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ABSTRACT

In this research, a comprehensive investigation was conducted to understand the
mechanical behavior and fatigue characteristics of Inconel 600. The study involved a
series of experimental tests and Finite Element simulations, which yielded useful
information about the material's properties, fatigue life, and fracture behavior of Inconel
600.

The experiments provided crucial data on the suitability of Inconel 600 for various
applications. The mechanical properties, including yield strength, ultimate tensile
strength, elongation,and modulus of elasticity, were determined through quasi-static tests
under uniaxial loading conditions. The stress-strain relationship beyond the elastic limits
was described using the Ramberg-Osgood equation. Furthermore, microstructural
analysis revealed variations in grain size and microstructures in differentregions of the
welded joints, with the Heat-Affected Zone (HAZ) showing distinct microstructural
changesdue to thermal cycling during welding. These changes significantly influenced
the mechanical properties and fracture behavior of the material. The rapid heating and
cooling cycles experiencedby the HAZ lead to alterations in the material's microstructure,
including grain growth, formation of new phases, and changes in grain boundary
structures. These transformations directly impact the material's strength, ductility, and
susceptibility to fracture, highlighting the intricate interplay between welding processes
and microstructural evolution.

Fatigue tests were performed under both smooth and notched conditions to investigate
fatigue life variations based on different loading conditions. The FE simulations, along
with empirical fatigue damage models, provided accurate predictions of fatigue life and
identified critical loading conditionsthatcouldleadto fatigue failure. While the FE analysis
showed a good correlation with experimental fatigue data, some discrepancies were
observed, likely due to internal defects associated with the welding process. The study
emphasized the importance of considering notch strength reduction factors and mixed
mode loading to enhance the precision of fatigue predictions.

A case study involving finite element analysis (FEA) was conducted on a KJ66 micro-

turbine blade to evaluate the effects of laser shock peening (LSP). The analysis revealed

iv



that LSP significantly reduced von-Mises stress and enhanced the fatigue life of the
turbine blade by more than ten times, shifting the critical crack-prone areas away from
the blade root.

The investigation into fracture behavior undertensile and fatigue loading conditions was
conducted through fractographic analysis using SEM images. It was found that the
presence of welding influenced the fracture mode, with welded samples exhibiting a
propensity towards brittle-type fractures, in contrast to the more ductile fracture behavior
observed in un-welded samples. This shift towards a brittle fracture mode in welded
samples is indicative of altered material properties resulting from the welding process,
such as increased susceptibility to crack initiation and propagation under applied loads.
Stress concentration pointsintroduced by weldingledto preferential crack initiation along

grain boundaries, contributing to brittle intergranular features.
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1.Introduction
1.1 Background

Within the field of engineering, crucial components serve as the cornerstone fora myriad
of applications, each assuming a pivotal role in guaranteeing the functionality, efficiency,
and reliability of diverse systems. Rangingfrom intricate mechanical structuresto cutting-
edge power generation systems, these components constitute the bedrock upon which
technological progress is constructed. The significance of these elements cannot be
overstated, acting as the linchpin for the seamless operation of various engineering
applications. Importantly, the complexity of critical engineering components transcends
their geometrical intricacies, encompassing the dynamic and diverse loadings they
endure during operation. Whether facing static forces, cyclic stresses, or extreme
temperatures, these components necessitate materials endowed with exceptional
mechanical properties to withstand such challenging conditions. The integration of
advanced materials becomes imperative to meet the multifaceted demands imposed on
these components, ensuring longevity, reliability, and optimal performance. In this
context, microturbine combined heat and power (CHP) systems emerge as exemplary
instances of critical engineering components. Their compact design and versatility render
them indispensable for power generation in environments with space constraints,
illustrating the intricate interplay between geometry, applied loadings, and advanced
materials within the critical engineering landscape [1-3]. Their small footprint allows for
efficient placementin areas where available space is limited. Additionally, these systems
exhibit rapid start-up times, enabling them to reach their maximum power output within
minutes. This quick response capability allows microturbines to promptly adapt to
fluctuating energy demands, ensuring an agile and responsive power generation solution
[4]. Microturbines are also known for their low emissions, high reliability, and low
maintenance requirements. Microturbines, which are small gas turbines typically under
100 kW in capacity, are often employed in CHP systems due to their compact size, high
power density, and flexibility [5]. These systems, however, operate under demanding

conditions, subjectingtheircomponentsto static and cyclic loads at varying temperatures.



As a result, the materials used in fabricating microturbines must possess exceptional
mechanical properties to withstand such challenging operating conditions.

In the context of CHP systems, materials play a crucial role in ensuring the performance,
durability, and longevity of microturbine components [6]. One commonly used material in
microturbine design is Inconel alloy, specifically Inconel 600. Inconel 600 is a nickel-
chromium alloy that offers excellent high-temperature strength, corrosion resistance, and
oxidation resistance [7, 8].

The turbine section of a microturbine, which converts the energy from the expanding
combustion gases into mechanical power, experiences high temperatures and stresses.
Inconel alloy is often chosen for turbine blades, rotor discs, and other components in this
section due to its superior high-temperature properties. Inconel alloys can withstand
temperatures up to approximately 1093°C (2000°F) and exhibits good resistance to
thermal fatigue, corrosion, and oxidation, making them well-suited for the demanding
conditions encountered in microturbine operation systems or reactor vessels [9]. In the
upcomingsection,the details of micro gas turbine structures, includingtheirparts and the
materials typically used, have been discussed. It will be explained why Inconel 600 alloy
is chosen for assessment under differenttypes of stress and heat. This discussion offers
a clearunderstanding of these turbine structures and why a specificalloy like Inconel 600
is crucial for their performance.

It should be emphasized that this thesis addresses the overarching theme of critical
engineering components, with a specific focus on investigating the suitability of Inconel
600, a nickel-chromium alloy, under fatigue and creep loads. While microturbine
combined heat and power systems are emblematic examples of critical engineering
components,it's importantto notethatthey representjustonefacet of this comprehensive
study. Microturbine systems have been selectively chosen as a case study within this
larger framework, serving as a representative example of the broader exploration of
Inconel 600's performance in diverse critical engineering applications. The novelty of this
research lies not only in its thorough examination of Inconel 600 but also in th e specific
attention given to microturbines, an area that, to the best of our knowledge, has notbeen
extensively studied by other researchers. By delvinginto the intricacies of Inconel 600's

response to fatigue and creep conditionsacross various critical engineering components,



this thesis aims to contribute valuable insights to the field of materials science and

engineering.

1.2 Micro gas turbines structures

Micro gas turbines are compact, high-speed rotating machines that convert chemical
energy from fuel into mechanical energy through combustion processes. They consist of
several essential components, each playing a substantial role in the efficient operation of

the turbine. Figure 1-1 illustrates a schematic view of a typical micro gas turbine.

Figure 1-1. Schematic view of a typical micro gas turbine with its internal working (source:
www.microturbine.com)

1.2.1 Components of micro gas turbines

Micro gas turbines typically comprise the following components:
Compressor: The compressor is responsible fordrawing in and compressing theincoming
air before it enters the combustion chamber. It enhances the efficiency of the combustion

process by increasing the air pressure.



Combustion chamber: In the combustion chamber, the compressed air mixes with fuel
and undergoes combustion. This process generates high-temperature, high-pressure
gases that propel the turbine's blades.

Turbine: The turbine extracts energy from the high-temperature, high-pressure gases
produced in the combustion chamber. As the gases expand through the turbine blades,
they cause the turbine to rotate, generating mechanical energy.

Exhaust system: The exhaust system directs the hotgases exiting the turbine away from
the turbine, converting the remaining energy into useful work.

Almost all the above-mentioned components are usually under severe complex cyclic
loading. Therefore, selecting appropriate materials for different parts of the micro turbine

against fatigue and creep phenomena is of great importance.

1.2.2. Common materials used in micro gas turbine components

The choice of materials for micro gas turbine components is crucial due to the extreme
conditions these components endure, such as high temperatures and mechanical
stresses. Common materials usedin micro gas turbinesinclude nickel-based superalloys,
cobalt-based superalloys, and iron-based superalloys [10].

Nickel-Based superalloys: Nickel-based superalloys are widely usedin micro gas turbines
due to their excellent high-temperature strength, creep resistance, and corrosion
resistance [11]. They are extensively applied in the hottest sections of gas turbines,
ensuring reliable performance under extreme conditions.

Cobalt-Based superalloys: Cobalt-based superalloys are employed in components
located in the combustion chamber, where temperatures can reach up to 1100°C [10].
These alloys maintain their strength at high temperatures and are resistant to thermal
shocks, making them suitable for specific micro gas turbine parts.

Iron-Based superalloys: Iron-based superalloys, evolving from austenitic stainless steels,
offer a balance between strength and cost. They find applicationsin various micro gas
turbine components, depending on the operating temperature. These alloys are
categorized into differentsubclasses, each tailored for specific temperature ranges and

properties.



1.2.3. Similaritiesand differences between micro gas turbines and macro gas turbines

While micro gas turbines share fundamental components with larger gas turbines, they
differ in scale and application. Micro gas turbines are designed for compactness and
efficiency, making them suitable for portable power generation, distributed energy
systems, and small-scale aerospace applications. In contrast, larger gas turbines are
used in power plants, aircraft engines, and industrial applications, where higher power
outputis required.

Despite the scale difference, both micro gas turbines and larger gas turbines rely on
similar principles of operation, including the compression of air, combustion of fuel, and
extraction of energy through turbine blades. The selection of materials remains a critical
aspect in both cases, ensuringreliable and efficientperformance underdiverse operating
conditions.

Figure 1-2 highlights various components of a typical gas turbine engine (Rolls-Royce),

underscoring the strategic use of advanced superalloys throughout the system [12].

Engine Materials

Titanium
Nickel

@® Steel

@ Aluminium

@ Rolls-Royce Composites

Figure 1-2. Materials used in various parts of a typical macro gas turbine engine (source: Michael
Cervenka) [12]



1.2.4. Importance of material selection for micro gas turbine design

The selection of materials for micro gas turbine components is paramountto ensuring
their structural integrity, durability, and overall performance. This is particularly crucial in
components subjected to high temperatures, mechanical stresses, fatigue, and creep.
Among the various materials available, nickel-based superalloys (Inconel alloys) play a
substantial role in enhancing the efficiency and longevity of micro gas turbines.

While Inconel alloys are recognized for their suitability in microturbine components, the
specificinvestigation of Inconel 600 under fatigue and creep conditions remains a novel
aspect of research. The selection of Inconel 600 for assessment under different types of
stress and heatin microturbine components forms the basis of this study. Given that the
suitability of Inconel 600 for microturbine components has not been extensively explored
by otherresearchers, this research aims to filla crucial gap in the existing knowledge and

contribute to the understanding of the material's behavior under critical conditions.

1.2.5. Significance of Inconel alloys in micro gas turbine design

Inconel alloys offer exceptional properties that are indispensable for micro gas turbine
applications:

High temperature strength: These alloys maintain their strength and structural integrity at
elevated temperatures, allowing micro gas turbines to operate efficiently even under
extreme conditions.

Creepresistance: Inconel alloys exhibitexcellentresistanceto creep, which isthe gradual
deformation of materials under constant load and elevated temperatures. This property
ensures the long-term reliability of micro gas turbine components.

Fatigue resistance: These materials possess superior fatigue resistance, enabling micro
gas turbine components to withstand cyclic loading without failure, thereby enhancing

their lifespan.

1.2.6. Role of Inconel alloys in fatigue and creep designs

In micro gas turbines, components such as turbine blades and disks are subjected to

cyclic loading and high temperatures. Inconel alloys are specifically chosen for these



parts due to their ability to withstand fatigue and creep. Fatigue resistance ensures that
components can endure repeated stress cycles without developing cracks or failures,
while creep resistance guarantees structural stability over prolonged periods of
continuous operation at elevated temperatures.

The careful consideration of material properties, especially fatigue and creep resistance,
is essential during the design phase of micro gas turbines. Proper material selection not
only ensures the structural integrity of components but also enhances the overall

efficiency and reliability of the turbine system.

1.2.7. Selection of Inconel 600 alloy for fatigue and creep assessment

Inconel 600, a nickel-chromiumalloy, has been chosen forour study due to its remarkable
properties that make it suitable for fatigue and creep assessment in micro gas turbine
components. This alloy is composed of 76% nickel, 15% chromium, and 8% iron, offering
a combination of high-temperature strength, corrosion resistance, and excellent

mechanical properties.

1.2.8. Properties of Inconel 600 alloy

High temperature strength: Inconel 600 exhibits exceptional strength at elevated
temperatures, making itideal for components exposed to high thermal loads.

Corrosion resistance: This alloy provides excellent resistance to corrosion, making it
suitable for micro gas turbine parts exposed to aggressive environments, such as those
found in combustion chambers.

Fatigue resistance: Inconel 600 possesses good fatigue resistance, enabling it to
withstand cyclic loadingwithoutpremature failure,a crucial characteristic for components
subjected to dynamic stresses.

Creep resistance: The alloy demonstrates notable creep resistance, ensuring the
structural stability of components during prolonged exposure to high temperatures and

continuous loading.



1.2.9. Assessment of Inconel 600 alloy under fatigue and creep

The present study involves a comprehensive assessment of Inconel 600 alloy under
fatigue and creep conditions to evaluate its performance and durability in micro gas
turbine applications. Through rigorous testing and analysis, we aim to understand the
alloy's behavior, including fatigue life, creep deformation, and rupture strength.
By subjecting Inconel 600 samples to controlled fatigue and creep tests, we can gather
valuable data on its mechanical response under different loading conditions and
temperatures. This data will contribute to a deeper understanding of the alloy's fatigue
and creep characteristics, aiding in the refinement of micro gas turbine designs for
enhanced reliability and efficiency.
As previously mentioned, designing microturbine parts based on fatigue and creep
considerationsis crucial to ensure their long-term performance and structural integrity.
Fatigue analysis is employed to assess the fatigue life of critical components subjected
to cyclic loading, such as turbine blades, while creep analysis is used to evaluate the
time-dependent deformation and potential failure of components operating at high
temperatures over extended periods.
Fatigue and creep failures can result in costly accidents, repairs, and replacements.
These incidents can lead to significant financial losses for industries, affecting their
profitability and competitiveness. Given the potential economic impacts of fatigue and
creep failures, there is a strong case for conducting thorough investigations and research
in these sectors:
¢ Investigating fatigue and creep behavior of the parts being used in microturbine
systems can help improve the safety and reliability of the critical components,
reducing the likelihood of catastrophic failures.
¢ Understanding the mechanisms of fatigue and creep can lead to the development
of more cost-effective and durable materials and designs, ultimately saving money
for the relevant industries.
Finite element analysis (FEA) is a commonly employed technique for simulating and
analyzing the stress and strain behavior of microturbine components [13-16]. By
incorporating an understanding of material properties, such as the fatigue and creep

characteristics of Inconel 600, and carefully assessingthe expected operating conditions,
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engineers can significantly enhance the overall design, identify vulnerable areas, and
guarantee the structural integrity and reliability of microturbine components.

The utilization of advanced materials like Inconel 600, combined with meticulous
considerations for fatigue and creep resistance, plays a crucial role in securing the
exceptional performance, extended durability, and steadfastness of microturbine parts,
particularly under challenging and demanding operational environments. The prudent
selection of materials and rigorous design analysis are paramount in optimizing the
efficiency and longevity of the components used in microturbine combined heat and
power systems. FEA facilitates the exploration of intricate stress distributions and the
identification of potential failure modes within microturbine components. It allows for
detailed analysis under various loading conditions, including thermal cycling and
mechanical stresses, which are crucial factors affecting component performance and

longevity.

1.3. Research Gaps

Despite the advancements in critical engineering components, such as microturbine
combined heat and power systems, and the utilization of advanced materials in their
specific components, there are several research gaps that require further investigation.
These gaps include:

» Challenges in Micro Gas Turbines: Micro gas turbines face challenges such as
high-temperature operation and fatigue failure due to cyclic loading. While
materials like Inconel 780 are commonly used, they exhibit disadvantages
including susceptibility to certain types of plastic deformation. In contrast, Inconel
600 offers excellent resistance to oxidation and corrosion, as well as improved
mechanical properties under high-temperature conditions, making it a promising
material for enhancing the durability and reliability of turbine blades.

» Mechanical Properties and Fatigue Parameters of Inconel 600: Further research
is needed to characterize the basic mechanical properties of Inconel 600 parent
materials and weldments. This includes determining key parameters such asyield
strength, ultimate tensile strength, and fatigue behavior. Obtaining strain-based

fatigue parameters for both the Inconel 600 parent material and weldments would
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significantly contribute to accurate fatigue life prediction and reliability
assessments.

Fatigue Life Prediction of Inconel 600 Welded Structures: Investigating the fatigue
life of Inconel 600 welded structures is essential, particularly undervarious loading
conditions and the presence of notches. Research should focus on fatigue life
prediction for welded structures, considering different types of notches, such as
single-edge notches and double-sided edge notches. Understanding the influence
of these notches on fatigue performance will aid in optimizing the design and
reducing the risk of failure. This is important because in microturbines and other
critical parts, welded structures are common. It is crucial to know how these
structures hold up underrepeated stress. Notches, which are common in welds,
can make the components even weaker. By studying differentnotch types, it can
be figured out how to make microturbines and other components last longer and
work better.

Fatigue Life Prediction under Multi-Axial Loading: Research efforts should explore
fatigue life prediction methodologies for Inconel 600 under multi-axial loading
conditions. This includes investigating energy-based models and critical plane
approachesto accurately assess the effects of complex loading patterns on fatigue
life. Developing reliable models and methodologies will enable better design
optimization and ensure the structural integrity of microturbine components.
Fatigue Analysis of Microturbine Blades with and without Laser Shock Peening:
As a relevant case study, the fatigue analysis of microturbine blades due to their
exposure to cyclic loading is studied. Research should focus on investigating the
effects of laser shock peening on the fatigue performance of Inconel 600 blades.
Comparing the fatigue behavior of blades with and without laser shock peening
treatment will provide valuable insights into the effectiveness of this surface
treatment method in enhancing fatigue resistance.

Fatigue Crack Growth in Inconel 600 at Different Angles (Mixed Mode Fracture):
Studying fatigue crack growth behavior in Inconel 600 under different angles of
loading (mixed mode fracture) is necessary to understand its resistance to crack

propagation. Investigating the crack growth rates, crack paths, and fracture
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mechanics parameters under mixed mode loading conditions will help in
developing accurate fatigue life prediction models for Inconel 600 components.
» Creep Behavior: Further research is needed to investigate the creep behavior of
Inconel 600 under different operating conditions, including high temperatures.
Understanding the time-dependent deformation and potential failure mechanisms
due to creep will contribute to improved design guidelines and maintenance

strategies for microturbine components.

Addressingthese specificresearch gaps will provide valuableinsightsintothe mechanical
properties, fatigue behavior, and creep resistance of Inconel 600, enhancing the design,

reliability, and durability of microturbine componentsin demanding operating conditions.

1.4. Project Aim and Objectives

The phenomenon of fatigueis a critical consideration in the design and maintenance of
engineering structures exposed to cyclic loading. Fatigue failure can significanty
compromise the structural integrity and reliability of components, leading to costly repairs,
safety risks, and operational disruptions. Therefore, understanding and predicting fatigue
behavior is of utmost importance for ensuring the longevity and performance of various
structures.

In the context of this study, ourfocusis on investigating the fatigue phenomenon, fatgue
life predictions, and related aspects in the specific context of microturbine components.
Microturbines are widely used in combined heat and power (CHP) systems due to their
compact size, high power density, and flexibility. However, operating under demanding
conditions and subject to static and cyclic loads at varying temperatures, microturbine
components require exceptional mechanical properties to withstand these challenging
environments.

The objectives of this study revolve around investigating and understanding the fatigue
behavior of microturbine components, specifically targeting Inconel 600 alloy, a
commonlyused material in theirfabrication. By examining various aspects such asfatigue
life predictions, the influence of differentloading conditions and geometric features, creep

behavior, microstructures, and fatigue damage mechanisms, this research aims to
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provide valuable insights for design optimization, material selection, and maintenance
strategies.
The specific objectives of the study are as follows:

» Objective 1: Investigate Fatigue Behavior of Standard and Welded Structures
The primary objective of this study is to examinethe fatigue performance of both standard
structural components and welded joints under cyclic loading conditions. By conducting
comprehensive experimental investigations, we aim to compare and analyze the fatigue
strength and life of these structures. Special attention will be given to the influence of
welding processes, weld quality, and geometrical features on the fatigue behavior. This
objective will provide valuable insights into the fatigue characteristics of standard and
welded structures, contributing to their design optimization and enhanced reliability.

» Objective 2: Predict Fatigue Life of Structures under Uniaxial and Multiaxial

Loading

The goal of this objective is to develop and validate predictive models for estimating the
fatigue life of structures under both uniaxial and multiaxial loading conditions. By
considering stress concentrations, stress gradients, and complex loading paths, we aim
to investigate their role in fatigue crack initiation and propagation. We will evaluate the
applicability of established fatigue life prediction methods, such as the Paris law and
critical plane approaches, to the studied structures. Achieving this objective will enable
accurate estimation of fatigue life and facilitate the design and maintenance of structures
exposed to various loading conditions.

» Objective 3: Assess Fatigue Performance of Notched Specimens
This objective focuses on assessing the fatigue performance of specimens with notches,
considering stress concentration factors and geometric features. Through experimental
investigations, we will analyze the effects of notches on fatigue strength and life. We aim
to identify the notch sensitivity and fatigue crack initiation behavior of different materials
and microstructures. Additionally, we will develop empirical relationships or correction
factors to account for the presence of notchesin fatigue life predictions. This objective
will provide insights into the influence of notches on fatigue behavior and aid in improving
design practices for structures with stress concentration features.

» Objective 4: Study Creep Behavior and Its Interaction with Fatigue
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The objective of this study is to investigate the creep properties of materials used in the
studied structures under elevated temperature and long-term loading. We will examine
the interaction between creep and fatigue, considering factors such as stress levels,
temperature, and time to failure. Through experimental investigations and analysis, we
aim to develop constitutive models and numerical methods to predict the combined
behaviorof fatigue and creep in structures. This objective willenhance ourunderstanding
of the creep-fatigue interaction, enabling more accurate lifetime predictions and ensuring
the structural integrity of components subjected to prolonged loading conditions.

» Objective 5: Characterize Microstructures and Fatigue Damage Mechanisms
In this objective, we will utilize advanced microscopy techniques, such as scanning
electron microscopy (SEM), to analyze the microstructural features andtheirinfluence on
fatigue performance. The goal is to identify fatigue damage mechanisms, including crack
initiation, propagation, and microstructural changes. By correlating microstructural
characteristics with fatigue life and failure modes, we aim to gain insights into the
underlying mechanisms governing fatigue behavior. This objective will enhance our
understanding of the microstructural aspects related to fatigue and contribute to the
development of more resilient and fatigue-resistant materials and components.

» Objective 6: Validate Experimental Results with Finite Element Analysis (FEA)
The objective of this study is to validate the experimental findings by performing finite
elementsimulationsand verifyingthe accuracy of fatigue life predictions. By incorporating
material properties, loading conditions, and geometrical features into FEA models, we
aim to capture the behavior of the studied structures under cyclic loading. Through FEA
techniques, we will investigate the stress and strain distribution, crack growth, and
damage accumulation. Achieving this objective will provide additional validation and a
deeperunderstanding of the observed fatigue behavior,enhancing the reliability of fatigue
life predictions.

» Objective 7: Provide Recommendations for Design and Material Selection
Based on the findings of this study, the objective is to summarize the results and draw
meaningful conclusionsregardingthefatigue behaviorof standard and welded structures.
Through a comprehensive analysis, we will provide valuable recommendationsfor design

guidelines, including geometrical features, weld quality, and stress concentrations, to
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enhance fatigue resistance. Furthermore, suitable materials and microstructural
modifications will be proposed that can improve the fatigue performance of structures
subjected to cyclic loading. This objective aims to bridge the gap between research
findingsand practical applications, assistingengineersand designersin makinginformed
decisions to optimize design and material selection for fatigue-resistant structures.

By addressing these objectives, this study aims to advance the understanding of fatigue
behavior, predict fatigue life, assess the influence of welding, stress concentrations, and
microstructures, and provide valuable insights for design and material selection for
microturbine blade subjected to cyclic loading. The outcomes of this research will
contribute to the development of more reliable and durable structures, ensuring their safe

and efficient operation in various engineering applications.

1.5. Structure of the Thesis

The thesis aims to investigate the fatigue and creep behavior of microturbine
components,with a specificfocuson Inconel 600 alloy. The structure of the presentthesis
is as follows:

Chapter 1 provides an overview of the research topic and sets the context for the study.
It introduces the background of the research, highlighting the importance of investigatng
fatigue and creep behavior in microturbine components. The chapter also identifiesthe
research gaps and presents the specific objectives of the study. Finally, it outlines the
structure of the thesis, giving a brief overview of each chapter.

In chapter 2, a comprehensive review of the existing literature on fatigue and creep is
presented. This chapter covers the fundamental concepts of fatigue, including fatigue
crack initiation and propagation, as well as various methods for fatigue life prediction. The
literature review also discusses fatigue crack growth models such as the Paris law and
the Walker model. Additionally, the chapter provides an introduction to the creep
phenomenon, influential parameters in creep deformation, and creep modeling
techniques. This chapter establishes a strong theoretical foundation for the subsequent
chapters of the thesis.

Chapter 3 focuses on the materials used in the study, with a particular emphasis on

Inconel 600. It describes the different types of specimens used, including standard
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specimens, weldments,and notched specimens. The chapter also provides details on the
mechanical testing methods employed, such as quasi-static tests, hardness testing, and
fatigue tests. Furthermore, it explains the setup for creep tests and discusses the
fractography analysis of ruptured specimens. Additionally, the chapter introduces finite
elementanalysis (FEA) and its application to the study, including FE modeling, boundary
conditions, and the Johnson-Cook plasticity model. This chapter provides a
comprehensive overview of the materials, specimens, and methodologies used in the
research.

In Chapter 4, the results of the experiments and simulations conducted in the study are
presented. The chapter beginswith an introduction that sets the context for the results
section. It then proceeds to presentthe findingsrelated to fatigue life prediction of Inconel
600 parent material, weldments, and notched specimens. The fractography of the tested
specimens under various loading conditions, such as tensile and cyclic loading, is also
discussed. Additionally, the results of multiaxial fatigue, fatigue crack growth, and creep
loading experiments are presented. This chapter provides a comprehensive analysis and
discussion of the obtained results, interpreting their significance and implications within
the context of the research objectives.

The final chapterof the thesissummarizes the key findingsand draws conclusions based
on the results and discussions presented in the previous chapters. It addresses the
research objectives and assesses the extent to which they have been achieved. The
chapter also provides recommendations for future research directions based on the
insights gained from the study. This includes identifying areas for further investigation,
potential improvements in experimental methods, and suggestions for advancing the
understanding of fatigue and creep behavior in microturbine components. This chapter
concludes the thesis, offering a concise summary of the research outcomes and
highlighting avenues for future exploration.

The structure of the present thesis has been summarized in the following flowchart
(Figure 1-3).
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CHAPTER 1

Introduction

CHAPTER 2

Literature Review & Theoretical Framework

CHAPTER 3

Materials, Specimens, and Methodologies

CHAPTER 4

Results of Experiments and Simulations

CHAPTER 5

Summary, Conclusions, and Future Directions

Figure 1-3. Flowchart of the thesis structure
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2.Literature Review

2.1. Theoretical Background
2.1.1. Introduction to Fatigue

Fatiguefailurein metals and structuresrefers to a specifictype of failure thatoccurs under
cyclic or repeated loading conditions. It is characterized by the progressive development
of cracks and ultimately the fracture of the material, even when the applied loads are well
below the material's ultimate strength.

When a metal or structural component is subjected to cyclic loading, such as repeated
bending or fluctuating stress levels, the material undergoes repetitive stress cycles. Over
time, these cycles can lead to the initiation and growth of small cracks, known as fatigue
cracks, in areas of high stress concentration or material defects.

The fatigue failure process typically consists of several stages. Initially, microcracks form
at stress concentration sites or material imperfections. As the loading continues, these
cracks propagate and grow gradually under the cyclic stresses. The cracks may continue
to propagate until they reach a critical size, at which point catastrophic failure occurs.
Several factors influence the fatigue behavior of materials and structures. These include
the stress level applied during cyclic loading [17-22], microstructures and material's
properties [23-25], the presence of stress concentrators (such as sharp corners or
notches) [26-29], the environmentin which the component operates (e.g., temperature,
humidity, corrosive substances) [30-35], and the structural design [36].

To prevent fatigue failure, engineers and designers employ various strategies. These
include conducting fatigue analysis and testing during the design phase to estimate the
component's expected fatigue life, avoiding stress concentrations and sharp transitions
in the design, using materials with higher fatigue resistance, applying surface treatments
such as laser shock peening to improve fatigue strength [37-39], and implementing
regular inspection and maintenance programs to detect and address fatigue cracks
before they reach critical sizes.

Understanding fatigue failure is crucial in industries such as aerospace, automotive, civil

engineering, and manufacturing, where structures and components are subjected to
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repetitive loading conditions. By considering fatigue behavior in the design, materials
selection, and maintenance processes, engineers can ensure the safety and reliability of
structures and extend their operational lifetimes.

The summary of this chapter has been summarized in the following flowchart (see Figure
2-1).

|Introducion to Fatigue |
Fatigue [ o
| |Carck|nitiation&Propagation Fatigue Life Prediction Methods |
Theoretical
Background . "
|Dependency of the Creep Strain to the Applied Stress |
Creep —
Dependency of the Creep Strainto Time |

Figure 2-1. Flowchart of the present chapter

2.1.2. Fatigue Crack Initiation and Propagation

Fatigue failure consists of different stages of cracking. Fatigue crack initiation, fatigue
crack propagation, and final failure in either ductile manner, involving considerable
deformation, or in brittle way, involving little deformation, are three well-known stages of
fatigue cracking [40]. Each above-mentioned stages have their own mechanisms and
characteristics for different materials and under various conditions.

Fatigue crack initiation and propagation are important concepts in the field of materials
engineering and structural mechanics. Fatigue crack initiation occurs when small cracks
begin to form within a material due to repeated loading cycles. These cracks typically
initiate at locations of high stress concentration, such as notches, sharp corners, or areas
with material defects. The presence of stress raisers amplifies the local stresses, making
the material more susceptible to crack initiation.

Once a fatigue crack initiates, it can propagate and grow through the material. This
propagation occursdue to the cyclicloading, wherethe stress applied during each loading
cycle causes the crack to extend gradually. The crack growth is influenced by factors
such as the stress amplitude, stress ratio (the ratio of minimum stress to maximum

stress), loading frequency, and material properties [41].
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During fatigue crack propagation, various mechanisms come into play, depending on the
material and environmental conditions [42]. These mechanisms include fatigue crack
growth by the openingand closing of the crack faces (opening mode), shear displacement
alongthe crack plane (sliding mode) and tearing or separation of material ahead of the
crack tip (tearing mode). Engineers employ techniques like fracture mechanics analysis
and design considerations to assess and mitigate the risks associated with fatigue crack
growth.

Various methods have been proposed to calculate fatigue life of engineering components,
which are suggested for different loading conditions. Some of these methods only
considerthe initiation stage and assume that the crack propagation life can be neglected
compared to the initiation stage. This theory is generally applicable to high-cycle fatigue
in smooth components or specimenswith very small notches,accompanied by low-stress
concentration. On the other hand, there are methods that consider only the crack
propagation stage as the fatigue life associated with the final failure. In these models,
when theinitial crack is very small, linearelastic fracture mechanics (LEFM) relationships
cannot be used. However, when the crack grows sufficiently large, the provided
relationships can be used [43].

In metallic materials, in the absence of cracked or debonded second-phase particles or
pre-existing crack-like defects, fatigue crack formation entails the concentration of
permanent plastic strain within slip bands that generally lead to either the formation of
intrusions or extrusions at surface grains or their impingement on grain boundaries.
Through continued cyclic loading, these slip band mechanisms lead to lattice/interface
disruption and the formation of a crack of either a transgranular or intergranular nature
[44].

For metallic materials, the more commonly used term in engineering practice, “crack
initiation,” refers to the combined processes of crack formation and growth to some
predefined crack length that encompasses many grains/phases. Fatigue damage
mechanisms at the macro-scale can consist of slip-bands formation, early growth of
microstructurally small fatigue cracks, and fatigue crack growth beyond the first grain or
phase. Two fracture modes, the mixed mode of I+l followed by pure mode I, can be seen

at the early stages of crack nucleation and growth, as evidenced in Figure 2-2.
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Figure 2-2. Fatigue crack formation in metallic materials under cyclic loading [44]

This figure illustrates the progression of fatigue damage mechanisms in metallic
materials, including slip-band formation, early growth of microstructurally small fatigue
cracks, and the transition from mixed mode I+l fracture to pure mode | fracture during
crack nucleation and growth. Understanding these mechanismsis crucial for predicting
and mitigating fatigue failure in engineering components.

When designing components or structures subjected to repetitive loads, it's essential to
consider the various aspects of fatigue damage mechanisms. These mechanisms can
lead to structural failure and reduced lifespan, making it crucial to consider them during
design. One of the primary features to consider is fatigue crack initiation and growth,
which occurs due to cyclic loading that causes small cracks to form and grow over time.
Therefore, understanding how to detect and predict fatigue crack initiation and growth is
crucial for ensuring the reliability and safety of the structure. Another critical aspect to
consider is the type of applied stresses. Uniaxial and multi-axial loading conditions can
lead to fatigue damage, but they affect the structure differently. Uniaxial loading, for
example, can lead to cracks forming perpendicular to the applied load, while multi-axial
loading can resultin cracks forming in various directions.

Finally, analyzing fatigue damage can be approached from various perspectives,
including stress, strain, energy, or fracture mechanics. These viewpoints can provide

valuable insights into the underlying mechanisms of fatigue damage and help designers
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develop more robust and reliable structures. Figure 2-3 illustrates some basic fatigue
definitions and different cyclic loadings. In Figure 2-3(a), stress amplitude (og,), mean
stress (a,,), maximum and minimum stresses (o,,,, ) and (a,,;,,), and stress range (Ao)
in a regular non-zero mean stress loading condition are shown. The following equations

relate the above-mentioned terms together [45]:

6, = Tmex>%nis (2-1)
o, = ”nmxzw (2-2)
— 9min -
R = p— (2-3)

In the above relation, R is the stress ratio. Figure 2-3(b) shows a typical irregularloading
condition. Figures 2-3(c) and 2-3(d) show respectively in-phase and out-of-phase cyclic
loading conditions. A typical strain history of multi-axial variable loading and fatigue crack
growth rate versus stress intensity factor range are illustratedin Figures 2-3(e) and 2-3(f),
respectively.

As mentioned earlier, the lifespan of a component subjected to cyclic loading can be
classified into three phases: crack initiation, crack propagation, and final failure. Each of
these stages can be studied using various proposed methods and criteria to analyze the
fatigue life.

In summary, the first stage, crack initiation,occurs when microscopic cracks begin to form
in the material due to cyclicloading. These cracks may start at stress concentration points
such as notches or defects in the material. Various factors, such as material properties,
loading conditions, and the geometry of the component, can affect the initiation of these
cracks. The second stage, crack propagation, refers to the growth of the cracks that have
already formed. This stage is the most critical as it can significantly reduce the remaining
fatigue life of the component. The rate of crack growth depends on various factors,
including the applied cyclic loading, the size and shape of the crack, and the material's
properties. The final stage, final failure,occurswhen the componentcan nolongersustain
the applied cyclic loading and ultimately fractures. This failure can happen due to a

sudden overload, a rapid crack growth, or a slow propagation of existing cracks.
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Figure 2-3. Fatigue definitions and cyclicloadings; (a) regularamplitude loading, non-zero mean stress
condition, (b) variable amplitude loading, (c) a typical condition of in-phase multi-axial loading, (d) a
typical condition of out-of-phase multi-axial loading
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2.1.3. Fatigue Life Prediction Methods

Fatigue life prediction methods are essential tools used in materials engineering and
structural design to estimate the lifespan of components subjected to cyclic loading.
Fatigue failure occurs when a material or structure experiences progressive damage and
ultimately fractures underrepeated loading cycles, even when the applied stress is below
the material's static strength.

Accurate prediction of fatigue life is crucial for ensuring the reliability and durability of
various engineering systems, such as aircraft, automobiles, bridges, and machinery.
Several methods have been developed to estimate the fatigue life of components, taking
into account factors such as material properties, loading conditions,and environmental
influences.

However, there is still no comprehensive and widely accepted criterion among
researchers. The proposed criteria are either based on the principal stress/strain plane or
the maximum principal strain/shear stress plane, and they are categorized into three
groups: stress-based, strain-based, and energy-based approaches.

The stress-based approach considers nominal stress components for predicting the
fatigue life and is usually used in situations where the plastic strain components are
negligible. On the other hand, the strain-based approach useslocal stresses and strains
and can be employed when local yielding is involved, particularly in low cycle fatigue
regimes. The energy-based approach considers the amount of energy dissipated during
the loading cycle and compares it with the energy required to cause crack propagation.
This approach is useful for predicting the fatigue life of components that experience high
plastic strains and significant material damage.

The fracture mechanics approach focuses on the behavior of cracks and their effect on
the component's strength. This approach involves analyzing the stress field around the
crack tip and using fracture mechanics concepts to predict the crack growth rate andthe
remaining fatigue life of the component.

Fatigue life prediction methods play a crucial role in engineering design, enabling
engineers to make informed decisions regarding component lifespans, maintenance

schedules,andthe optimization of materials and designsto enhance durability and safety.
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Some of the above-mentioned approaches will be used for predicting fatigue life of the

components used in the heat and power micro-turbines made of Inconel 600.

2.1.4. Stress-Based Approaches

In recent years, there has been an increasing focus on developing advanced fatigue life
prediction methodsthat incorporate additional factors, such as variable amplitude loading,
multiaxial loading conditions,andtheinfluence of material microstructure. These methods
utilize techniques like finite element analysis, damage accumulation models, and
statistical approaches to improve the accuracy of fatigue life predictions.

One commonly used approach is the stress-based fatigue life prediction method. It
involves assessing the fatigue strength of a material by determining the relationship
between applied stress levels and the number of cycles to failure. This method relies on
fatigue data from experimental tests, such as S-N curves (stress-number of cycles)
generated through constantamplitude fatiguetesting. The S-N curves provide a graphical
representation of the fatigue behavior of a material and allow engineers to estimate the
fatigue life for a given stress level. The S-N curve, also known as the Wohler curve, is a
fundamental tool in stress-based fatigue life prediction. The S-N curve is typically
generated through constantamplitude fatigue testing, where specimens are subjected to
various stress levels until failure. The resulting data points are plotted on a logarithmic
scale to create the S-N curve, which allows engineersto estimate the fatigue life for a
given stress amplitude.

The most commonly used model to describe the relationship between stress amplitude
(S) and the number of cycles to failure (N) in stress-based fatigue life prediction is
Basquin's equation. This equation is typically expressed in the form of a power law
relationship: S = A(N)?, where A and B are material constants determined through
experimental testing. Basquin's equation provides an empirical fit to the S-N data and
allows for estimating fatigue life under different stress amplitudes.

It is important to consider factors such as mean stress, stress concentrations, and
material properties in order to improve the accuracy of fatigue life predictions. Gough and
Pollard [46] proposed two equations for loading in-phase combined bending and torsion

24



loads. One of these equations,known as the quarter elliptical model, is suggested for soft

materials.

)+ ()2 =1 (2-4)
f1 t_q

In the above equation, Svrepresents the range of bending stress, St represents the range
of torsional stress, f-1 is the bending endurance limit, and t-1 is the torsional endurance

limit.

Another equation called the Elliptical Bow is presented for brittle materials as follows:

G+ () (B-1)+ (D) e-5) =1 @5)

For the case when bending and torsional loads are out of phase, Lee et al. [47] have

modified the elliptical quarter model as follows:

Oaeq = Sp [1 + (ch—t_f)f]g (2-6)
& =2(1+ Bsing) (2-7)
K = zs_it (2-8)

In the above equations, 0aeq represents the equivalent stress range, B is the material
constant, and ¢ is the phase difference between the bending stress range and torsional
stress. Carpinteri et al. [48] have proposed the maximum vertical stress and shear stress
range on the critical plane as two parameters for modifying the elliptical quarter model for

out-of-phase loading:

o_l
Ueq = \/O-nzmax + (é)zrczz (2'9)

25



In this relation, o,, represents the equivalent uniaxial stress, o; is the maximum

q nmax

uniaxial stress, and t, is the shear stress range, while other parameters are fatigue
constants dependent on the material properties of the component.
Matake [49] has selected the shear stress range and the maximum vertical stress on the

critical plane as two parameters and proposed the following equation:

Taer + kanjcr < (2-10)
_tas -

k= 20, (2-11)

A=t,p (2-12)

In the above equations, Tacr represents the shear stress range on the critical plane, Oner
Is the normal stress range on the critical plane, tag is the shear endurance limit, ou is the
ultimate tensile stress, and the other parameters are material’s constants.

Papadopoulos [50] has introduced a criterion that can be used for constant amplitude
multiaxial loadings, both proportional and non-proportional, to estimate long-term fatigue

life as follows:

Tacr + kO-H,max =1 (2-13)

Nevertheless, stress-based models are not as prevalentin fatigue life predictions due to
their limited ability to adequately account for plastic strain components. Unlike stress,
plastic strain involves irreversible deformation, affecting material response to fatigue
loading differently. As a result, stress-based models may inaccurately assess fatigue life,
particularly in situations where plastic deformation plays a significant role, leading to
potential underestimation or overestimation of fatigue damage. Consequently,
incorporating plastic strain considerations becomes essential for more accurate and

reliable fatigue life predictions in engineering applications.
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For more accurate results, it is advisable to opt for alternative approaches such as strain -

based or energy-based models, as well as models based on critical plane analysis.

2.1.5. Strain-Based Approaches

Another approach is the strain-based fatigue life prediction method, which considers the
relationship between cyclic strain and fatigue life. This method is particularly useful for
materials that exhibitstrain-controlled fatigue behavior,such as certain metals andalloys.
Strain-based fatigue life prediction methods often utilize strain-life curves derived from
experimental tests to estimate the fatigue life under different strain amplitudes.

It's important to note that fatigue life prediction methods provide estimates and are subject
to some degree of uncertainty. Actual fatigue life can be affected by various factors that
are challenging to fully capture in prediction models, such as stress concentrations,
surface conditions, temperature fluctuations, and environmental effects.

In the context of fatigue life prediction, strain-based approaches refer to methodologies
that assess the fatigue behavior and estimate the remaining fatigue life of a material or
component based on the applied strains.

When applied stresses on a component are sufficiently high, and localized plastic strain
under fatigue conditions with a very large number of cycles is significant, strain-based
fatigue methods are suitable for low-cycle fatigue. Figure 2-4 shows a typical strain
amplitude versus the number of cycles to failure in log-log scale. As seen from this
representation, elastic and plastic strains versus cycles can be considered as straight
lines. Data below the fatigue transition life (N,) consists of large values of plastic strains.
Therefore, itis important to consider both portions of strain values especially in low cycle

fatigue (LCF) regime.
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Figure 2-4. A typical strain amplitude versus the number of cycles to failure

Low cycle fatigue is a type of fatigue failure that occurs in materials subjected to a
relatively small number of cyclic loading cycles. It is characterized by high-stress levels
and plastic deformation. LCF is typically observed in applications where materials
experience significant cyclic loading, such as in machinery, power plants, aerospace
components, and structural engineering. Unlike high cycle fatigue (HCF), which involves
a large number of cycles before failure, LCF is associated with a limited number of cycles

typically in the range of a few thousand or less. The cyclic loading induces plastic
deformation, causing microstructural changes, crack initiation, and eventually failure.

The main factors that contribute to LCF failure are the magnitude and distribution of
stress, mean stress or stress ratio, strain range, strain rate, and material properties. The
cyclic loading causes cyclic plastic deformation, leading to progressive accu mulation of
damage and the development of microcracks, which can grow and eventually cause

catastrophic failure.

To assessthe fatigue life in the LCF regime, various testing methods are employed, such

as strain-controlled or load-controlled tests. The material's response is characterized by
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hysteresis loops, where the stress-strain behavior exhibits cyclic softening due to plastic
deformation.

To predict and analyze LCF behavior, several models have been developed, including
the Coffin-Manson model and the Morrow model. These models take into accountfactors
such as strain range, mean stress, and strain rate to estimate the fatigue life under LCF
conditions. Additionally, advanced models, such as the Smith-Watson-Topper model and
the Fatemi-Socie model, have been developed to address multiaxial LCF behavior. LCF
failure is a critical concern in engineering design and maintenance, as it can lead to
unexpected and catastrophicfailures. Therefore, understanding and accurately predicting
LCF behavior is crucial for ensuring the reliability and safety of components and

structures subjected to cyclic loading in the low cycle fatigue regime.

As expected, strain-based approaches aim to understand the relationship between the
applied strains and the resulting fatigue life. In this method accurate measurement of
strains is crucial. To do so, strain gauges or other strain sensing techniques are used to
capture the strain variations during cyclic loading. These measurements can be obtained
at critical locations on the component or within the material itself. FEA analysis is another
important technique to calculate the magnitudes of strains at critical locations where the
fatigue cracking is most likely to occur.

Strain-life models are mathematical relationships that correlate the applied strain
amplitudesor strain ranges with the number of cycles to failure. These models are derived
based on experimental data and are specific to certain material types and loading
conditions. Some commonly used strain-life models include the Coffin-Manson model,
the Morrow model, and the Smith-Watson-Topper model.

Once the strain-life model parameters are determined, they can be used to predict the
remaining fatigue life of a material or component under given strain conditions. By
measuring the strains experienced during service or testing, the model can estimate the
remaining cycles to failure.

It's important to note that strain-based approaches to fatigue life prediction are based on
the assumption that the applied strain is the primary driving force for fatigue damage.

These approaches are effective when the material exhibits a strain-controlled fatigue
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behavior, where the fatigue life is predominantly influenced by the strain amplitude rather
than the stress amplitude. However, in situations where other factors, such as stress
concentrations or environmental effects, play a significantrole, additional considerations
may be necessary.

The claim that strain-controlled fatigue behavior primarily influences fatigue life in
materials when strain amplitude predominates over stress amplitude is supported by
various studies in the field of fatigue mechanics and materials science. Research has
shown that in certain materials and loading conditions, the fatigue life is indeed more
sensitive to strain amplitude rather than stress amplitude. This is particularly true for
materials subjected to cyclic loading where plastic deformation dominates and strain
accumulation becomes a critical factor in fatigue failure.

However, in real-world scenarios, factors beyond just strain or stress amplitude can
significantly influence fatigue life. Stress concentrations, which can arise from geometric
irregularities or material defects, and environmental effects such as corrosion can
exacerbate fatigue damage mechanisms. Therefore, while strain-controlled approaches
are effective under certain conditions, additional considerations become necessary to

accurately predict fatigue life in situations where these factors play a substantial role.

2.1.5.1. Morrow’s Damage Equation

Morrow's fatigue damage model and its modified version are widely used approaches to
estimate fatigue life in materials subjected to cyclic loading. These models are based on
strain-based fatigue theories and are particularly applicable to low cycle fatigue (LCF)
conditions. This model relates the accumulated fatigue damage to the cyclic strain range
experienced by the material. It assumes that the fatigue life is inversely proportional to

the plastic strain range considering mean stress effect (g,,,) [45]:

c
!

£, = (i’g—)( - ZTm) (2N,) +¢,' (1 - ZTm)E (2N,)° (2-14)
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In the above equation, ¢, is the strain amplitude, N, is the number of cycles to failure, and
or,b, &, ¢ are respectively fatigue strength coefficient, fatigue strength exponent, fatigue

ductility coefficient, and fatigue ductility exponent.

2.1.5.2. Modified Morrow’s Model

In the modified Morrow's model, the second term related to plastic strain no longer
depends on mean stress [45]. Consequently, this adjustment leads to a decrease in the

estimated impact of mean stress, particularly for shorter fatigue life predictions.

!

e, = (L) ( - ;’Tm) (2N,)" + &' (2N,)" (2-15)

To use this method for multiaxial fatigue condition, the multiaxial stress state should be
converted to uniaxial stress using one of the methods like von Mises or other similar

criteria.

2.1.5.3. Smith-Watson-Topper Model Based on Local Stress-Strain

The SWT approach suggests that the fatigue life, under any mean stress condition, is

contingent on the product of £,0,,,, = h" (N;) [45]:

b+c

&E,0.

nax = () /EY2N,)™ + &' 0, (2N;) (2-16)

a

To convert multiaxial stress and strain condition to an equivalentuniaxial stress and strain

the following equations can be utilized [45]:

1
Ocqa = TE\/(Uxa - Uya)z + (aza - Gya)z + (axa - Uza)Z + 6(Txya2 + sza2 + szaz) (2'17)
Oeqm = Oxm + Oym + Opy (2-18)

eqgm
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2 1
geqa = \/5 (gxz + gyz + Ezz) + ;(Vyzz + szz + Vyxz) (2'19)

o,

In the above equations, o,,4, Opgm) Eeqm

qa are effective stress amplitude, effective mean

stress, and effective strain amplitude, respectively.

2.1.6. Critical Plane Approaches

Critical plane approaches are widely used methods for predicting the fatigue life of
components subjected to multi-axial loading conditions, whether in-phase or out-of-
phase. When a material undergoes cyclic loading in multiple directions simultaneously, it
experiences complex stress states that can significantly affect its fatigue life. In such
scenarios, conventional methods based solely on stress or strain amplitude may not
provide accurate predictions.

Critical plane approachesaddress this challenge byidentifyingthe plane or surface within
the material where the most damaging stresses occur during the loading cycle. This
critical plane represents the location where fatigue damage is most likely to initiate and
propagate. The conceptbehindcritical plane approachesis that fatigue failureis primarily
driven by the stress state on this critical plane rather than the individual stress
components.

The critical plane can be determined through different mathematical formulations and
criteria, such as the Maximum Shear Stress (MSS) criterion, the Fatigue Shear Stress
(FSS) criterion, or the Normalized Shear Stress (NSS) criterion, among others. These
criteria consider both the amplitude and phase relationship between the principal stress
components on various planes to identify the most detrimental one.

Once the critical planeis established, the fatigue life can be estimated using appropriate
fatigue damage accumulation models, such as the Rainflow countingmethod combined
with Miner's rule. These models take into accountthe damage caused by each stress
cycle on the critical plane and accumulate it to predict the total fatigue life of the
component.

In the following, the most commonly used models based on critical plane approach are

discussed.
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2.1.6.1. Findley Model

For a large category of components operating near or below the fatigue limit, especially
those subjected to low applied stresses well below the material's yield stress, particulary
components operating in the fatigue regime with a high number of cyclic cycles, fatigue
models based on stress are commonly used.

The Findley model is a widely used method for assessing fatigue failure in materials under
multiaxial loading conditions. This model provides a good estimation for components

operating in the infinite-life regime. It offers an estimation based on the critical plane,

- : , : A , , .
where the critical plane is the one in which ((f) + ko) is maximum. In this context,

the model combines shear stress and the maximum normal stress in the critical plane
using a linear combination. In this parameter, Arrepresents the shear stress amplitude,

on is the normal stress on the critical plane, and k is a material constant obtained
experimentally through fatigue testing of the material.

The Findley model is particularly applicable to high-strength materials that exhibit a
fatigue strength that depends strongly on the stress state. It has been used in various
engineering fields, including aerospace, automotive, and structural engineering, to
estimate fatigue life and assess the durability of components subjected to multiaxial

loading.

It's importantto note that while the Findley model is widely recognized, it does have some
limitations. For instance, it assumes a power law relationship for fatigue damage
accumulation and may not capture all the complexities and material-specific behavior.
Therefore, it is always recommended to validate the model's predictions with
experimental data or consider more advanced and refined fatigue models when dealing
with specific materials and loading conditions.

To predict fatigue life based on Findley’s model, the following equation can be used [51]:

((A?) + "“n) =177 (Np)” (2-20)
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In this equation, 7; represents the Findley’s material constant and can be obtained from

the following equation:
T = V1+ k' (2-21)

The value of 1+ k? is usually considered to be approximately 1.04. Additionally, in the

above equation, 7/ represents the shear fatigue strength coefficient.

2.1.6.2. Fatemi-Socie Model

The Fatemi-Socie critical plane model, also known as the Fatemi-Socie multiaxial fatigue
model, is a widely used method for predicting fatigue life in materials subjected to complex
multiaxial loading conditions. It was developed by Fatemi and Socie in the late 1980s as

an improvement over earlier fatigue models [52].

The key conceptbehind the Fatemi-Socie model is the consideration of the critical plane,
which is the plane within the material where the fatigue damage accumulates most
rapidly. Instead of evaluatingthe stress amplitude on a single plane, this model takes into

account the orientation of the plane relative to the principal stress directions.

The Fatemi-Socie model combines elements of both stress-based and strain-based
fatigue models. It utilizes the equivalent strain amplitude as the primary parameter to
assess fatigue damage. The model accounts for the influence of mean stress, stress

amplitude, and the interaction between shear and normal stresses on the critical plane.

The critical plane is determined by rotating the coordinate system to align the principal
stress directions with the axes of the coordinate system. The strain components on the
critical plane are then calculated, and the equivalentstrain amplitude is determined by
combining these components. The model incorporates empirical fatigue coefficients and
equations to estimate the fatigue life based on the equivalent strain amplitude.

The Fatemi-Socie critical plane model provides a more accurate prediction of fatigue life
under multiaxial loading conditions compared to simpler uniaxial fatigue models.
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Equation below expresses Fatemi-Socie’s critical plane model [52]:

ra(1+ (2 = 7 6 (@M + vy (20 (2:22

In this equation, 7, represents the coefficient of shear fatigue strength, G is the shear
modulus of the material, y,' is the torsional fatigue strength coefficient,and b and c are

material constants. Additionally, on is the normal stress on the critical plane, oys is the

yield stress of the material, and y, is the shear strain amplitude.

2.1.6.3. SWT Model Based on Critical Plane Approach

The SWT model assumes that the fatigue failure is controlled by the nucleation and
growth of fatigue cracks on the critical plane. The model provides a means to estimate
the fatigue life of materials subjected to various multiaxial loading conditions, including

combinations of tension, compression, torsion, and shear.

According to this model, failure occurs on the plane where the parameter d, = ¢,0, has

its maximum value, and this plane is referred to as the critical plane. The equation used

based on this model is as follows:

b+c

d, = (/)" /EY(2N;)™ +¢/',' (2N,,) (2-23)

The SWT model is specifically designed to predict the fatigue life of metallic materials
subjected to complex multiaxial loading conditions. It takes into accountthe interaction
between normal and shear stresses on the critical plane, similar to the Fatemi-Socie
model. This model considers both high-cycle fatigue and low-cycle fatigue regimes and
also takes into account the effects of mean stress. In the above equation, €a and on

representthe normal stress and normal strain amplitude on the critical plane, respectively.
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2.1.7. Fatigue Crack Growth (FCG)

Fatigue crack growth is a phenomenon that occurs in materials subjected to cyclic
loading, leading to the progressive propagation of cracks within the material. It is a
common mode of failure in structural components and is a critical consideration in the
design and maintenance of various engineering systems. When a material is subjected
to cyclic loading, such as alternating stresses or strains, cracks can initiate at regions of
high stress concentration, such as notches or flaws in the material. These cracks typically

start as small microcracks, which grow incrementally with each loading cycle.

The growth of a fatigue crack is influenced by several factors, including the magnitude
and distribution of cyclic loading, the stress intensity factor (SIF) at the crack tip, and the
material's fracture toughness. The FCG behavior is commonly characterized by a
relationship between the crack growth rate (da/dN) and the crack-tip stress intensity
factor range (AK). The stress intensity factor K depends on the crack length a, loading
type, and geometry. A typical relationship between da/dN and AK in alog-log plotcan be

illustrated in Figure 2-5, and it can be expressed by Paris equation as follows [45]:

d_a — C(AK)m (2'24)

aN

where da/dN is the crack growth rate, AKis the stress intensity factor range, and C and
m are material-specific constants determined through experimental calibration.
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Figure 2-5. A typical representation of fatigue crack growth rates versus stress intensity factor ranges
for a ductile material [45]

The values of m normally vary between the range of 2.5 to 5.5 for ductile materials [53-
57] and 8 to 10 for brittle materials [58].

The value of R significantly affects the crack growth rate and the overall fatigue life of a
material [59, 60]. For most materials, fatigue crack growth rates are higherundertension
compared to compression. This phenomenon is commonly known as the R-ratio effect.
The presence of tensile stresses during the cyclic loading accelerates crack propagation

due to the development of larger plastic zones ahead of the crack tip. On the other hand,
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compressive stresses tend to hinder crack growth by compressing the crack faces and

closing the crack slightly during each cycle.

Furthermore, at low R-values, fatigue crack growth rates tend to be more significant due
to the dominance of tensile stresses in the loading cycle. As the R-value increases
towards zero and becomes positive, the crack growth rates decrease. At fully reversed

loading condition, crack growth rates reach their minimumvalue because of the balanced
presence of tensile and compressive stresses in the loading cycle.

Fatigue crack growth analysis plays a crucial role in fatigue life prediction and structural
integrity assessments. By considering the crack growth rate and the initial crack size,
engineers can estimate the remaining useful life of a componentor determine inspection
intervals to ensure safe operation. Various techniques and numerical methods, such as
the finite element method, are employed to simulate and analyze fatigue crack growth
behavior, aiding in the development of strategies for crack management, repair, and
maintenance in real-world applications. Understanding and accurately predicting fatigue
crack growth require detailed knowledge of material properties, loading conditions, and
crack growth mechanisms. Empirical data, experimental testing, and sophisticated

modeling techniques are typically employed to enhance the accuracy of fatigue crack
growth predictions and ensure structural reliability and safety.

2.2. Creep

When a uniaxial componentis simultaneously subjected to a constanttensile loading at
a relatively high temperature for a long period of time, the strain progressively increases
in the part [61], as shown in Figure 2-6. This strain is called creep strain which consists
of three stages. The part where the strain rate decreases is called the primary creep, the
stage where the strain rate is nearly constant is called the secondary or steady-state
creep, andthe final stage where the strain rate increasesis called the tertiary creep, which
occurs before failure [62]. During the primary creep stage, strain hardening takes place
at temperatures below the recrystallization temperature, but due to the short duration of

plastic deformation, diffusion and recovery mechanisms dominate, causing a gradual
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decrease in the deformation rate with time. In the secondary stage, strain hardening
increases initially due to dislocation, but as time progresses, the rate decreases as
diffusion and recovery reactions occur, resulting in a steady strain rate known as the
minimum strain rate. In the third creep stage, the increase in creep rate is attributed to
the formation andjoining of voids and cracks, leading to stress escalation. This stage may
involve other metallurgical phenomena, such as recrystallization or particle coarsening,
which enhance diffusion-assisted reactions and contribute to a faster strain rate until

fracture occurs [63].

TOTAL STRAINE

TIME t

Figure 2-6. Typical creep strain versus time curves for uniaxial loading under different loads L1, L2, and
L3 [61]

The creep curve slope strongly depends on the applied stress and temperature. The
dependency of creep strain on the constant stress and constant temperature conditions
are depicted in Figure 2-7. Due to the involvement of various factors and different
mechanismsin the creep phenomenon, conducting diverse experiments under different
stresses and temperatures is necessary to determine the creep characteristics of

materials.
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Figure 2-7. Dependency of applied stress and temperature on creep strain [64]

Under high temperature conditions, creep strain (e.) can be expressed as a function of

applied stress, temperature, and time as follows:

e, = f(o,T,0) (2-25)

However, it is convenientto separate all the parameters and express the creep strain as

follows:

g = f1(0) [,(®) f3(T) (2-26)

2.2.1. Dependency of the Creep Strain to the Applied Stress

The following relations have been proposed to express the dependency of the creep
strain to the applied stress, which are Norton, Prantel, Dorn, Garofalo, and Friction Stress

relations, respectively [61]:

fi(o) =Bo™ (2-27)
fi(o) = Csin(ao) (2-28)
fi(0) = Dexp(Bo) (2-29)
fi(0) = A[sin (yo)]" (2-30)
fi(0) =B(o —0y)" (2-31)
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The above-mentioned relations are mathematical expressions used to describe how the
strain, or deformation, of a material change overtime undertheinfluence of applied stress
during creep, a time-dependent deformation phenomenon observed in materials

subjected to prolonged stress at elevated temperatures.

In essence, these relations provide a way to understand and predicthow much a material
willdeform over time when subjected to a certain level of stress at elevated temperatures.
They are derived from experimental observations and empirical correlations between

stress, temperature, and creep strain obtained from creep testing of materials.

Each of these relations has its own set of assumptions and limitations, and they may be
applicable to different materials or creep conditions. For example, some relations may be
more suitable for describing primary creep (initial stage), while others may be better for

secondary or tertiary creep (later stages) or for specific types of materials.

2.2.2. Dependency of the Creep Strain to Time

The following relations express the dependency of creep strain to time, which are

secondary creep, Bailey, Andrade, and Graham and Walles, respectively [61]:

L=t (2-32)
f, () =bt™ (2-33)
£, (®) = (14 btt/3)ekt (2-34)
@) =X;a;t™ (2-35)

2.2.3. Dependency of the Creep Strain to the Temperature

Based on the Arrheniusrule,the creep strain dependencyto the temperature is as follows
[61]:

£ (T) = Ae(-AH/RT) (2-36)
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In this relation, AH is the activation energy, R is the Boltzmann constant, and T is the
absolute temperature in Kelvin, respectively. To describe the creep behavior of materials,
constitutive equations related to creep strain or creep strain rate can be utilized. One of
the most well-known equations to describe creep behavior is the Norton power law

equation [61]:
g, = Ae(-Q/FD)S" (2-37)

The latest equation will be used for describing creep behavior of smooth and welded
samplesto ensurethatthismaterial is suitable forcombined heat and power micro-turbine
systems. Since there are various parameters and mechanisms affecting creep
phenomenon, to obtain creep characteristics of a material, creep tests mustbe conducted

at various stress levels and temperatures.

2.3. Literature Review
2.3.1 Quasi-Static and Fatigue Failure

This section presents a comprehensive literature survey on fatigue response of
superalloys, particularly Inconel alloys, with a specificfocuson Inconel 600, undervarious
loading conditions. Despite the considerable volume of existing research on these
materials, there remains a need for furtherinvestigation, particularly from a fatigue failure
perspective. This requirementstems from the fact that these components are utilized in
various sections of microturbine systems, necessitating a thorough examination of their
suitability under different conditions, including welding, notched configurations, and
diverse loading scenarios. The identification of research gaps in these aspects forms the
basis for this study, which aims to address and fill these gaps. The subsequent
paragraphs provide concise summaries of some of the available research studiesin this
field.

The study conducted by Nanaware et al. [8] focuses on analyzing the turbine blades of a
Gas Turbine Engine, specifically targeting the Turbine and Combustion Chamber areas,

which are known for their complex problems. The objective of the project was to assess
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the performance of different high-temperature alloys in terms of strength against
temperature and other stress effects. Five different Ni-based alloys, specifically designed
for aerospace applications, were selected for analysis. Using ANSYS software, the
turbine blades made of these alloys were subjected to flow and structural analysis at
various temperature levels. After comparing the results, the researchers identified the
best-performing alloy for turbine blade production. They found that the alloy RR 1000
exhibited the most favorable overall results among all five alloys. On the other hand,
Inconel 600 showed the minimum elongation at any temperature but did not perform as
wellin other properties. Based on their findings, the study suggeststhat Inconel 600 could
be suitable for short-range aircraft, while RR 1000 is recommended for long-range aircraft
due to its superior performance.

Gajalappa and colleagues [7] conducted a study on the high-temperature deformation
characteristics of Inconel 600 super alloy, which possesses remarkable oxidation and
corrosion resistance at elevated temperatures. Due to these exceptional properties, it is
extensively used in aerospace components such as blades, shafts, and aircraft gas
turbines. The researchers performed hot deformation tests on Inconel 600 at
temperatures ranging from 950°C to 1100°C, with various strain rates from 0.001 s *to 1
s™L The resulting true stress-true strain curves indicated that at lower strain rates, the
alloy exhibited softening behavior throughoutthe entire deformation temperature range.
Conversely, at higher strain rates, it displayed strain hardening characteristics over the

entire temperature range. The observed softening could be attributed to dynamic
recrystallization (DRX) or instability in the deformed microstructure.

In their study, He et al. [65] investigated the fracture cause of a steam turbine blade root.
During turbine maintenance, they identified nineteen IP-6S (Intermediate Pressure 6th
Stage) blades with root cracks. The analysis involved various methods, such as
macroscopic inspection, magnetic particle testing, room temperature mechanical property
testing, micro-hardness testing, chemical analysis, metallographic analysis, scanning
electron microscopy, and energy spectrum analysis, while simulating the blade's static
stress. The results showed that the blade leaves' chemical composition and mechanical

properties met the required standards, and no abnormal corrosive substances were
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present in the crack initiation zone. Numerical simulations indicated that the surface of
the first tooth arc experienced the highest stress in the root, and improper installation
could furtherincrease this stress level. The primary cause of root cracking was attributed
to an increased gap between the blade root and leaf groove, which altered the blade root
contact mode, leading to enhanced stress on the first tooth arc. This, in turn, aggravated
wear between the root and leaf groove and eventually led to fatigue cracking at the

stressed first tooth.

Hou et al. [14] conducted a study on blade failures in gas turbine engines, which can
significantly impact engine availability. Thorough failure investigation is essential for
managing engine airworthiness effectively. The researchers investigated blade fatigue
failures through mechanical analyses and examination of the failed blades. They
performed a series of mechanical analyses to identify potential causes of the failures by
scrutinizing irregularities in the mechanical behavior of the turbine blade. Using a non-
linear finite element method, they determined the steady-state stresses and dynamic
characteristics of the turbine blade. By evaluating and synthesizing the steady-state

stresses and dynamic characteristics, the researchers identified the root causes behind
the blade failures.

Isobe and Nogami [66] conducted low cycle fatigue tests on a 12%Cr steel component
specimen, resembling a turbine blade root and disc joint, at a high temperature of 600°C.
The study aimed to investigate micro-crack growth behavior in the joint region to
understand the damage mechanism of blade-root joints in high-temperature
environments and enhance life assessment methods through finite element analysis.
They observed that under conditions of relatively high total strain, the micro-crack growth
behavior resembled that of smooth bar specimens, with cracks initiating at the notch
region and the crack growth rate increasing with surface crack length. The fatigue life of
these component specimens was similar to smooth bar specimens. However, under
relatively low total strain, a differentgrowth behaviorwasnoticed, with no cracks observed
at the notch region. Instead, microcracks initiated atthe contact region's edge in the early

stages, and the crack growth rate remained minimal. The fatigue life of these component
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specimenswas shorter than that of smooth bar specimens, possibly due to fretting fatigue
at the contact edge and mean stresses.

Krechkovska et al. [67] investigated the reasons behind steam turbine rotor blade failures
made of high-alloyed heat-resistant steel 15Kh11MF. Premature blade failure resulted
from technological defects due to welding and surface hardening imperfections, leading
to corrosion-erosion wear, uneven micro-damage distribution, and crack initiation. These
cracks altered blade oscillation frequency, causing resonance and overloading. The
corrosive steam-water mixture in the phase transition zone also contributed to fractures.
Long-term operation led to carbide precipitation weakening grain boundaries and
reducing fatigue crack growth resistance. Effective threshold values of the SIF range
decreased significantly due to the crack closure effect caused by intergranular fragments
formed during steel operation. To assess the steel's condition, structural and mechanical

indicators were proposed, providing guidelines for safe operation of 15Kh11MF steel in
steam turbine rotor blades.

2.3.2 Creep Failure

The creep response of advanced materials, such as superalloys like Inconel 600, has
garnered significantinterestdue to their widespread usein high -temperature applications,
including aerospace and power generation industries [68, 69]. However, despite their
importance, studies focusing on the creep behavior of these materials, particularly in
welded forms and containing discontinuities like notches, remain relatively limited in
literature. Understandingthe creep performance undersuch complex conditionsiscrucial
for ensuring the structural integrity and reliability of components operating at elevated
temperatures. This lack of comprehensive research highlights the need for further
investigation to assess the long-term behavior and creep resistance of advanced
materials, considering the influence of welding and other structural irregularities on their
mechanical properties. The following paragraphs aim to provide a concise overview of
the existing knowledge and findings available in the literature concerning the creep
response of advanced materials with a focus on superalloys like Inconel 600, particulary

in the presence of welds and discontinuities.
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Chavezet al. [9] conducted creep and tensile tests on three materials: Inconel 600, 304
stainless steel, and SA106B carbon steel. The tests were performed at elevated
temperatures and stresses, exceeding previous experiments. Inconel 600 showed a
significantreduction in ultimate strength above 800 K in tensile tests. Creep data indicated
failure in less than 10 hours at temperatures above 1000 K and stresses exceeding
approximately 130 MPa. They reported that, stainless steel 304 exhibited consistent
tensile behavior with published data up to 1366 K. However, its ultimate strength dropped
rapidly beyond approximately 800 K, and creep data predicted failure in less than 10
hours at temperatures above 1089 K and stresses exceeding 80 MPa. SA106B carbon
steel, notdesignedfor high-temperature use, experienced arapid loss of ultimate strength
above approximately 600 K. Tensile testing extended up to 1150 K, and creep data
showedfailureinlessthan 10 hoursattemperatures above 900 K and stresse s exceeding
approximately 75 MPa.

Boehlert's study [70] investigated the effect of thermomechanical processing on Alloy
690's microstructure and elevated-temperature creep behavior. They subjected
commercially available sheetto four cycles of cold rolling (25% deformation) followed by
annealing at 1000°C for 1 hour. The thermomechanically processed microstructure
showed slightly lower twin fraction and smaller grain size compared to the original
microstructure. Tensile-creep experiments were conducted at temperatures between 650
and 690°C and stresses between 75 and 172 MPa, revealing that dislocation creep with
lattice self-diffusion dominated. Surprisingly, the thermomechanically processed
microstructure exhibited significantly worse creep resistance than the original
microstructure, suggesting thatthe cyclic strain and annealing processing should notbe

used to enhance creep resistance.

Li etal. [71] conducted a study to compare the performance of as-received and 600-hour
serviced turbine blades undercreep-fatigue loading. The results showed that the service-
exposed blades exhibited a longer creep-fatigue life than the as-received ones, mainly
due to grain size refinement and increased hardness during service. Microstructural
analysis indicated no directional coarsening or rafting of y’ precipitates after 600 hours of
service. Notably, the as-received blades displayed initial cyclic hardening followed by

saturation and softening, while the serviced blades continuously softened until failure.
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The researchers proposed a conservative service life prediction approach based on the

experienced mission profile, providing a novel way to assess turbine blade durability.

Sugaharaetal. [72] conducted a study to evaluate the creep and mechanical behavior of
Inconel 718 superalloy, which is a new generation superalloy developed for high engine
efficiency and improved elevated temperature properties, particularly creep resistance.
Creep tests were performed within atemperature range of 650 to 700 °C and stress range
of 625 to 814 MPa. Additionally, hot tensile and oxidation tests were carried out. The
researchers used various characterization techniques, such as scanning electron
microscopy (SEM) for microstructural and fracture surface analysis, transmission electron
microscopy (TEM) for precipitates analysis, grazing X-ray diffraction for analyzing oxide

formation, and Vickers microhardness for assessing material properties.

Vakili-Tahami and Adibeig [73] conducted a study to assess the potential of replacing IN
738LC gas turbine blades with domestically produced IN 718 superalloy, focusing on its
creep behaviorundervariousoperating conditions. The domestically produced superalloy
showed excellent quality and compliance with international standards based on
experimental tests of its creep behavior and constitutive equation. The study used
numerical optimization techniques to determine creep constitutive parameters for the
alloy. The investigation also examinedthe creep behaviorof gas turbine blades operating
at different rotating speeds using the finite element method. The results indicated that

due to its relatively high creep deformation, IN 718 is more suitable for use in low and
medium power gas turbines.

Zhang et al. [74] conducted a study to determine the mechanical properties of nickel-
based alloy 600 before and after creep using continuous indentation testing and
numerical simulation. They obtained the high-stress creep constitutive equation for the
alloy and found that as creep time increased, the alloy exhibited more deformations,
leading to improved mechanical properties. The indentation test model offered a
nondestructive approach with less than 5% relative strength error compared to traditional
tests, providing valuable insights for equipment safety evaluation and material life
prediction.
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In this thesis, the focus shifts to the materials used in the study, with particular attention
given to Inconel 600. It outlines various specimen types, including standard specimens,
weldments, and notched specimens, while detailing the mechanical testing methods
applied, such as quasi-static tests, hardness testing, and fatigue tests. Furthermore, it
delves into the setup for creep tests and examines the fractography analysis of ruptured
specimens. Additionally, finite elementanalysis and its application to the study, including
FE modeling, boundary conditions, and the Johnson-Cook plasticity model, are
introduced. This segment provides a comprehensive overview of the materials,
specimens, and methodologies employed in the research.

Within this thesis, the results of the conducted experiments and simulations are outlined.
The section begins with an introduction contextualizing the results, followed by
discussions on fatigue life prediction for Inconel 600 parent material, weldments, and
notched specimens. Moreover, it examines the fractography of the tested specimens
under various loading conditions, including tensile and cyclic loading, while presenting
the results of multiaxial fatigue, fatigue crack growth, and creep loading experiments. This
segment offers an in-depth analysis and interpretation of the obtained results, elucidating
their significance and implications within the research framework.
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3.Methodology

3.1. Introduction

This chapter presents a comprehensive investigation into the mechanical properties and
testing procedures of Inconel 600, a high-performance nickel-chromiumalloywidely used
in demanding engineering applications. The focus is on understanding the behavior of
Inconel 600 through various testing methods, including quasi-static and fatigue testing,
as well as characterizing its microstructure using Scanning Electron Microscopy (SEM)
and assessing hardness on different types of samples. The selection of appropriate
specimen geometries, such as smooth samples for basic mechanical property
characterization, welded samples to evaluate the weld's integrity, and single-edge and
double-edge notched samples to assess fracture toughness, is crucial for obtaining
reliable and representative data. The mechanical properties of Inconel 600 play a pivotal
role in determining its suitability for specific engineering applications. Key mechanical
properties, including tensile strength, yield strength, elongation, and toughness, are
paramountin understanding the material's ability to withstand external forces and resist
deformation or fracture. Additionally, fatigue testing involves cyclic loading to simulate
real-life operational conditions, offering insights into the material's resistance to crack
initiation and propagation under repetitive loading. The hardness of Inconel 600 on
welded samples is assessed to evaluate the material's properties of differentregions of
the samples. These data will then be used in FEA analysis for fatigue life predictions of
the welded specimens. Finally, understanding the microstructure of Inconel 600 is crucial
to link its mechanical properties to its crystal structure and grain boundaries. SEM
analysis offers high-resolution imaging, enabling the identification of grain boundaries,
precipitates, and defects that impact its mechanical performance.

The following flowchart provides a concise overview of the key steps undertaken

throughout this chapter (see Figure 3-1).
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Figure 3-1. Flowchart of the steps done in the present chapter.

3.2. Materials Selection and Test Procedure
3.2.1. Inconel 600

The material used in this study was Inconel 600 alloy, which itschemical composition has
been summarized in Table 3-1.
Table 3-1. Chemical composition of Inconel 600 [75]

Comp (%) Ni Cr Fe C Mn S Si Cu
Inconel 600 73.63 15.68 8.79 0.054 0.33 0.006 0.24 0.028

Inconel 600 alloy is known for its high strength and toughness, high oxidation resistance
and high ductility [76]. These characteristics make it an ideal choice for the components
used in CHP micro-turbines in which resistivity against high temperatures and cyclic
loadings are essential. Hence, essential mechanical tests have been carried out and
material properties have been extracted. The exact experimental tests are as follows:

1- Tensile tests for the Inconel 600 parent material (PM) and the weldment.

2- Hardness distribution in the cross-sectional area of the welded samples.

3- Microstructural images of differentregions of the welded specimens, including

nugget zone, heat-affected-zone (HAZ) and PM.
4- Fatigue tests of Inconel 600 PM and the weldment.

5- Creep tests at different loadings under a constant temperature.
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3.2.2. Sample Preparation

In this study, samples for both quasi-static and fatigue tests were meticulously prepared
followingthe guidelines provided by the ASTM-E8-04 [77]. For the quasi-staticand fatigue
tests, samples were obtained from Inconel 600 sheets with a uniform thickness of 3 mm.
The choice of sheet material ensured homogeneity and minimized variations in
mechanical properties throughout the samples. The use of standardized sample
dimensions and geometries, as per the designated ASTM EB8-04 standard, allowed for
direct comparison with existing data and ensured the reproducibility of results.

Welded samples were prepared to investigate the mechanical behavior of Inconel 600 in
welded conditions. To create the welded samples, two Inconel 600 sheets were carefully
aligned and placed side by side, mimicking a butt joint configuration. Subsequently, a
high-quality Tungsten Inert Gas (TIG) welding operation was performed to join the two
sheets seamlessly.

After the welding process, the welded sheets were allowed to cool down to ambient
temperature to prevent any heat-affected zone variations. The samples were then cut
from the welded sheets using precise wire-cut technique. This ensured that the welded
samples retained the intended joint configuration and avoided any detrimental effects on

the material's microstructure and mechanical properties during the cutting process.

3.3. Quasi-Static Tests

Quasi-static tests were conducted on Inconel 600 samples to characterize its response
to static loading conditions. During the tests, the samples were subjected to uniaxial
loading at a constant and controlled speed of 1 mm/min. This loading rate allows for the
accurate measurement of material deformation and stress-strain behavior, capturing
critical mechanical properties such as yield strength, ultimate tensile strength, elongation,
and modulus of elasticity.

Engineering and true stress-strain curves are illustrated in Figures 3-2 and 3-3. The
mechanical properties of the Inconel 600 alloy and the weldment has been presented in
Table 3-2.
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Table 3-2. Mechanical properties of Inconel 600 and the weldment

UTS (MPa) Yield Strength (MPa) Elongation (%)
Inconel 600 PM 671 345 50.8
Weldment 641 320 15.2
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Figure 3-2 Engineering and true stress-strain curves for Inconel 600 PM
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Figure 3-3. Engineering and true stress-strain curves for Inconel 600 weldment

By plotting true stress versus true plastic strain, one can extract the Ramberg-Osgood’s

constants. The Ramberg-Osgood equation is a widely used mathematical model in
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engineering mechanicsto describe the stress-strain relationshipin materials beyondtheir

elastic limits (refer to Figure 3-4).
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Figure 3-4. A typical Ramberg-Osgood relation, showing the power-law relationship between stress
and plastic strain components

The Ramberg-Osgood relation is presented in one of the following forms [78, 79]:
— 04 9N/ ;
€= E + (H') (3 1)

o= H'(Sp)n’ (3-2)

where H' and n’ are Ramberg-Osgood’s constants. The Ramberg-Osgood equation is
valuable for predicting the non-linear deformation of materials under various loading
conditions, making itessential in structural analysis and design. The Ramberg-Osgood’s

constants are summarized in Table 3-3.

Table 3-3. Ramberg-Osgood’s constants of Inconel 600

H' (MPa) n' R?
Inconel 600 PM 771 -0.113 0.98
Weldment 869 -0.135 0.97
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True stress versus true plastic strain for both Inconel 600 PM andthe weldmentare shown
in Figures 3-5 and 3-6. Knowing the Ramberg-Osgood parameters are very important to
evaluate fatigue life of notched components with differentgeometries using strain -based
approaches. These parameters, along with the Neuber formula (Eq. 3-3) [80] are used to
obtain the essential parameters, including strain amplitudes and mean stresses to be
used in any strain-based fatigue life prediction models such as SWT equation (Eqg. 2-16).
O Eme = e5ma)” (3-3)
In this equation, ¢,,,, and g,,,, are maximum stress and strain at the notch root of a
notched component, S,,,, is the maximum remote stress, K, is the elastic stress

concentration factor, and E is Young’s modulus.
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Figure 3-5. True stress versus true plastic strain for the Inconel 600 PM
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Figure 3-6. True stress versus true plastic strain for the Inconel 600 weldment

3.4. Hardness tests

To assess the hardness distribution within the welded sample, a series of hardness
measurements were performed at regular intervals of 1 mm along the cross-sectional
area. Figure 3-7 presents a schematic view of the cross-sectional area, showcasing the
weld's geometry and boundaries. The hardness distribution will be utilized to determine
the mechanical properties of different regions on the weldment based on the uniform
material law [81, 82].

NZ HAZ

@f’ BM

Figure 3-7. Cross-sectional area of the weldment and the points of hardness measurements

3.5. Fatigue Tests

Fatigue tests on both the smooth and welded samples were performed using a state-of-

the-art Zwick/Roell servo-hydraulic fatigue testing machine with a load ratio R=0 and a
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testing frequency of 10 Hz, according to ASTM E466 standard [83]. The fatigue behavior
of Inconel 600 PM andthe weldmentwere thoroughly examinedto assess theirresistance
to cyclic loading. It should be noted that all fatigue tests were conducted at room
temperature, with cyclic loads applied between 40% and 80% of the specimens' ultimate
tensile strength.

For each static and fatigue test, at least two samples were tested, and the average of the
results was reported. This approach was taken to account for uncertainties and ensure
the reliability of the data. By averaging the results, we aimed to minimize the impact of
any potential uncertainties and provide a more accurate representation of the material's
performance.

3.6. Creep Tests

Before conductingthe creep tests, the test sample configuration andtest setup apparatus
were carefully prepared to ensure accurate and reliable results. Figure 3-8 provides a
visual representation of the test sample used in the experiment.

Fig. 3-9 illustratesthe test setup apparatus usedfor the creep testing. The apparatus was
designedto control and maintain a constanttemperature of 650°C throughoutthe testing
process. Additionally, itallowed for the precise application of differentloads to each type
of sample. For the smooth sample, a stress level of 400 MPa was utilized, while the
welded specimens were tested at stress levels of 250 and 400 MPa. These stress levels
were chosen based on the material properties and the intended application of the

samples.

Figure 3-8. Creep test sample
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Figure 3-9. Test setup apparatus used for the creep testing

During the testing, the creep strain values were continuously monitored at regular
intervalsover a predetermined time duration. The strain -time data were collected, andthe
resulting creep strain-time curves were plotted for both smooth and welded samples

under their respective stress conditions.

3.7. FE Simulations

To ensure the accuracy of FE simulations, it is essential to take into account the

temperature-dependent physical, mechanical, and thermal properties of the material
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being used. In the case of Inconel 600, these properties are known to vary with
temperature, which can significantly affect the results obtained from FE analyses.

To account for these variations, the physical, mechanical, and thermal properties of
Inconel 600 are assigned to the geometry in a temperature-dependent manner. This
ensures that the FE simulations accurately reflect the behavior of the material under
different thermal and structural conditions. In addition to assigning temperature-
dependent properties, the Johnson-Cook plastic model [84, 85] (Eq. 3-4) is utilized in the
FE simulations. This model is particularly suitable for materials that exhibittemperature-
dependent plastic behavior and structures undergoing relatively severe thermal and
structural loading. By consideringthe variationsin temperature, the Johnson-Cook model
provides a more accurate representation of the material's response to loading, which is
crucial for predicting its behavior in real-world applications such as those in micro-

turbines.

o,=(A+B&}, )[1+Cln i)[l—(L) } (3-4)
&9 Tref -T

melt

Constants of Johnson-Cook plasticity model for Inconel 600 was obtained and

summarized in Table 3-4.

Table 3-4. Johnson-Cook constants for Inconel 600

. A o o
Material (MPa) B (MPa) n m C Tref (°C)  Tmelt (°C)
Inconel 600 450 1300 0.94 1.3 0.017 26 1413

Figure 3-10 depicts the variations in true stress versus true strain as a function of
temperature. The data from these curves are extracted and assigned to the FE software

to account for the strain hardening effects.
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Figure 3-10. True stress-strain curves obtained using Johnson-Cook model for Inconel 600

In all the FE simulations, the samples were modeled in three dimensions and meshed
using C3D8R elements. In the first stage, mesh sensitivity analysis was conducted using
six differentmesh sizes. Ultimately, a mesh size of 0.5 mm was selected as the optimal

mesh size.

3.8. Multiaxial Fatigue

Multi-axial fatigue refers to the phenomenon of material failure under cyclic loading in
more than one direction simultaneously. This means thatwhen a mechanical component
IS subjected to a complex loading history, such as combined tension and torsion, its
behavior cannot be fully predicted by considering only the individual stress components
acting on it. Instead, the combination of stresses acting on multiple planes must be taken
into account to accurately predict the fatigue life of the component.

Critical plane approaches are a set of methods used to assess multi-axial fatigue failure.
These methods are based on the idea that the location of the critical plane, where the
maximum damage occurs, is an important factor in predicting the fatigue life of a
component subjected to complex loading. In general, critical plane approaches involve

calculating the damage induced on each plane in the material, and then determining the
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location of the critical plane where the maximum damage occurs. This critical plane is
then used to calculate the fatigue life of the component.

The importance of critical plane approaches lies in their ability to accurately predict the
fatigue life of mechanical components subjected to complex loading histories. By
accounting for the combined effects of stresses acting on multiple planes, these
approachescan provide more accurate andreliable fatigue life predictionsthan traditional
methods that consider only individual stress components. Thisis particularly importantin
engineering applications where components are subjected to complex loading histories,
such as aircraft and automotive structures, where safety and reliability are critical
concerns.

There are several differentcritical plane approachesthat have been developedto analyze
multi-axial fatigue. Fatemi-Socie (FS) (Eq. 2-22) approach is a widely used critical plane
method for predicting the fatigue life of metallic materials subjected to complex loading
histories. This approach is based on the concept of a "damage parameter” that takes into
accountthe combined effects of both shear and normal stresses on the critical plane. The
FS approach uses a set of empirical equations to predict the fatigue life of a material
based on the value of the damage parameter. Brown-Miller approach is another popular
critical plane method for analyzing multi-axial fatigue. This approach is based on the
assumption that the critical plane is the plane where the shear stress is maximum. The
BM approach uses a set of empirical equations to predict the fatigue life of a material
based on the maximum shear stress on the critical plane. Smith-Watson-Topper (SWT)
approach (Eq. 2-23) is a method that is commonly used to analyze fatigue in ductile
materials such as aluminum alloys. This approach is based on the assumption that the
critical plane is the plane where the maximum shear strain energy density occurs. The
SWT approach uses a set of empirical equationsto predict the fatigue life of a material
based on the value of the shear strain energy density on the critical plane.

All of the above-mentioned approaches have their own strengths and limitations, and the
choice of which method to use will depend on the specific application and material being
analyzed. It's worth noting that there are many other critical plane approaches as well,
and ongoingresearch is focused on improving and refining these models to better predict

the fatigue life of mechanical components under multi-axial loading.
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4. "Results and Discussion - Mechanical
Properties, Fatigue and Creep "

In this chapter, we conducted a comprehensive set of tests to evaluate the mechanical
properties and microstructural characteristics of welded Inconel 600 samples. These tests
included hardness measurements across the weldment, microstructural analysis using
optical microscopy to examine variations within different regions of the weldment, and
fatigue testing to assess the materials' responses under cyclic loading. Additionally, we
performed creep tests to understand the behavior of the material under high -temperature
conditions. The results of these tests will be discussed in detail throughout this chapter.

41. Hardness Test Results

Figure 4-1 displays the hardness values obtained from these measurements, illustrating

how the hardness varies across the weldment.
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Figure 4-1. Hardness distribution in the cross-section of the weldment

As seen in Figure 4-1, the hardnessvalue in the HAZ is less than those on fusion zone

(nugget) and PM.
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4.2. Microstructures

A detailed microstructural analysis was conducted using an optical microscope to
investigate the grain size and other microstructural features within differentregions of the
welded joints, namely the Heat-Affected Zone (HAZ), the nugget zone, and the parent
material.

To prepare the microstructural images, specimens were carefully cut from the cross-
sectional area of the welded samples to capture representative regions of interest. These
specimens were then subjected to a meticulous sample preparation procedure. First, the
specimens were ground using different grades of sandpaper to remove any surface
irregularities and obtain a smooth and uniform surface. Subsequently, a polishing step
was carried outto create a mirror-like finish, ensuring optimal image clarity and minimizing
surface artifacts during microscopy.

Etching was then performed to reveal the microstructure effectively. The chosen etchant
selectively reacted with the material's constituents, making the grain boundaries and
other microstructural features more distinguishable under the optical microscope. This
etching process enabled the visualization of various microstructural characteristics, such
as grain size, grain boundaries, inclusions, and phases, in the different regions of the
weldment.

The microstructural images obtained from the optical microscope, presented in Figures
4-2 to 4-5, showcased the microstructural variations within the HAZ, nugget zone, and
parent material at different magnifications. The microstructural analysis of the welded
samples, as depicted in Figures 4-2 to 4-5, revealed distinct variations in the
microstructures across different regions of the weldment. These differences in
microstructure were observed to be associated with varying grain sizes, and
consequently, they significantly impacted the mechanical properties of the welded joints.

Figure 4-2 depicts the distinct microstructures of all welded regions.
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Figure 4-2. Microstructure images of all regions of the weldment

In Figure 4-3, the Heat-Affected Zone (HAZ) exhibited a different microstructure
compared to the nuggetzone andthe parent material. The HAZ, beingtheregion adjacent
to the weld where the base metal experienced thermal cycling during welding, showed
altered grain structures due to the influence of temperature gradients. This resulted in
changes in grain size, which in turn influenced the mechanical properties, such as
hardness, tensile strength, and ductility.

Figure 4-4 demonstrated the microstructure of the nugget zone, which is the central
region of the weld where the welding operation generates the highestheat and fusion.
The microstructural characteristics here were notably distinct from those observed in the
HAZ and parent material. The rapid cooling and solidification during welding contributed
to the formation of unique grain structures, impacting the mechanical properties

differently.
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Figure 4-4. Microstructural image of HAZ

The microstructure of the parent material, shown in Figure 4-5, served as a reference
pointfor comparison. This region exhibited the original, as-received microstructure of the
base material before welding. The presence of a different grain size and distribution in

this region compared to the HAZ and nugget zone influenced the overall mechanical
behavior of the welded joint.
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Figure 4-5. Microstructure images of PM with different magnifications

The variations in microstructure and grain size among these different regions of the
welded samples led to differentmechanical properties throughoutthe weldment. These
differences included variations in strength, toughness, fatigue resistance, and other
relevant mechanical characteristics.

4.3. Fatigue Test Results

Figure 4-6 presents the comprehensive fatigue test data for both Inconel 600 PM and the
weldment, showcasing their respective fatigue responses under the applied loading
conditions.
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Figure 4-6. Fatigue test data for Inconel 600 PM and the weldment

Figures 4-7 and 4-8 illustrate the relationship between strain amplitude and the number
of cycles to failure for both specimens. To facilitate accurate fatigue life predictions, the
study summarizes the essential strain-based fatigue parameters in Table 4-1. These
parameters are crucial for evaluating the materials' fatigue performance and making
reliable assessments of their durability under cyclic loading. To obtain strain-based
fatigue parameters, first, the data at the equivalentcompletely reversed stress condition

(R=-1) was obtained using the SWT parameter as follows [45]:

Oar = v Omax %a (4-1)

In this equation, g, is the equivalent completely reversed stress amplitude, o, is the

stress amplitude at R=0, and ¢,,,, IS the maximum stress.
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Table 4-1. Strain-based fatigue parameters of Inconel 600 PM and weldment
Material o b 5 c
Inconel 600 PM 1160.6 -0.11 0.505 -0.53
Weld 811.2 -0.08 0.033 -0.285
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4.4. Fatigue of Notched Samples

In this stage, two distinct notch geometries: (i) single-edge and (ii) double-sided V-shaped
notch were selected. Subsequently, the specimenswith these chosen notch designs were
fabricated. The notches were skillfully created in the weld seam of the samples utilizing a
wire cut technique, with the angle of the V-shaped notches set precisely at 60 degrees.
For visual reference, refer to Figure 4-9, which depicts the samples featuring both the

single-edge and double-sided V-shaped notches in the welded joints.

Figure 4-9. Notched samples prepared for cyclic tests: (a) single-edge, (b) double-sided V-shaped
notch.

Subsequently, fatigue tests were conducted on the notched samples using a Zwick/Roell
servo-hydraulic fatigue testing machine (Fig. 4-10) at a frequency of 10 Hz and a load
ratio of R=0. The obtained data was utilized to generate S-N curves, allowing for a
comprehensive evaluation of the fatigue response exhibited by the notched welded

samples. It is worth mentioning that the nominal stress is defined as the follows:
P

S = TXE (4'2)
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In which S is the nominal stress, F is the applied load, and w and t are the width and

thickness of the samples, respectively.

F T A S U s
2wick /Roell Arn:

Figure 4-10. Fatigue testing machine and the close-up view of a test sample

Figure 4-11 illustrates the S-N curves representing the fatigue behavior of both single-
edge and double-sided-edge notched welded samples. Remarkably, the single-edge
notched samples exhibited higher fatigue lives compared to the double-sided-edge
notched specimens, as depicted in the graph.

The nextchapter will delve into predicting the fatigue lives of both un-welded and welded
notched samples. These predictions will be thoroughly compared with the experimental
results obtained so far, offering valuable insights and validating the accuracy of the
conducted experiments. This comparative analysis will contribute significantly to our
understanding of the fatigue characteristics of the notched samples under different

conditions.
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Figure 4-11. Fatigue test data and S-N curves of the samples with (a) single-edge notch, and (b)

45. Creep Test Results

Figure 4-12 depicts the creep strain-time response for the smooth sample subjected to a
stress of 400 MPa and a temperature of 650°C, while Figures 4-13 and 4-14 illustrate

respectively the corresponding creep behavior of the welded specimen under stresses of
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Figure 4-12. Creep strain versus time for smooth sample at $=400 MPa and T=650 °C
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Figure 4-13. Creep strain versus time for welded sample at =250 MPa and T=650 °C
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Figure 4-14. Creep strain versus time for welded sample at =400 MPa and T=650 °C

As seen in Figures 4-12 to 4-14, both smooth and welded samples failed under creep
environmentat 650°C, very quickly, indicating thatinconel 600 alloy is not suitable for the
applications where creep may occur at high temperatures even at low load levels.
However, it has been shown through research studies that, it can tolerate creep loading
at lower temperatures like 300-400°C [74]. The comparison between Figures 4-12 and 4-
14 shows that creep life of smooth sample is much higherthan that of welded sample at
the same creep environment.

The analysis of these creep curves will help in understanding the materials' time-
dependent deformation characteristics and their ability to withstand sustained loads at

elevated temperatures, which is crucial in various engineering applications.
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5. "Results and Discussion - FE Simulations,
Comparison and Validation"

5.1. Introduction

In this chapter, a comprehensive investigation into the mechanical behavior of Inconel
600 is presented, incorporating a combination of experimental tests and FE simulations.
The response of the material under various loading conditions is examined by employing
standard test specimens as well as welded samples with and without notches. FE
simulations are conducted on the standard Inconel 600 test specimens, subjecting them
to both static and cyclic loads, and the obtained fatigue test results are compared with
experimental data. Furthermore, FE simulations are extended to welded samples,
allowing for an assessment of their mechanical performance under similar loading
conditions, and the predicted results are meticulously compared with experimental data
to ascertain the efficacy of the simulation approach. Multi-axial fatigue analysis is
performed on Inconel 600 bars undergoing combined tension and torsion loadings, and
fatigue life predictions are made using critical plane approaches. Moreover, SEM images
of the fractured surfaces of ruptured samples under static and cyclic loadings for both
standard and welded specimens are provided and used for fractography of the
specimens. This comprehensive study significantly contributes to the understanding of
Inconel 600's mechanical response, andit offers essential guidance forfuture engineering

applications of this high-performance material.

5.2. Fatigue life prediction of Inconel 600 PM

To obtain S-N curve of the Inconel 600 standard specimen, the stress and strain
distributions in the sample must be obtained at each load levels. The required stress and
strain values obtained in a complete loading-unloading cycle are then utilized to predict
fatiguelives according to the strain-based Basquin fatigue damage model (Eq. 5-1) inthe
MSC fatigue software. Finally, the predicted results are plotted versus the applied

stresses to obtain the S-N curves.
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g, = 07 (2Np)P + &£ (2N;)° (5-1)
The strain-based fatigue parameters obtained from the previous chapter (Table 4-1) are
used in the above equation to obtain fatigue lives. The stress distributions along the
longitudinal and transverse paths, and in the directions of S11 and S22 undergoing remote

stress equals to 630 MPa has been shown in Fig. 5-1.
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Figure 5-1. S11 and S22 stress distribution along the longitudinal distance (top left and bottom left),
S11 and S22 stress distribution along the transverse path (top right and bottom right).

The von-Mises stress, maximum principal strain, and S11 and S22 stress contours have
been also illustratedin Figure 5-2. As seen in this figure,the stress and strain distributions
inthe middle of the samples are smooth andunchanged, asexpected due to the absence
of anotch.However, discrepanciesin stress and strain at the ends are observed, resulting
from the application of concentrated loads at one end and a constraintat the other. Since
the fatigue phenomenon occursin the middle of the samples, the stress and strain values

in this central part were considered for fatigue life predictions.
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Figure 5-3 shows the comparison between the fatigue life obtained using FE method with
those obtained empirically.

As seen in Fig. 5-3, there is a reasonable agreement between the fatigue life results
obtained using FE method and experiments. A small discrepancy in the result could be
attributed to the fact that accuracy of the empirical-based fatigue life prediction models
varies with materials. Some models that can predict fatigue life well for a particular

material may not be very suitable for others.
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Figure 5-3. Comparison between the predicted fatigue life of the Inconel 600 standard samples with
experimental fatigue test data

5.3. Fatigue Response of Inconel 600 Weldment

To predict fatigue life of the Inconel 600 weldments, stress and strain valuesin the vicinity
of the weld seam as well as the strain-based fatigue parameters for welded samples listed
in Table 4-1 of the previous chapter are required. These values as input data will be
introduced to MSC fatigue software to predict the fatigue life of the samples at each
applied remote stress. The applied stresses are plotted versus the predicted fatigue lives
in a semi-logarithmic plot, and the results are compared with experimental test data.

The cyclic stress—strain parameters are derived from hardness distribution and parent

material parameters as follows:

K =K.2 i=12.,n (5-2)
Hl

In which K/ and Hi are the cyclic strength coefficientand hardnessvalue in the i ! zone

of the weld seam, respectively. For i = 1 data were extracted from parent material

properties. Based on the above relation, the mechanical properties of differentregions of

the welded samples were obtained and assigned to the FE model, as observed in Figure
5-4.
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Figure 5-4. Dividing the weld region to different stripes to assign various mechanical properties.

Figures 5-5 and 5-6 illustrate the stress and strain distributions and contours required for

the fatigue life predictions.
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Figure 5-5. S11 and S22 stress distribution along the longitudinal distance (top left and bottom left),
S11 and S22 stress distribution along the transverse path (top right and bottom right), applied stress =
630 MPa.
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As seen in Figure 5-5, the values of S11 and S22 normal to the weld seam are fluctuating
due to the variations in mechanical properties in different weld regions, resulting in
differentvalues of predicted fatigue life as compared to that of standard specimens. The
variations in stress and strain values in the weld regions and along the different paths of

the samples can simply be observed in stress and strain contours shown in Figure 5-6.

8, Mises E, Max. Principal

(Avg: 75%0) (Avg: 75%0)
+7.759e+08 +1.408e-01
+7.500e+08 +1.295e-01
+7.341e+08 +1.183e-01
+7.132e+08 +1.070e-01
+6.923e+08 +9.573e-02
+6.715e+08 +8.447e-02
+6.506e+08 +7.321e-02
+6.297e+08 +6.195e-02
+6.088e+08 +5.069e-02
+5.879%9e+08 +3.943e-02
+5.670e+08 +2.817e-02
+5.461e+08 +1.690e-02
+5.253e+08 +5.644e-03

Y hd
7 - -X 4 X

8, 511 s, §22

(Avg: 75%) (Avg: 75%0)
+2.260e+08 +8.129e+08
+1.923e+08 +7.816e+08
+1.587e+08 +7.004e+08
+1.250e+08 +7.191e+08
+9.139%e+07 +6.87%e+08
+5.774e+07 +6.566e+08
+2.409e+07 +6.254e+08
-0.561e+06 +5.941e+08
-4.321e+07 +5.62%9e+08
-7.686e+07 +5.316e+08
-1.105e+08 +5.004e+08
-1.442e+08 +4.691e+08
-1.778e+08 +4.37%e+08

v Y
4 L X I L4
Figure 5-6. Von-Mises stress, maximum principal strain, and S11 and S22 stress contours of Inconel 600

welded samples

Figure 5-7 illustrates the critical regions near the weld seam prone to cracking and

exhibiting the shortest fatigue lives. Each contour represents an area with similar fatigue
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life, with the minimum fatigue life contour selected as representative for the sample. In
the fatigue life prediction process, stress/strain values obtained from stress analysis are
used alongside previously determined fatigue parameters. These values are then
substituted into fatigue models, such as Morrow's fatigue damage model, to predict
fatigue life accurately. Figure 5-8 shows the S-N curve obtained from the mentioned FE

simulations and has been compared with those obtained from the experiments.
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Figure 5-7. Fatigue life contours around the weld seam for the samples subjected to various load levels
of (a) 330 MPa, (b) 380 MPa, (c)430 MPa, (d) 480 MPa, (e) 530 MPa, (f) 580 MPa.
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Figure 5-8. Comparison between the predicted fatigue life of the Inconel 600 welded samples with
experimental fatigue test data

As seen in Figure 5-8, a very good agreement is observed between the predicted fatigue
lives and experimentally obtained fatigue test data, indicatingthatthe method upon which
the mechanical properties and cyclic behavior has been assigned to the weld regions
based on the changes in hardness values is an appropriate method for stress analysis
and fatigue life predictions.

5.4. Fatigue Life of Inconel 600 Weldment with Single-Edge Notch

To assess the fatigue life of notched samples, first, the weldmentswith single-edge notch
was simulated in ABAQUS software. Then, the mechanical properties of each distinct
zone were assigned based on the relationship between the property and hardness
distribution. The required stress and strain values shown in the forms of distributions
(Figure 5-9) and contours (Figure 5-10) are used for fatigue life predictions. Figure 5-9 (a)
also illustrates the longitudinal and transverse directions as well as the S11 and S22
stress components. The fatigue life contours indicate that the minimum fatigue lives
occurred in the vicinity of the notch tips. The minimum values of fatigue cycles were

plotted versus the applied remote stresses.
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Single-edge notch and double-edge notch specimens were used to simulate the effect of
damage and defects on the mechanical behavior and response of the specimens. These
notch edges are characterized by high concentrations of residual stresses, which are
critical for understanding the initiation and propagation of cracks. The FE simulations, as
shownin Figures5-9 and 5-10, revealed howthese notchesinfluenced stress distribution
and strain concentration. This information helpsin predicting the material's performance
under realistic conditions and assessing its durability and reliability.

In Figure 5-11, the S-N curves obtained through Finite Element (FE) analysis for single-
edge notch welded samples are compared with experimental data. The results show a

close correlation, indicating thereliability of the FE analysisin predicting fatigue behavior.
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Figure 5-11. Comparison between the predicted fatigue life of the Inconel 600 single-edge notch

welded samples with experimental fatigue test data.
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A small discrepancy is observed between the FE results and experimental data. This
discrepancy can be attributed to the fact that the FE analysis does not precisely consider
the effects of the notch strength reduction factor. To address this limitation, alternative
approaches can be considered. One such approach is the volumetric method based on
the critical distance theory. This method takes into account the effects of the notch
strength reduction factor in assessingfatigue life. By considering the critical distance from
the notch tip, this approach provides a more accurate representation of the stress
distribution and accounts for the notch's influence on fatigue performance. By
incorporating the volumetric approach based on the critical distance theory, the FE
analysis can be enhanced to provide more precise fatigue predictions for single-edge
notch welded samples. This improved analysis will enable a better understanding of the

fatigue behavior and help optimize the design and performance of welded structures.

5.5. Fatigue Life of Inconel 600 Weldment with Double-Edge Notch

The estimation process for the fatigue life of double-edge notch welded samples bears
similaritiesto that of single-edge notch specimens. However, the key distinction liesin the
stress and strain results due to the unique geometry, resulting in varying fatigue lives for
each specimen. In Figures 5-12 to 5-14, we observe the stress and strain distributions,
contours, and S-N curves, respectively, which provide useful information about the
mechanical behavior of the double-edge notch welded samples.

Analyzing these data allows us to identify critical areas of localized stress concentrations
and understand the relationship between applied stress amplitude and the number of
cycles to failure under different conditions. These findings contribute significantly to
optimizing the design and performance of welded structures, especially when double-

edge notches are involved.
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Figure 5-13. Von-Mises stress, maximum principal strain, and S11 and S22 stress contours of Inconel
600 double-edge notch welded samples.
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Figure 5-14. Comparison between the predicted fatigue life of the Inconel 600 double-edge notch
welded samples with experimental fatigue test data.

As seen in Figure 5-14, the FE analysis over predicts the fatigue lives. This can be
attributed to the fact that there are internal defects related to the welding process in the
actual specimen that FE is unable to considerthem. As mentioned earlier, the proposed
method for fatigue life prediction only considers the effects of varying mechanical
properties in the weld regions as well as the effects of notches. The influence of any

metallurgy-related internal defects has been neglected.
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5.6. Fractography of the Samples

In this section, fractography of the ruptured samples undergoing quasi-static and cyclic
tests will be presented using SEM images. In tensile loading, the fracture surface of
Inconel 600 typically exhibits a ductile appearance as shown in Figure 5-15. This is
because the material undergoes plastic deformation before itfinally fractures. The ductile
appearance of the fracture surface indicates that the material was able to absorb a
significant amount of energy before it ruptured. The fracture surface also contains
features such as dimples and shear lips (Fig. 5-15(d)), which are indicative of the

deformation mechanisms that occurred during fracture.

SEM HV: 20.00 kV WD: 22.21 mm ! 1 I VEGAW TESCAN
SEM MAG: 12 x Det: SE

SEM HV: 20.00 kV WD: 22.97 mm
SEM MAG: 100 x Del: SE

SEMHV:2000kV  WD: 23,52 mm
SEMHV:2000kV  WD:22.97 mm . VEGAW TESCAN S MAG: 401 % Dot 66
SEM MAG: 100 X Del: SE

Figure 5-15. SEM images of the fracture surface of the Inconel 600 PM under tensile loading
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In the case of weldments, the fractography of the ruptured samples can be influenced by
the welding process and the properties of the parent material. The weldment exhibits a
different microstructure compared to the parent material, which can affect its fracture
behavior. For example, the heat-affected zone (HAZ) of the weldment may exhibit a
differentmicrostructure compared to the base metal, which can leadto a differentfracture
behavior. Figure 5-16 illustrates the SEM images of different regions of the fracture
surface of the weldments undergoing static loading. The overall view of the fracture
surface of the weld seam is illustrated in Figure 5-16(a). This image provides a broad
perspective, showcasing the general morphology of the fracture. A more detailed
examination is presented in Figure 5-16(b), which offers a zoomed-in view of the rough
fracture surface. This closer inspection highlightsthe intricate features and characteristics
of the fracture, such as the rough texture and irregularities. The presence of defects such
as porosity and lack of fusion can also affect the fracture behavior of the weldment as
shown in Figures 5-16(d) and 5-16(e).

In fatigue loading, the fracture surface of Inconel 600 exhibits a different appearance
compared to tensile loading. Fatigue loading involves the repeated application of cyclic
loading, which can lead to the initiation and propagation of cracks in the material. The
fracture surface of the material exhibits a mixture of both ductile and brittle features,
depending on the stage of crack propagation. As shown in Figure 5-17, the fracture
surface shows beach marks, which are concentric ridges that form around the crack
initiation site, as well as fatigue striations, which are fine lines that are perpendicularto
the direction of crack growth.
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Figure 5-16. SEM images of the fracture surface of the weldment under tensile loading
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Figure 5-17. SEM images of the fracture surface of the Inconel 600 under cyclic loading

In the case of weldment (refer to Figure 5-18), the fractography of the ruptured surface
under fatigue loading also shows a mix of ductile and brittle features, but with some
differences compared to standard parent material. The microstructure of the weldment,
particularly in the HAZ, can affect the fatigue behavior of the material. The HAZ exhibits
a different microstructure compared to the base metal, which can lead to different fatigue
crack initiation and propagation mechanisms. For example, the presence of brittle phases
such as martensite or intermetallic compounds in the HAZ can lead to crack initiation and

propagation along the grain boundaries, which can resultin a brittle fracture surface.
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Figure 5-18. SEM images of the fracture surface of the weldment under cyclic loading

In addition to the differences in crack initiation and propagation mechanisms, the
presence of defects in the weldment can also affect the fractography of the ruptured
surface under fatigue loading. The presence of porosity, inclusions, or lack of fusion in
the weldment can act as stress concentrators and lead to the initiation and propagation
of fatigue cracks. The fractography of the ruptured surface in the presence of these
defects exhibits differentfeatures compared to a defect-free weldment, such as multiple
crack initiation sites, coalescence of cracks, or crack branching.

SEM images of the fractured surface in Inconel 600 weldmentunder fatigue loading can

reveal the presence of different microstructural features compared to the base metal. In
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addition to microstructural differences, the presence of defects in the Inconel 600
weldment can also influence the fractography of the ruptured surface under fatigue
loading. SEM images of the fracture surface of Inconel 600 weldmentundercyclic loading
shown in Figure 5-18 illustrate the presence of multiple crack initiation sites due to the
presence of inclusions or lack of fusion, as well as coalescence of cracks or branching of

cracks, resulting in a fracture surface with more complex features.

In this section, FE simulations of Inconel 600 specimens subjected to various loading
conditions were performed. The loading includes cyclic tension and torsion applied at
different phases with a 10-degree increment. The loadings were considered to be
completely reversed with tension from -480 MPa to 480 MPa, while cyclic torsion stress
of 280 MPa was applied at differentphase anglesfrom 0° (in-phase)to 90° (out-of-phase)
with 10° apart intervals. Hysteresis loops were then obtained from the sample undereach
loading condition. Figure 5-19 showsthe hysteresis loops generated in complete loading-

unloading combined tension and torsion at each phase angle.
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Figure 5-19. Hysteresis loops generated in complete loading-unloading combined tension and
torsion at various phase angles, (a) in-phase, (b) 10°, (c) 20°, (d) 30°, (e) 40°, (f) 50°, (g) 60°, (h) 70°,

(i) 80°, and (j) 90°.

The stress and strain contours at a 50° phase angle between tension and torsion loading

are shown in Figure 5-20.
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Figure 5-20. Stress and strain contours at a 50° phase angle between tension and torsion loading

Usingthe hysteresis loops, andthe required parameters, differentfatigue damage models
were applied, includingthe FS approach, SWT approach, maximumstress, and maximum
strain fatigue damage models. Each of these models uses a different critical plane
approach to calculate the fatigue life of the material. The FE stress and strain results as
inputdata are imported to MSC fatigue software to predict the fatigue lives based on the

previously mentioned critical plane approaches. Figure 5-21 illustrates the predicted
fatigue lives at all phase angles.
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Figure 5-21. Comparison between the predicted fatigue lives obtained based on the critical plane
approaches.

It was foundthatthe fatiguelife of the Inconel 600 sample was the lowest when subjected
to a 50° out-of-phase loading condition. This indicates that the sample was most
susceptible to fatigue failure underthisloading condition,and the fatigue life of the sample
would be the shortest when subjected to this particular loading condition.

The analysisbegan by obtaining stress-strain data through hysteresisloops, which depict
the material's response to cyclic loading. Each critical plane approach calculates the
fatigue life by identifying the plane within the material that experiences the maximum
damage. The FE simulations provide detailed stress and strain distributions, which are
then used in conjunction with the fatigue damage models to predict the lifespan of the

material under different loading conditions.

The results show a significantvariation in fatigue life depending on the phase angle of the
applied load. Specifically, the 50° out-of-phase loading condition emerges as the most
detrimental, causing the shortestfatigue life. This information is crucial forengineers and
designers as it highlights the need for careful consideration of loading conditionsin the

design and analysis of components made from Inconel 600, particularly in applications
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where cyclic loading is prevalent. Understanding these factors ensures that components
are designed to endure the most challenging operational conditions, thereby enhancing
their reliability and longevity.

5.7. Case Study: FE Analysis for Turbine Blade
5.7.1. Effects of Laser Shock Peening

Laser shockpeening (LSP)is a surfacetreatment technique thatuses high-intensity laser
pulses to create shock waves on a material's surface [75, 86-90]. These shock waves
induce compressive residual stresses [91-93], which can improve the material's fatigue
life [94-96], wear resistance [97, 98], and corrosion resistance [99, 100]. LSP is widely
used in various industries, including aerospace, automotive, and medical, to improve the
performance of components [101, 102].

With regards to micro-turbines, LSP has emerged as a promising technique to enhance
the durability and reliability of turbine blades made of Inconel 600, a high -temperature
alloy with excellent mechanical properties. The blades of micro-turbines are subjected to
high-speed and high-temperature conditions, which can cause fatigue cracks and other
damage that compromise the turbine's performance. By applying LSP to the blades'
surfaces, the compressive stresses generated by the shock waves can offset the tensile
stresses generated by the operating conditions, thus reducing the risk of fatigue failure
and increasing the blade's lifespan.

In this section, a combined heat and power micro-turbine underwent thermal and
structural loadings, with a focus on the turbine blades. The resulting stress and
temperature distributions are shown for the specified boundary conditions. Specifically,
the study selected the KJ66 micro-turbine model for detailed analysis of static, fatigue,
fracture, and creep behavior. To perform the analysis, the FE model of all turbine blades
was imported into ABAQUS software, with one blade separated for furtherinvestigation.
The simulated model of the turbine, one single blade, and its meshed model have been

shown in Figure 5-22.
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Figure 5-22. Geometry of the turbine, a single turbine blade, and meshed model of turbine blade

The following thermal and structural boundary conditions were applied to the turbine-
blade structure and summarized in Table 5-1:

Table 5-1. Applied boundary conditions.
Blade temperature 1073°C
Shaft temperature 953°C
Blade pressure-front 130 kPa

Blade pressure-rear 100 kPa
Rotational speed 80000 rpm

The results of thermal analysiswere imported to the structural analysis, and after applying
the structural boundary conditions, the stress and strain fieldswere obtained in the turbine

blade. Figures 5-23 to 5-25 illustrate the temperature distribution, von-Mises stress
contour, and equivalent plastic strain contour in the blade respectively.
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Figure 5-23. Temperature distribution in the turbine blade
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Figure 5-24. Von-Mises stress contour in the turbine blade
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Figure 5-25. Equivalent plastic strain contour in the turbine blade

Figures 5-26 and 5-27 compares the von-Mises stress contours and fatigue lives of the
blade with and without LSP operation, respectively. As seen, after applying LSP, the
maximum value of von-Mises stress reduced significantly in the blade. It can also be
observed that LSP enhanced fatigue life of the blade more than 10 times and shifted the

critical area of the blade prone to cracking from the root to other regions of the blade.
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Figure 5-26. Von-Mises stress contours in the blade without LSP in the left, and with LSP in the
right.
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Figure 5-27. The contours of fatigue life in the blade without LSP in the left, and with LSP in the
right.

In summary, LSP is a powerful surface treatment technique that has numerous
applications in various industries, including micro-turbines. By inducing compressive
residual stresses on the material's surface, LSP can improve the material's fatigue life,
making it a valuable tool for enhancing the durability and reliability of critical components.
In the case of Inconel 600 turbine blades, LSP can help mitigate the effects of high -speed
and high-temperature operating conditions, thereby increasing the blade's lifespan and
reducing maintenance costs. Supporting this, studies on surface treatments like severe
shot peening and laser shock peening on Inconel 718 showed that proper parameters
andincreased kineticenergy can significantly enhance mechanical propertiesand fatigue
behavior. This underscores the importance of these surface treatments in promoting
surface grain refinement and inducing deep compressive residual stress fields for
improved material performance and longevity [96].

5.8. Fatigue Crack Growth: Mixed Mode Fracture

Fatigue crack growth is a critical phenomenon that occurs in materials subjected to cyclic
loading. It is a prevalent cause of failure in engineering structures and components.
Fatigue cracks typically initiate at stress concentrations, such as notches or defects, and
propagate gradually under repeated loading, leading to catastrophic failure. The study of
fatigue crack growth has been extensively investigated under various loading conditions
[103, 104]. One particular and important loading scenario is known as mixed mode

condition [105-107]. In mixed mode, the crack experiences a combination of both tensile
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and shear stresses, unlike traditional uniaxial loading where the stress state is primarily
tensile. The presence of shear stresses in addition to tensile stresses creates a complex
stress field around the crack tip, influencing the crack growth behavior. In engineering
applications, mixed mode loading is common, and understanding the crack growth under
such conditions is crucial for ensuring structural integrity and safety.

The behavior of a crack under mixed mode loading differs significantly from that under
pure mode | (tensile) or mode 1l (shear) loading. The interaction between the two modes
affects the crack propagation rate and direction, making it more challenging to predictthe
crack growth accurately.

Researchers and engineers have developed various experimental and numerical
techniques to study fatigue crack growth at mixed mode conditions [108, 109]. These
methods involve creating controlled crack configurations and subjecting them to cyclic
loading with a combination of tensile and shear components. The resulting crack growth
data are analyzed to determine the crack growth rates and paths, providing valuable
information into the material's resistance to mixed mode loading.

Understanding the behavior of fatigue crack growth at mixed mode condition enables the
development of more accurate fatigue life prediction models, which are essential for
designing reliable and safe engineering structures. Additionally, it helps identify critical
areas prone to mixed mode loading, facilitating targeted inspection and maintenance
practices to prevent catastrophic failures.

To investigate the fatigue crack growth (FCG) behavior of Inconel 600, a custom-made

fixture similar to an Arcan fixture [110-112] was utilized, as depicted in Figure 5-28.
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Figure 5-28. Fixture used in FCG mixed mode loading in FEA analysis

The study involved selecting four different conditions to induce mixed modes of loading:
0 degrees (pure mode 1), 30 degrees, 60 degrees, and 90 degrees (pure mode Il). The
samples were then subjected to zero-to-maximum stress cyclic loading.

The obtained results are presented in Figures 5-29 to 5-32, illustrating the crack paths
under different loading conditions. Additionally, Figure 5-33 displays the crack
propagation versus the number of applied cycles until final failure. As observed, the
sample under pure mode | condition exhibited the longest fatigue life before rupture,
indicating its higherresistance to crack propagation. Conversely, the sample subjected
to pure mode Il loading demonstrated the least fatigue life before reaching failure.
These findings shed light on the material's susceptibility to fatigue crack growth under
varying loading conditions and highlight the significance of mode mixity in influencing the
FCG behavior of Inconel 600. The study's outcomes provide useful information about
optimizing design strategies and enhancing the durability of components made from this

alloy, particularly in scenarios where mixed-mode loading conditions are encountered.

101



PHILSM

+1.874e-03
+1.566e-03
+1.259e-03
+9.50Be-04
+6.431e-04
+3.354e-04
+2.763e-00
-2.801e-04
-5.878e-04
-8.956e-04
-1.203e-03
-1.511e-03
-1.819e-03

PHILSM

+1.655e-03
+1.379e-03
+1.103e-03
+8.276e-04
+5.518e-04
+2.760e-04
+2.766e-07
-2.75a3e-04
-a5.512e-04
-8.270e-04
-1.103e-03
-1.379e-03
-1.654e-03

Figure 5-30. Crack path under mixed mode | and Il (30 Degree) condition
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Figure 5-31. Crack path under mixed mode | and Il (60 Degree) condition
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Figure 5-32. Crack path under pure mode Il (90 Degree) condition
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Figure 5-33. Crack propagation versus the number of applied cycles until final failure

5.9. Creep Response of Inconel 600 Un-notched and Notched Welded Samples

One essential aspect of characterizing creep is the development of creep constitutive
equations, which describe the relationship between the applied stress, time, and the
resulting strain. The process of obtaining creep constitutive equations is to determine the
constitutive parameters that best fit experimental data using numerical optimization

methods such as using least square method, and minimizing error:
Error =[Sy (60 — Ad"exp (—Q/RT))?] /2 (5-3)

Figure 5-34 compares the experimentally obtained creep strain for un-notched samples
with those obtainedvia FEA analysis. As seen in Figure 5-34, a relatively good agreement

can be observed between the results.
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Figure 5-34. Comparison between creep strain obtained through FEA analysis and experimental
data

Creep strains were obtained using ABAQUS software for un-notched and notched
samples (single-edge and double-sided edge notches) at 250, 300, 350, and 400 MPa,
respectively. Figures 5-35 to 5-37 illustrate the creep strain versus time for respectively

un-notched, single-edge, and double-edge notched samples.
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Figure 5-35. Creep strain versus time for un-notched sample
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Figure 5-37. Creep strain versus time for double-edge notched sample
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As seen in Figures 5-35 to 5-37, smooth samples under all applied stresses possessed
the highestcreep lives, while single-edge notched samples showed the least creep lives
at all stress levels.

In Figures 5-38 and 5-39, the SEM images of Inconel 600 smooth (un-welded)andwelded
samples fractured under a creep environment at 650 °C and 400 MPa stress are
presented. The analysis of SEM images revealed that the un-welded samples exhibited
more pronounced necking compared to the welded samples. Necking is a localized
deformation process that occurs before fracture and results in a reduction of the cross-
sectional area in the material. The higherdegree of neckingin the un-welded samples
indicatesenhanced plasticdeformation and ductility duringthe creep process. While both
samples showed some degree of intergranular failure, it was more prominent in the
welded samples. The presence of welding can introduce additional stress concentration
points, which may lead to preferential crack initiation and propagation along grain
boundaries.

WD: 12.79 mm

Del: SE
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Figure 5-38. SEM images of Inconel 600 smooth sample fractured under a creep environment at
650 °C and 400 MPa stress

Further examination of the SEM images revealed that the un-welded samples
predominantly exhibited ductile transgranular features, which are rough fracture surfaces
with evidence of extensive plastic deformation. On the other hand, the welded samples

showed more prominent brittle intergranular features, characterized by cleavage-like

fractures along grain boundaries.
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Figure 5-39. SEM images of Inconel 600 welded sarﬁlp'ire fractured under a creep environment at
650 °C and 400 MPa stress
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Figure 5-39 shows that a brittle fracture is characterized by minimal plastic deformation
and a smooth, cleavage-like fracture surface. SEM images revealed that welded samples
exhibited more evidence of brittle-type fracture than un-welded samples, as shown in
Figure 5-38. This observation indicatesthat the welding process can induce a more brittle

fracture mode under creep conditions. The presence of welding introduces stress
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concentration points and alters the microstructure, making the material more susceptible

to brittle fracture.
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6.1.

6.2.

6. Conclusions and Future Work

Conclusion

The mechanical behavior and fatigue characteristics of Inconel 600 were
comprehensively investigated through experimental tests and FE simulations.
Experiments provided information on the material's mechanical properties, fatigue
life, and fracture behavior.

FE simulations, along with empirical fatigue damage models, allowed for accurate
fatigue life predictions and identification of critical loading conditions.
Quasi-static tests revealed the stress-strain behavior, determining yield strength,
ultimate tensile strength, elongation,and modulus of elasticity, using the Ramberg-
Osgood equation.

Microstructural analysis detailed grain size and variationsin the welded joints, with
distinct HAZ microstructures affecting mechanical properties and fracture
behavior.

Fatigue tests under smooth and notched conditions unveiled fatigue life variations
based on loading scenarios.

FE analysis showed a close correlation with experimental fatigue data, indicating
simulation reliability, despite some discrepancies due to internal welding defects.
The study emphasized mixed-mode loading's influence on fatigue life and the
importance of notch strength reduction factors for precise fatigue predictions.
Fractographic analysis using SEMimages provided insights into fracture behavior
under tensile and fatigue loading conditions.

Welding influenced the fracture mode, with welded samples showing more brittle-
type fractures due to stress concentration points and preferential crack initiation

along grain boundaries, leading to brittle intergranular features.
Recommendations and Future Work

Based on the findings from this study, several areas for future research and

improvement can be identified. Firstly, further investigation into the influence of
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internal defects related to the welding process on fatigue behavior could be
conducted. Identifying and understanding the role of these defects in fatigue crack
initiation and propagation would enhance the accuracy of fatigue life predictions.
Additionally, exploring the effects of differentwelding techniques and parameters
on the microstructure and mechanical properties of weldments can provide useful
information aboutoptimizing welding processes and improving the performance of
welded structures.

Further studies on the creep behavior of Inconel 600 at lower temperatures, such
as 300-400°C, would be beneficial in understanding the material's suitability for
high-temperature applications. This could provide valuable information for
engineering applications where creep may occur at lower temperature levels.

To expand the understanding of fatigue behavior under complex loading
conditions, more extensive FE simulations and experimentation with different
combinations of loading scenarios could be conducted. This would enable the
identification of critical loading conditions for a wider range of practical engineering
applications.

Lastly, investigating the long-term durability and fatigue life of Inconel 600
weldments in real-world engineering applications, such as in gas turbines, can
provide valuable data for material selection and design optimization.

In conclusion, this study has provided valuable information aboutthe mechanical
behavior, fatigue characteristics, and fracture behaviorof Inconel 600. The findings
contribute to the overall understanding of the material's performance under
different loading conditions, aiding in the optimization of design strategies and
enhancing the durability of components made from this alloy. The identified areas
for future research can further advance the knowledge and applicability of Inconel

600 in various engineering applications.
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