consider multiaxial loading situations and
paths of non-proportional loading. Secondly, the material behaviour under changes of
temperature could be added for a better representation of the operating conditions of
marine engines.

In subsequent investigations, researchers can explore different hardening laws formula-
tion as well as additional strain-amplitude-dependent-hardening mechanisms to en-
hance the accuracy of cyclic modelling. Also, the same approach could be done for other
materials that are widely used in industrial applications.

Finally, the presented modelling scheme has the potential to be directed towards a wider
range of structural parts and loading cases so that the change in fatigue estimation and

the results of structural integrity analysis can be measured.
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