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Abstract

The thermo-mechanical fatigue (TMF) of power plant components is caused by the
cyclic operation of power plant due to startup and shutdown processes and due to
the fluctuation of demand in daily operation. Thus, a time-dependent plasticity
model is required in order to simulate the component response under cyclic thermo-
mechanical loading. The overall aim behind this study is to develop a material
constitutive model, which can predict the creep and cyclic loading behaviour at high
temperature environment, based on the cyclic loading test data of the P91 and the

P92 steels.

The tests on all specimens in the study were performed using the Instron 8862 TMF
machine system with a temperature uniformity of less than £10°C within the gauge
section of the specimen. For the isothermal tests on the P91 steel, fully-reversed,
strain-controlled tests were conducted on a parent material of the steel at 400, 500
and 600°C. For the P92 steel, the same loading parameters in the isothermal tests
were performed on a parent material and a weld metal of the steels at 500, 600 and
675°C. Strain-controlled thermo-mechanical fatigue tests were conducted on the
parent materials of the P91 and the P92 steels under temperature ranges of 400-
600°C and 500-675°C, respectively, with in-phase (IP) and out-of-phase (OP)
loading. In general, the steels exhibit cyclic softening behaviour throughout the

cyclic test duration under both isothermal and anisothermal conditions.

The cyclic softening behaviour of the P91 steel was further studied by analyzing
stress-strain data at 600°C and by performing microstructural investigations.
Scanning electron microscope (SEM) and transmission electron microscope (TEM)

images were used to investigate microstructural evolution and the crack initiation of



the steel at different life fractions of the tests. The TEM images of the interrupted
test specimens revealed subgrain coarsening during the cyclic tests. On the other
hand, the SEM images showed the initiation of microcracks at the end of the
stabilisation period and the cracks were propagated in the third stage of cyclic

softening.

A unified, Chaboche, viscoplasticity model, which includes combined isotropic
softening and kinematic hardening with a viscoplastic flow rule for time-dependent
effects, was used to model the TMF behaviour of the steels The constants in the
viscoplasticity model were initially determined from the first cycle stress-strain data,
the maximum stress evolution during tests and the stress relaxation data. Then, the
initial constants were optimized using a least-squares optimization algorithm in
order to improve the general fit of the model to experimental data. The prediction of
the model was further improved by including the linear nonlinear isotropic hardening

in order to obtain better stress-strain behaviour in the stabilisation period.

The developed viscoplasticity model was subsequently used in the finite element
simulations using the ABAQUS software. The focus of the simulation is to validate
the performance of the model under various types of loading. Simulation results
have been compared with the isothermal test data with different strain ranges and
also the anisothermal cyclic testing data, for both in-phase and out-of-phase
loadings. The model's performance under 3-dimensional stress conditions was
investigated by testing and simulating the P91 steel using a notched specimen
under stress-controlled conditions. The simulation results show a good comparison

to the experimental data.



List of publications

Saad A. A., Hyde C. J., Sun W. and Hyde T. H. Thermal-mechanical fatigue
simulation of a P91 steel in a temperature range of 400-600°C. Materials at
High Temperature 28 (3), 212-218, 2011.

Saad A. A, Sun W., Hyde T. H., and Tanner D. W. J. Cyclic softening
behaviour of a P91 steel under low cycle fatigue at high temperature.
Procedia Engineering 10, 1103-1108, 2011.

Saad A. A, Hyde T. H.,, Sun W. and Hyde C. J. Constitutive model
development of P91 steel and its simulation in TMF conditions. ESIAl1l
Conf. on Engineering Structural Integrity Assessment. 25-24 May 2011,
Manchester, UK.

Hyde C. J., Sun W., Hyde T. H., Saad A. A. Thermo-mechanical fatigue
testing and simulation using a viscoplasticty model. 21st Int. Workshop on
Computational Mechanics of Materials, 22-24 August 2011, Limerick,
Ireland.

Saad A. A., Hyde C. J., Sun W. and Hyde T. H. Thermal-mechanical fatigue
simulation of a P91 steel in a temperature range of 400-600°C. HIDA-5 Int.
Conf., 23-25 June 2010, Guildford, UK.

Hyde C. J., Sun W., Hyde T. H., Saad A. A. Thermo-mechanical fatigue
testing and simulation using a viscoplasticity model. (Accepted for Journal of

Computational Materials Science).



Acknowledgements

| would like to take this opportunity to express my gratitude to my supervisors,
Professor Thomas Hyde and Dr Wei Sun, for their expertise, continued support and
valuable advice during my PhD study. Also, | would like to thank Professor Sean

Leen for his supervision during the first year of my research.

| wish to thank the technical staffs from the Department of Mechanical, Materials
and Manufacturing Engineering of the University of Nottingham, particularly Mr
Thomas Buss and Mr Brian Webster for their help with the experimental aspects of
this work. Thank you to Dr Nigel Neate, Mr Keith Dinsdale and Mr Martin Roe, for
the training in handling the SEM and TEM equipments. Also, | thank my fellow
researchers in the University Technology Centre and the Structural Integrity and

Dynamics group for their friendship and knowledge sharing.

I must thank Universiti Sains Malaysia and Ministry of Higher Education Malaysia for
financial support through academic staff training program, which enable me to
further my study in the University of Nottingham. Also, | would like to acknowledge
the support of EPSRC through the Supergen 2 programme and its industrial

partners for their valuable contributions to my project.

Finally, I would like to express my special thanks to my wife, Zuraihana Bachok, and
my kids for their love and support during my study in Nottingham. Also, | thank my

family members and friends for their support and encouragement.



EBSD
FE

LB
Nsta
Ntan

Ni
Niin
OoP
PID

SEM
TC
TEM
TMF
uB

Nomenclature

Damage

Electron backscatter diffraction

Finite element

In-phase

Lower bound

Number of cycles to reach the beginning of linear softening stage
Number of cycles to reach the final softening stage
Number of cycles to failure

Final number of cycles applied in the cyclic test
Out-of-phase

Proportional, integral and derivative

Scanning electron microscopy

Thermocouple

Transmission electron microscopy
Thermo-mechanical fatigue

Upper bound



List of contents

Abstract

List of publications
Acknowledgements
Nomenclature

List of contents

Chapter 1 - Introduction
1.1 Background
1.2 Objectives

1.3 Thesis outline

Chapter 2 — Literature review
2.1 Overview
2.2 Introduction to material behaviour modelling
2.3 Elastic and plastic deformation
2.4 Cyclic plasticity
2.4.1 Isotropic hardening model

2.4.2 Kinematic hardening model

2.4.3 Combined isotropic-kinematic hardening model

2.5 Time-dependent cyclic plasticity
2.5.1 Uncoupled elastoplasticity-creep
2.5.2 Unified viscoplasticity model
2.5.3 Two-layer viscoplasticity model
2.6 Material behaviour under TMF conditions
2.7 P91 and P92 steel
2.7.1 Introduction to P91 and P92 steel

2.7.2 The microstructure

2.7.3 The microstructural evolution under cyclic loading test

Chapter 3 — Experimental work
3.1 Overview

3.2 Testing facilities

Vi

w N P

O o0 o 01 o1 O

38
38
38



3.3
3.4

3.5
3.6

Chapter 4 — Stress-strain analysis and microstructure investigation of

cyclic test

4.1
4.2

4.3

4.4

4.5
4.6

Material and specimen preparation

Testing procedures for the P91 steel

3.4.1 Isothermal cyclic plasticity test of P91 steel

3.4.2 Thermomechanical fatigue testing of P91 steel

3.4.3 Cyclic notched bar test of P91 steel
Testing procedures for the P92 steel
Experimental results

3.6.1 Strain-controlled cyclic loading test

3.6.2 Hold period test

3.6.3 TMF test results

3.6.4 Notched specimen test results

Overview
Stress-strain analysis
4.2.1 Determination of Ngig, Nian and Ns
4.2.2 Young’'s modulus analysis
4.2.3 Hysteresis loop area analysis
Fatigue model
4.3.1 Strain-based model
4.3.2 Energy-based model
Microstructure investigation
4.4.1 Scanning electron microscopy
4.4.2 Transmission electron microscopy
4.4.3 The microstructure investigation results
Discussions on the cyclic softening mechanisms

Conclusions

Chapter 5 — Viscoplasticity model development

5.1
5.2
5.3

Overview
The viscoplasticity model

The initial constants of the viscoplasticity model

5.3.1 Identification of initial yield stress and Young’s modulus
5.3.2 Identification of isotropic hardening parameters

5.3.3 Identification of kinematic hardening parameters

Vil

40
42
43
49
51
53
57
57
63
64
67

70
70
70
72
73
76
82
83
84
85
86
86
87
96
98

100
100
100
103
103
104
105



54

55
5.6

Chapter 6 — Finite element simulation using the viscoplasticity model

6.1
6.2
6.3
6.4
6.5
6.6

5.3.4 Identification of Z and n constants
Constants optimisation

5.4.1 Two objective function optimisation

5.4.2 Three objective function optimisation
Two stages of isotropic hardening

Conclusions

Overview

Implementation of the viscoplasticity model in ABAQUS
FE simulation of the isothermal cyclic loading

FE simulation of the isothermal notched specimen

FE simulation of anisothermal fatigue loading

Conclusions

Chapter 7 — Conclusions and future work

7.1
7.2

Conclusions

Future work

References

Appendices

viii

111
113
114
129
136
141

142
142
142
144
150
157
166

167
167
169

171
180



Chapter 1
Introduction

Chapter 1 - Introduction

1.1 Background

The need for the power generation industry to improve the thermal efficiency of
power plant has led to the development of 9-12%Cr martensitic steels (Ennis et al.,
2003). The research on these materials has focussed on its creep strength, due to
its intended application at high temperature. However, understanding the thermo-
mechanical behaviour of power plant materials has become more important as the
current operation involves more cyclic operation, which has introduced the

possibility of thermo-mechanical fatigue (TMF) problems.

The required cyclic operation of power plant due to market forces and competition
has increased the concern of researchers on creep-fatigue interaction behaviour.
During start up, shut down or load changes of power plant operation, severe thermal
gradients between the inside and outside of components due to rapid rates of
change of steam temperatures may cause high stress levels to develop (Shibli and
Starr, 2007). For instance, bore cracking was found in power plant components and
it has been associated with thermal fatigue loading (Brett, 2003). To avoid thermal
fatigue, caused by frequent cycling, one solution is to utilise higher creep strength
alloy steels for pressure vessel construction (Shibli, 2008) so that the thickness of
the power plant components can be reduced. However, the stress-strain behaviour
of new power plant components needs to be understood first. This can be predicted
by finite element simulation as previously modelled by Hyde et al. (2003) for pipe
weldments under creep conditions at high temperature. The simulation of the
components requires a suitable constitutive material model which can accurately

predict the stress-strain behaviour and the failure life.
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The majority of previous studies on power plant materials have been related to the
creep behaviour under constant load operation. For example, creep constitutive
equations have been developed for the parent, heat-affected zone (HAZ) and weld
materials of Cr-Mo-V steel welds in the range 565-640°C (Hayhurst et al., 2005).
Similar studies have been carried out, for a P91 steel, in order to develop a creep
constitutive model with a damage capability (Hyde et al, 2006). The development of
these creep constitutive models have contributed to the gaining of a better
understanding of the material behaviour in such applications as welding process
modelling (Yaghi et al., 2008) and failure prediction in multiaxial components

(Hayhurst et al., 2008).

In contrast to the above applications, the constitutive models which deal with creep
and cyclic loading conditions of power plant materials have had relatively little
attention. Thus, a model which can include both cyclic and viscous effects is
required. A commonly used model is the unified viscoplasticity model originally
developed by Chaboche (Chaboche and Rousselier, 1983). This viscoplasticity
model has been used in many researches, including the studies on aeroengine
materials such as nickel-base alloys (Yaguchi et al., 2002). However, the
viscoplasticity model is rarely used to represent the behaviour of power plant

materials.

1.2 Objectives
The objectives of the research are:
e To obtain quality stress-strain data from the P91 and the P92 steels under
cyclic plasticity and creep conditions in isothermal and anisothermal tests

using an available testing machine systems in the University of Nottingham;
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e To develop material constitutive models for P91 and P92 steels which can
accurately predict their creep and cyclic plasticity behaviour in a high
temperature environments;

e To investigate the cyclic softening behaviour of the steels by analyzing the
stress-strain  behaviour and observing the microstructural evolutions
throughout the lifetime of the steels;

e To implement the viscoplasticity model in a commercial finite element
software and simulate the stress-strain behaviour of the steels under

thermo-mechanical fatigue loading conditions.

1.3 Thesis Outline

Chapter 2 presents the literature review on the material constitutive model which
includes typical cyclic plasticity components, such as kinematic and isotropic
hardening, and also a viscoplasticity model. Examples of previous work on material
behaviour modelling under cyclic thermo-mechanical conditions are also presented.
The developments of the P91 and the P92 steels used in the study are briefly

introduced.

The experimental equipment and procedures used for the isothermal and
anisothermal tests are described in Chapter 3. The details of the materials used, the
geometries of the specimens and the implemented loading in the testing
programmes are presented. Typical results of the tests are reported at the end of

this chapter.

In Chapter 4, the experimental stress-strain data, particularly for the P91 steel at
600°C, are further analyzed in order to understand the steel’s evolution under cyclic

loading. The results of microstructure investigation of the steel at different life
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fractions of the tests using scanning and transmission electron microscopes are

also presented.

Chapter 5 presents the development of the unified viscoplasticity model for the P91
and the P92 steels using the isothermal strain-controlled test data. The procedures
for determining the initial material constants are described. Then, the optimisation
programme, used to improve the stress-strain prediction of the model, is described
and the predicted results are compared to the experimental data. A modification to
the isotropic hardening model is also presented in order to improve the cyclic

softening prediction of the steels.

In Chapter 6, finite element simulations of the steels’ behaviour using the
viscoplasticity model using a commercial finite element software, ABAQUS, are
described. Simulation results of an axisymmetric model under isothermal conditions
at various strain ranges, a notched specimen model under isothermal stress-
controlled condition and an axisymmetric model under cyclic thermo-mechanical
conditions are compared to experimental data to validate the prediction capability of

the developed model.

Finally, Chapter 7 presents the overall research conclusions and suggests the

possible future work.
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Chapter 2 — Literature review

2.1 Overview

This literature review chapter is mainly concerned with material constitutive models
in relation to the steels used in this study, namely P91 and P92 steels. As the
material deforms cyclically under thermomechanical fatigue loading conditions,
plastic behaviour becomes important and the strain hardening behaviours such as
isotropic and kinematic hardening are reviewed in this Chapter. This chapter also
includes information on the development of the P91 and P92 steels, which have
been specifically developed for power plant applications and designed to have a
specific microstructure, in order to produce steels with good high temperature

mechanical behaviour.

2.2 Introduction to material behaviour modelling

In general, a material behaviour model is used to describe the stress-strain
behaviour of a material. It can be divided into two classes (Charkaluk et al., 2002).
The first model class is a physically-based model type representing a mechanical
behaviour by considering microstructure evolutions of materials. This kind of model
is used to represent both microscopic phenomena, such as microstructure
evolution, and macroscopic mechanical behaviour, such as creep and relaxation, on
a material scale. For example, cyclic softening behaviour of the martensitic 9Cr1Mo
steel has been modelled by analyzing and measuring the dislocation density using
transmission electron microscopy; the microstructure size and the macroscopic
stresses of cyclic softening phenomenon can then be predicted (Sauzay et al.,
2005, Sauzay et al., 2008). The second model class is a phenomenological-based
model type based on the results of mechanical tests on a material. This material

model is used to predict the stress-strain behaviour of a material and the model can
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be further used to predict the stress-strain behaviour of a mechanical structure
using, typically, a finite element simulation. The second model will be the focus of

this study.

2.3 Elastic and plastic deformation

When a load is applied to a body, a deformation will occur in either elastic or elastic-
plastic conditions, which depends on the magnitude of the applied load. In the
elastic deformation range, the body is returned to its original shape when the load is
removed. On the other hand, plastic deformation is irreversible and occurrs when
the load is such that some position within the component exceeds the elastic limit.
In terms of the physics of the phenomena, the elastic deformation involves a
variation in the interatomic distances without changes of place while plastic
deformation modifies interatomic bonds caused by slip movement in the

microstructure of the material (Lemaitre and Chaboche, 1994).

As reported by Timoshenko (1953), Robert Hooke studied the elasticity
phenomenon by measuring how far a wire string, of around 30 feet in length
deformed under an applied load. In the test, the magnitude of the extension was
found to be proportional to the applied weight. Thus, the deformation of an elastic
spring is generally described mathematically by the following equation:

F = kx (2.1)
where F is applied force, X is associated displacement and Kk is the proportionality

factor, which is often referred to as the spring constant.

Based on equation 2.1, the force and the displacement characteristics depend on
the size of the measured body. Thus, stress, o, which refers to the ratio of the

applied force to the cross sectional area, and strain, &, which refers to the ratio of
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the extension to the initial length, are introduced to eliminate the geometrical factors
(Callister, 2000). Equation 2.1 can be rewritten as:

o=Ee¢ (2.2)
where E is proportionality constant which is often referred to as the Young's
modulus or the modulus of elasticity (Hertzberg, 1996) for the material. Equation 2.2
is also known as Hooke’s law, which describes the linear stress-strain response of a

material.

Plastic deformation occurs when the applied load (or stress) exceeds a certain level
of stress called the elastic limit. Above this limit, the stress is no longer proportional
to strain. However, the exact stress at which this limit occurs is difficult to determine
experimentally as it depends on the accuracy of the strain measurement device
used. Thus, a conventional elastic limit or a yield stress value is determined by
constructing a straight line parallel to the linear elastic stress-strain curve at a
specified strain offset, commonly 0.2%. The intersection point between the parallel
line and the experimental curve is taken as the yield stress (0.2% proof stress)
value. For example, the yield stress value of P91 steel at room temperature with a
0.2% criterion is 415 MPa (Vaillant et al., 2008). In some cases, a lower strain offset
of 0.02% is used when the permanent strain obtained with the former criterion is

high when compared to the elastic strain (Lemaitre and Chaboche, 1994).

Irreversible deformation may also happen at stresses below the conventional elastic
limit if the load is maintained for a long time. This type of deformation is referred to
as creep, the magnitude of which is a function of stress, time and temperature. The
creep effect is significant at high temperatures and is generally significant when the
temperature of the material is greater than approximately 0.4 of the absolute melting

temperature, T,. A creep test is conducted by applying a constant load to a
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specimen, which results in three stages of creep deformation. In the primary stage,
the strain rate decreases with time as the material approaches a steady-state stage.
The creep strain increases steadily in the secondary stage with a constant,
minimum, strain rate. Finally, the strain rate accelerates during tertiary creep until
final failure occurs (Bhadeshia, 2003; Evans and Wilshire, 1985). The secondary
stage of creep usually occupies the longest period of time in a creep test and the
steady-state creep rate behaviour is usually expressed by a power law, also

referred to as Norton’s law, which is given by the following equation:
&=Ac" (2.3)
where A and n are material constants which can be determined from data

obtained in the secondary stage.

2.4 Cyclic plasticity

When subjected to cyclic loading condition, the plastic deformations which occur in
materials exhibit several phenomena such as the Bauschinger effect, cyclic
hardening/softening and material ratchetting. The cyclic loading of a material, under
tension-compression conditions, produces a hysteresis loop. The stress-strain
behaviour which occurs under cyclic loading, with time independent effects are
normally represented by isotropic hardening, kinematic hardening or some

combination of both the isotropic and kinematic hardening models.

2.4.1 Isotropic hardening model
Isotropic hardening describes the change which occurs in the equivalent stress,
defining the size of the yield surface, as a function of accumulated plastic strain. A

schematic description of the isotropic hardening model is shown in Figure 2.1.
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Figure 2.1: Schematic representation of isotropic hardening on the deviatoric plane

and in tension-compression test conditions (Chaboche, 2008)

Isotropic hardening, or alternatively, the change in the size of the yield surface is
represented by a scalar variable, R, and also known as a drag stress (Chaboche
and Rousselier, 1983). The rate of evolution of isotropic hardening is represented by

the following equation:-

R=b(Q-R)p (2.4)
where p is the accumulated plastic strain, Q is the asymptotic value of R and b
define the speed at which the saturation value, when variable R is constant, is
approached. Equation 2.4 can be integrated with respect to time to give the
following equation:-

R=Q(1-e™) (2.5)
By using the von Mises loading function, the yield criterion for the isotropic
hardening model, in the uniaxial form, is given in the following equation:-

f=loc|-R-0,=0 (2.6)
where o, is the initial uniaxial yield stress in tension, or the initial elastic limit, as

shown in Figure 2.1.

Under cyclic loading conditions, an undamaged material (in which cracks do not
generally influence the mechanical behaviour) exhibits an evolution of the plastic

strain range as the number of cycles increases which is referred to as cyclic
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hardening or cyclic softening behaviour. The cyclic hardening of a material refers to
the decrease of the plastic strain range, associated with an increase of the stress
amplitude with increasing number of cycles in a cyclic test. This is observed under
strain-controlled test conditions. This behaviour has been observed in many
materials such as 316 stainless steel (Hyde et al., 2010; Kim et al., 2008; Mannan
and Valsan, 2006), high nickel-chromium materials (Leen et al., 2010) and nickel-
based superalloys (Zhan et al, 2008; Kim et al., 2007; Yaguchi et al., 2002). On the
other hand, the plastic strain range increases as cyclic loading continues in a
material, exhibiting cyclic softening behaviour such as is found to occur in a
55NiCrMoV8 (Bernhart et al., 1999) and 9Cr-1Mo steel (Nagesha et al., 2002;
Shankar et al., 2006; Fournier et al., 2006; Fournier et al., 2009a). The cyclic
hardening phenomenon indicates an increase of material's strength (Chaboche,
2008) in which the elastic strain range increases for a constant strain range. In the

isotropic hardening model, this phenomenon is represented by an increase of the
elastic limit ( o, +R ). For a material exhibiting cyclic softening behaviour, the

constant Q is negative so that a stabilized yield surface becomes smaller than the

initial one (Chaboche, 2008).

The presence of isotropic hardening can be demonstrated by conducting biaxial
tension tests such as tension-torsion tests (Lemaitre and Chaboche, 1994). For
example, Murakami et al. (1989) conducted tension-torsion tests for a type 316
stainless steel and showed the evolution of cyclic hardening at different
temperatures. Murakami et al. (1989) also found that the temperature of the test
affected the ratio of the stress amplitudes at the saturated state to that in the initial
cycle; it also affected the accumulated inelastic strain required to reach cyclic

stabilization.

10
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Regarding the effect of temperature, it also affects the cyclic evolution of certain
materials. For example, cast iron has been shown to exhibit cyclic hardening
behaviour at temperatures below 500°C, while the material has evolved in a cyclic
softening condition when the test temperature is above 600°C (Constantinescu et

al., 2004)

Generally, a material under cyclic loading shows a stabilized stage, in the middle of
its lifetime. However, some materials, such as a martensitic type steels, exhibit an
initially rapid load decrease followed by linear cyclic softening behaviour without the
stabilization of the stress amplitude for a strain-controlled test. In dealing with this
behaviour, Bernhart et al. (1999) employed a two-stage isotropic hardening model,

as given by the following equation:-

R(p) = Q..p +Q,(a).(1—exp(-b.p)) 2.7)
From the stress amplitude evolution data, the Q, constant is determined from the
difference between the stress at first cycle and the stress approximately at the end
of the primary load decrease while the Q, constant is identified from the slope of the

secondary stage, as shown in Figure 2.2. This type of isotropic hardening model

has been used for anisothermal loading conditions (Zhang et al, 2002).
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Figure 2.2: Schematical representation of the two-stage cyclic softening model
(Bernhart et al., 1999)
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2.4.2 Kinematic hardening model

The hardening of a material, which occurs due to plastic deformation, can also be
represented by use of a kinematic hardening model. The model uses a different
theoretical approach to that of the isotropic hardening model, in that the yield
surface translates in stress space, rather than expand (Dunne and Petrinic, 2005).

The kinematic hardening parameter y is a tensor, also called the backstress or rest

stress tensor (Chaboche and Rousselier, 1983), which defines the instantaneous
position of the loading surface (Lemaitre and Chaboche, 1994). Figure 2.3 is a
schematic description of the kinematic hardening model in stress space and the
corresponding model in a tension-compression test, in which k represents elastic

limit value.

In a tension-compression test, it is typically found that the yield stress in
compression is lower than that if the test was carried out in tension first. This
behaviour is known as the Bauschinger effect in which plastic deformation increases
the yield strength in the direction of plastic flow and decreases it in the reverse
direction (Zhang and Jiang, 2008). The kinematic hardening model is more
appropriate for representing this phenomenon where the model assumes that the
elastic region remains constant, both initially and during cyclic loading (Dunne and
Petrinic, 2005), as illustrated, schematically, in Figure 2.4. The use of the kinematic
hardening model, in predicting the Bauschinger effect, can be found in Chun et al.

(2002).

12
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G2
Figure 2.3: Schematic representation of kinematic hardening in deviatoric plane

and in tension-compression test (Chaboche, 2008)

ok

2,

Y
-

Figure 2.4: Schematic illustration of the Bauschinger effect in which the elastic limit

is represented by o, in this figure (Jiang and Zhang, 2008)

The yield criterion for the kinematic hardening model, in the uniaxial form, is given

by the following equation:-
f =|a—;(|—k (2.8)

where k is the initial yield stress value. In the kinematic hardening model, the initial
yield stress is also described as the initial elastic limit or the initial size of the yield

surface (Chaboche, 1989; Lemaitre and Chaboche, 1994).

13
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The simplest model used to describe kinematic hardening uses a linear relationship
between the change in kinematic hardening and the change in plastic strain. The
linear kinematic hardening model, originally developed by Prager (1949), is given by

the following equation:-

w=2ci (2.9)

3 p
where ¢ is the material constant, which represent the gradient of the linear
relationship (Avanzini, 2008). For the uniaxial loading case, Equation 2.9 is given by

the following:-

X =C¢, (2.10)

where y represents a scalar variable; the magnitude of y is 3/2 times the

kinematic hardening tensor parameter (Dunne and Petrinic, 2005). Mroz (1967)
proposed an improvement to the linear kinematic hardening model by introducing a
multilinear model which consists of a multisurface model representing a constant

work hardening modulus in stress space.

Linear strain hardening is rarely observed in the actual cyclic loading tests.
Generally, the stress-strain behaviour obtained from cyclic loading tests is a
nonlinear relationship. The Amstrong-Frederick type kinematic hardening model,
originally developed in 1966, has been used widely to represent this nonlinear
stress-strain relationship. The model introduces a recall term, called dynamic
recovery, into the linear model (Frederick and Armstrong, 2007) which is given by

the following equation:-

.2 . .
XZECSp — AP (2.11)
where y is a material constant. The recall term incorporates a fading memory effect

of the strain path and causes a nonlinear response for the stress-strain behaviour

14
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(Bari and Hassan, 2000). For the nonlinear kinematic hardening model of the time-

independent plasticity behaviour, the value of c/y determines the saturation of

stress value in the plastic region and its combination with the k value represents
the maximum stress for the plasticity test (Dunne and Petrinic, 2005). The saturated

stress is described, schematically, in Figure 2.5.

Saturated stress

Subsequent, translated
Initial yield yield surface

surface
Figure 2.5: Schematic representation of saturated stress represented by the

nonlinear kinematic hardening model (Dunne and Petrinic, 2005)

The constants in the nonlinear kinematic hardening model are represented by
different equation than that in equation 2.11, as found in Chaboche and Rousselier
(1983), Zhan and Tong (2007) and Gong et al. (2010), for example. The equation is

given as follows:-
. 2 _. .
X :C[gasp —xpj (2.12)

where a is the saturation of the stress value in the plastic region, which is identical

to the value of c/y, and C represents the speed to reach the saturation value,
which is equal to y . In general, both of the nonlinear kinematic hardening equations

(2.11 and 2.12) are the same, except for the fact that the constants are different in

definition.
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The Amstrong-Frederick hardening relation has been modified by decomposing the
total backstress into a number of additive parts (Jiang and Kurath, 1996). The
reason for the superposition of the kinematic hardening model is to extend the
validity of the kinematic hardening model to a larger domain in stress and strain
(Chaboche and Rousselier, 1983). The model is also intended to describe the
ratchetting behaviour better (Lemaitre and Chaboche, 1994). Thus, the total

backstress y is given by the following equation:

L= % (2.13)

where y; is a part of the total backstress, i=1,2,...,M and M is the number of the

additive components of the kinematic hardening. The model is usually decomposed
into two or three kinematic variables. However, more variables are sometimes
employed in certain cases, for example, in the study of the ratchetting effect (Bari
and Hassan, 2000), in order to get a better agreement with experimental data. It is
suggested by Chaboche (1986) that the first rule (y,) should start hardening with a
very large modulus and that it stabilizes quickly. For example, the superposition of

three kinematic hardening variables is shown in Figure 2.6.

E,.= 2500 MPa

/
300——L
/

R = 160 MPa

200 4 xl+x,+-‘f:

o (MPa)

Xy =100 (1 —exp {-200 el

Xy = 2500,

Xy =401 —exp (=2000€,))

2' € (%)
Figure 2.6: The stress-strain curve obtained from the superposition of three

kinematic hardening variables (Lemaitre and Chaboche, 1994)

16



Chapter 2
Literature review

2.4.3 Combined isotropic-kinematic hardening model

Both the cyclic hardening/softening and Bauschinger phenomena are normally
observed in tests of the real material. This observation indicates the requirement to
combine both isotropic and kinematic hardening rules in order to predict the strain
hardening and the cyclic hardening/softening of engineering materials. The yield
criterion of the combined isotropic and kinematic hardening models, in the uniaxial

form, is given by the following equation:-
f =|o-4-k-R (2.14)

Theoretically, the behaviour of the material with a combined isotropic and kinematic
hardening model will include both the translation and the expansion/contraction of
the vyield surface in stress space. An example of the implementation of this
combined model can be found in Zhao et al. (2001). In this paper, the author used a
time independent cyclic plasticity model combined with isotropic hardening and two
nonlinear kinematic hardening rules, to predict the behaviour of a nickel base

superalloy, at 300°C.

2.5 Time-dependent cyclic plasticity

The repeated loading of engineering components at high temperature may involve
both plasticity and creep behaviour. The constitutive model for this condition is
known as a time-dependent or a rate-dependent plasticity in which the plastic strain

and the creep strain contribute to the total strain value.

2.5.1 Uncoupled elastoplasticity-creep
Conventionally, the creep (time-dependent) and the plasticity (time-independent)
behaviour are modelled by an uncoupled elastic-plasticity-creep model. In the

model, the stress-strain behaviour is represented by a creep model such as the
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Norton’s law and by a typical plasticity model such as the isotropic and kinematic
hardening models. For example, Shang et al. (2006) used the model to represent
the behaviour of superplastic forming dies. The constants for the selected creep and
plasticity models are determined separately in a constant loading test and in cyclic
loading tests, respectively, and there is no interaction assumed to occur between
those constants in the creep and plasticity equations. In certain conditions,
particularly for cyclic creep (ratchetting effect) and creep-plasticity interaction, the
combination of the plasticity and creep equations give unsatisfactory results when
compared to experimental data (Krempl, 2000). Thus, a viscoplasticity model has
been used more frequently than the uncoupled elastic-plasticity-creep model to

describe time-dependent plasticity behaviour at high temperature.

2.5.2 Unified viscoplasticity model

According to Lemaitre (2001), the viscoplasticity model refers to the mechanical
response of materials in plastic condition which exhibits time dependent effect
represented by a viscosity function. A well known viscoplasticity model is the unified
viscoplasticity model proposed by Chaboche (Chaboche and Rousselier, 1983). The
model is known as the “unified” viscoplasticity model for two reasons (Chaboche,
1989). Firstly, the plastic and the creep strains are represented simultaneously by
one parameter and these strains are called the viscoplastic strain. Consequently,
the strain does not exhibit a discontinuity under different types of loading. Secondly,
the same hardening rules as the time independent plasticity rule are employed in

the viscoplasticity model.

The viscoplastic strain rate of the model, in the uniaxial form, is given by the

following equations:-
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. f\"
£, = <E> sgn(o — ) (2.15)
where:
1x>0
n(x)=<0,x=0  and <X>:{x,x20 (2.16)

< ' 0,x<0 '
-1x<0

f=|lo—z-k-R (2.17)

In the unified viscoplasticity model, the total stress can be decomposed into four

parts, namely initial yield stress k, drag stress R, backstress y and viscous
stress, o, as given by the following equation:-

c=y+(R+k+o,)sogn(c—y) (2.18)
The viscous stress which represents the rate dependency of the stress is a power
function of the accumulated plastic strain rate as follows:-

o, =2Zp"" (2.19)
The viscous stress is also known as the overstress due to the fact that the
viscoplastic formulation allows the stress state to overpass the purely elastic domain

(Chaboche, 2001). A schematic representation of the total stress decomposition in

the unified viscoplasticity model is shown in Figure 2.7.

Figure 2.7: The decompositions of stress in the tensile test according the unified

viscoplasticity model (Chaboche and Rousselier, 1983)
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The unified viscoplasticity model has been used by Tong and his co-workers to
predict the stress-strain behaviour of a nickel-based superalloy. For example, Zhao
et al. (2001) developed the unified model to predict the stabilized cyclic loops of a
nickel base superalloy at various strain ranges and at high temperatures. At the
beginning of the work, only one strain rate was used in the study. An optimisation
method was used to improve the initially determined parameters by minimizing the
difference between the predicted and the experimental stress values. The
optimisation method was further improved by considering several types of test data
in the optimisation process such as monotonic, cyclic, relaxation and creep test data
(Tong and Vermeulen, 2003; and Tong et al.,, 2004) and this process resulted in
better predictions for the cyclic and creep tests by using only a single inelastic strain
variable within the model. Additional terms can be included in the model such as a
static recovery term (Zhan and Tong, 2007) and a plastic strain memory term (Zhan
et al., 2008) in order to improve the model's prediction for more complex stress-
strain behaviour. It can be seen from the works of Tong and his co-workers that the
viscoplasticity model for the nickel-based superalloy has been developed in several
stages, starting from a simple model, and the optimisation program has been used

to determine the material constants.

Yaguchi and Takahashi (2000) used a unified viscoplastic model to represent the
cyclic behaviour of modified 9Cr-1Mo steel under temperatures between 200 and
600°C. In the proposed model, the applied stress has been divided into three
components; a back stress, an effective stress and an aging stress. The aging
stress in the model is similar to the isotropic hardening variable, but is represented
by different equations. The cyclic softening behaviour of the modified 9Cr-1Mo steel

is represented by a modified kinematic hardening equation. The constants of the
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model were determined by a step-by-step procedure and it involves a trial-and-error
method. The model shows a good capability to describe the inelastic behaviour of
modified 9Cr-1Mo steel under monotonic tension, stress relaxation, creep and
anisothermal cyclic deformation. In order to improve the ratchetting behaviour
prediction, Yaguchi and Takahashi (2005) modified their model by using the Ohno-
Wang kinematic hardening rules. Koo and Lee (2007) also investigated the
ratchetting behaviour of the modified 9Cr-1Mo steel at 600°C; however, a rate-
independent model incorporating a kinematic hardening rule with three-decomposed

rules and an isotropic hardening rule was used in their work.

In general, the phenomenologically based model is capable of predicting the
behaviour of undamaged material for which the stress-strain prediction of the model
is true up to a certain number of cycles and normally covers the majority of life
cycles. In order to simulate the behaviour of a material for the whole of fatigue
process, the material constitutive model could be combined with continuum damage
mechanics theory. The damage mechanics theory enables the modelling of the
material’s strength degradation and the often rapid collapse of the specimen (Oller
et al., 2005). The fatigue damage evolution is described in terms of the number of
cycles and it may depend on several variables such as stress, plastic strain,

damage variable, D, temperature or hardening variables (Shang and Yao, 1999)

For higher temperature applications, the creep-fatigue damage may be combined to
provide a unified viscoplasticity model which can predict the failure of the specimen.
The evolution of the combined damage approach is described by the following
equation (Chaboche and Gallerneau, 2001):-

dD = f.(o,D,T)dt+ f- (0,4, 0,D,T)dN (2.20)

max !
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where the evolution of creep damage is based on the time evolution while the
fatigue damage evolution is based on the evolution of the number of cycles. The
model has been successfully applied to a nickel based superalloy (Yeom et al.,
2007, El Gharad et al., 2006) and a single crystal (Dunne and Hayhurst, 1992a;
Dunne and Hayhurst, 1992b). However, the inclusion of a creep-damage model into
the constitutive equation requires many types of test loading configurations to be
implemented and thus many specimens are required in the testing program (Dunne

et al., 1992).

2.5 3 Two-layer viscoplasticity model

The two layer viscoplasticity material model is another type of viscoplasticity model
which is available in commercial finite element software such as Abaqus. The model
can be used to simulate the effect of time dependent behaviour as well as time
independent behaviour. This model was developed by Kichenin et al. (1996). The
model divides the viscous (time dependent effect) and time independent plasticity
components into two independent parallel layers or networks which are known as

the elastic-plastic network and the elastic-viscous network, as shown in Figure 2.8.

Cr.

A n

Figure 2.8: One-dimensional rheological representation of the two-layer

viscoplasticity model (Leen et al., 2010)
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The interactions of elastic-plastic and elastic-viscous networks are controlled by the

user-specified ratio, f . The parameter is defined by the following equation:-

K
=— (2.21)
K, +K,

where K, and K, are the elastic modulus in the viscous and the plastic networks,

respectively. The f value lies in the range 0 and 1 in which a value close to 1
indicates a high contribution of elastic viscous network. In isothermal conditions, the

total strain is decomposed into elastic,¢,, plastic, &, and viscous, ¢,, strain

components, as follows:-

e=¢g,+(1-f)e, + feg, (2.22)
The total stress of the model is divided into two different stresses, i.e., o, and o,

which control the evolution of plasticity and viscous effects in each network,

respectively.

General plasticity and creep models can be implemented in the two-layer
viscoplasticity model. For example, Figiel and Gunther (2008) used the nonlinear
isotropic and the kinematic hardening model in the elastic-plastic network while the
Norton power law model was selected for the elastic-viscous network. The model
constants in the study were obtained by fitting the results of finite element
simulations to quasi-static tensile and relaxation experimental tests carried out at
various temperatures. Similar plasticity and creep models were chosen by Leen et
al. (2010) which include combined isotropic-kinematic hardening plasticity and
power law creep model to be used in the two-layer viscoplasticity model. Leen et al.
(2010) determined the material constants for the combined isotropic-kinematic
hardening by conducting isothermal cyclic tests while the creep model constants

were identified from isothermal stress relaxation tests carried out at various
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temperatures. Finally, the user-specified ratio, f, is identified by a fitting process

which compares finite element predictions with experimental stress relaxation

results.

The two-layer viscoplasticity model has been derived for several materials in order
to represent the stress-strain behaviour, particularly for high temperature
application. Charkaluk et al. (2002) used the two-layer viscoplasticity model to
represent the cyclic behaviour of a cast iron, which is used in exhaust manifold
structures. Leen et al. (2010) characterized the cyclic elastic-plastic-creep behaviour
of a high nickel-chromium material (XN40OF) which is used in superplastic forming
tools at temperatures in the range 20°C to 900°C. The model has also been used to
analyse polyelectrolyte membranes in fuel cells (Solasi et al. (2008). In earlier work
on this model carried out by Kichenin et al. (1996), the nonlinear visco-elasticity

behaviour of polyethylene was represented.

2.6 Material behaviour under TMF conditions

A great deal of research has been carried out in order to characterize the
thermomechanical behaviour of engineering materials, using types of material
models. For example, the two-layer model and the unified viscoplasticity model
have been used to predict the behaviour of an exhaust manifold under
thermomechanical fatigue conditions; both models exhibited similar mechanical
responses (Charkaluk et al., 2002). Yaguchi et al. (2002) applied the unified
viscoplasticity model to predict the anisothermal behaviour of a nickel-based
superalloy between 450 and 950°C. The two-layer viscoplasticity model has also
been successfully used to predict the behaviour of a high nickel-chromium material
used in a superplastic forming process (Leen et al., 2010). Minichmayr et al. (2008)

used the nonlinear kinematic hardening model and the Norton creep model to

24



Chapter 2
Literature review

describe the behaviour of aluminium-silicon cast alloy, machined from cylinder

heads of combustion engines.

The constants for the material behaviour model in anisothermal conditions are
commonly developed by determining material model constants under isothermal
conditions for several temperatures in a specified temperature range. For example,
Hyde et al. (2010) developed a unified Chaboche viscoplasticity model for a 316
stainless steel using isothermal strain-controlled test data with +0.3% strain
amplitude for temperatures in the range 300 and 600°C. The model gives good
predictions when compared with experimental in-phase and out-of-phase
thermomechanical fatigue test results even though the TMF tests were subjected to
a higher mechanical strain range. The same approach was used by Leen et al.
(2010) and Yaguchi et al. (2002) to characterize the thermomechanical fatigue
behaviour of materials with a two-layer viscoplasticity and a unified viscoplasticity

model, respectively.

The behaviour of P91 steel under thermomechanical fatigue loading conditions was
studied by Okrajni et al. (2008). In the study, out-of-phase TMF loading was applied
to a hollow specimen subjected to temperatures with the range 200 and 450°C. A
mathematical model was developed, based on a low-cycle isothermal fatigue tests,
and the top and bottom values of stress and strain were used in the model. The
model gives good predictions when compared with the experimental results, as
shown in Figure 2.9(a). However, only the behaviour of the steel at the sample size,
was included in this study. The thermomechanical behaviour of another power plant
material, ie, a P23 steel, was modelled by Hartrott et al. (2009) using a unified

viscoplasticity model, which is a phenomenological-based model, and the model's
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prediction results show a good comparison to experimental test data, as shown in

Figure 2.9(b).
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Figure 2.9: The comparison between the model prediction and the experimental
results of TMF test for power plant materials for (a) P91 steel (Okrajni et al., 2008)
and (b) P23 steel (Hartrott et al., 2009)

Finite element simulation can be used to predict a structure’s behaviour under
thermo-mechanical fatigue conditions. For example, Constantinescu et al. (2004)
used FE simulations to predict the behaviour of an exhaust manifold under
thermomechanical loading cycles. The analysis helped them to identify the possible
location of a crack initiation site under thermomechanical fatigue loading conditions.
FE analysis of structures, under TMF conditions, helps to design complex structures
with more accurate lifetime predictions (Charkaluk et al., 2002). The simulation
results for cast iron exhaust manifolds under the thermomechanical fatigue
conditions shows very promising results when compared with tests on the actual

structures, as shown in Figure 2.10.

The behaviour of large structures such as superplastic forming (SPF) tools, used in
the aerospace industry, can also be predicted by use of finite element simulation, as

shown by Deshpande and his co-workers (Deshpande et al., 2010a; Deshpande et
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al., 2010b; Deshpande et al., 2008). In their work, complex, cyclic, thermal and
mechanical loading, due to the heating and cooling of tools which occurs during the
handling of the SPF press, were used in the FE simulations. The results of this work
has contributed to a better operation of superplastic forming process in order to

increase the lifetime of the SPF tool.

Figure 2.10: The cast iron exhaust manifolds condition as the result of
thermomechanical fatigue loading in which (a) the predicted cracked area is shown
by red contour and (b) the cracked area on the test structure is observed at similar

location (Charkaluk et al., 2002)

2.7 P91 and P92 steel

2.7.1 Introduction to P91 and P92 steel

In the power generating industry, the economic efficiency of power plant operation
has been improved by designing better power plant structures and by developing
new steels with better properties. The creep properties of power plant materials
have been of major concern to material scientists due to the need to operate the
power plants at high temperatures over long periods of time. The steels used in

conditions are known as creep-resistant steels (Abe et al., 2008).

Examples of creep resistant steels are P91 and P92 steels. In power plant
application, the steels have been used in superheater and reheater tubes and also

in the headers and in the steam piping at high temperatures, as shown in Figure
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2.11. In general, P91 steel consists of 9% chromium and 1% molybdenum while
P92 steel consists of 9% chromium, 1.75% tungsten and 0.5% molybdenum
(Haarmann et al., 2002; Richardot et al., 2000). The steels are ferritic/martensitic
type steels which are commonly grouped as 9-12%Cr steels. The ferritic type of
steel has a lower thermal expansion coefficient value, as compared to an austenitic
type steel (Ennis and Czyrska-Filemonowicz, 2003), which is an advantage for the

ferritic type steel when dealing with thermal fatigue problems.

The demand for ferritic steels with higher creep strength has contributed to the
development of 9Cr martensitic steel (Shibli and Starr, 2007). P91, or Grade 91
steel, was originally developed by Oak Ridge National Laboratory (ORNL) in the late
1970s as a modification to 9Cr-1Mo steel (Bendick et al., 2010). The modification
consisted of the addition of vanadium, niobium and nitrogen and also the reduction
of carbon, chromium, silicon, molybdenum, phosphorus and sulphur content
(Swindeman et al., 2004). Thus, the steel is also known as a modified 9Cr-1Mo
steel. P91 steel has been used in the UK power industry, either in retrofit or new
build applications (Brett, 2007). P92 steel was originally developed under Nippon
Steel’'s program in 1990s (Ennis and Czyrska-Filemonowicz, 2003). The steel was
developed in order to improve the P91 steel behaviour by adding tungsten (W) and
boron (B) content and reducing the molybdenum content (Richardot et al., 2000).
The P92 steel has better creep strength by approximately 10-20% compared with
P91 steel; thus, P92 pipe wall thicknesses can be reduced, resulting in improved
behaviour of the steel under thermal fatigue situations (Vaillant et al., 2008). The
chemical compositions in accordance with ASTM standard, for P91 and P92 steels

are given in Table 2.1.
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Figure 2.11: Schematic illustration and photographs of a fossil fired boiler and

typical materials (Igarashi, 2008)

Table 2.1: Chemical compositions (weight percent) in accordance with ASTM
standard (Vaillant et al., 2008)
Grades Cr Mo C Si S P Al \% Nb N w B

P91 8.00 0.85 0.08 0.20 - - - 0.18 0.06 0.03 - -
950 1.05 0.12 050 0.01 0.02 0.04 025 0.10 0.07 - -
P92 8.50 0.30 0.07 - - - - 0.15 0.04 0.03 15 0.001

950 060 0.13 050 0.01 0.02 0.04 025 0.09 0.07 2.0 0.006

In general, 9-12%Cr steels are heat treated, which consists of an austenitizing and
tempering procedure, during their manufacturing, in order to meet the requirements
of the steel's specifications. The steel is austenised at a temperature around
1100°C. The cooling process, from austenizing temperature to room temperature,
produces a martensitic structure with a high dislocation density. Then, the steel is

tempered at temperature at around 750°C in order to improve the ductility and
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impact strength. Subgrains and dislocation networks are formed during tempering
(Maruyama et al., 2001; Ennis and Czyrska-Filemonowicz, 2003). Different
temperatures and periods of heat treatments are reported in the literature for 9-
12%Cr steels, as listed in Fournier et al. (2009b). The different parameters used for
the austenitizing and tempering processes can affect the microstructure of the
steels. For example, selecting a high austenitising temperature results in an
increase in the lath width and an increase in the prior austenite grain size (Ennis
and Czyrska-Filemonowicz, 2003). The variation in heat treatment can also result in

slight differences in mechanical properties.

2.7.2 The microstructure

Two major morphologies are observed in ferritic/martensitic steels, namely plate
and lath martensite, as shown in Figure 2.12. Plate martensite consists of lenticular
(lens-shaped) crystals and a zigzag pattern of smaller plates. On the other hand,
lath martensite consists of a fine structure of parallel lath-shaped crystals. The
parallel groups with the same crystal orientations are referred to as blocks and the
groups of blocks, which may have different orientations, are known as packets
(Krauss, 1999). The crystal orientations can be investigated by using the scanning
electron microscope (SEM) with electron backscattering diffraction (EBSD)
capability (Kitahara et al., 2006). It has been observed that most heat-treatable
commercial steels have the lath-type morphology including the 9-12%Cr steels

(Morito et al., 2003).
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Figure 2.12: The example of microstructure of (a) lath martensite in a 4140 steel
and (b) plate martensite in the Fe-1.86%Cr alloy (Krauss. 1999)

A schematic representation of a lath martensite microstructure of a 9-12%Cr steels
is shown in Figure 2.13(a). The microstructure consists of prior austenite grain,
packets, blocks, laths and subgrains. The prior austenite grain boundaries existed
before the steel was quenched into the martensite regime (Faulkner, 2008). The
size of the grains is around 10 to 30 ym (Fournier et al., 2011a). In the prior
austenite grain structure, several packets can appear inside each grain and as
many as six blocks can appear within a packet. The blocks are approximately 4 ym
wide. Within a block, laths are elongated and divided into subgrains which contain a
high density of dislocations. The widths of the lath are typically less than 1um with
low angle boundaries, which have misorientation angles of less than 5° (Kitahara et
al., 2006; Sauzay et al., 2005). Two main types of precipitates are observed in the
9-12%Cr steels, namely M,3Cs and MX precipitate. The M,3Cg carbide particles are
mainly located on grain boundaries and subgrain boundaries, while the MX
carbonitrides particles are distributed homogeneously within subgrains, as shown in

Figure 2.13(b) (Maruyama et al., 2001).
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Figure 2.13: The schematic of (a) lath martensite microstructure (Fournier et al.,
2009b) and (b) precipitates (Maruyama et al., 2001) of 9-12% Cr steels

The microstructure of martensitic steels contributes to the strength of the material.
For example, the subgrain boundaries, the dislocations and the precipitates
characteristics influence the deformation of the steel. The subgrain boundaries
become obstacles to dislocation motion during inelastic deformation such as that
which occurs in creep and fatigue conditions (Kostka et al., 2007). The precipitates
contribute to the creep strength of the steel by pinning grain boundaries so that the
grain size is stabilized during high temperature application (Faulkner, 2008). Smaller
precipitates, distributed within subgrains, may act as obstacles to the mobility of the

subgrain dislocations (Fournier et al., 2011a).

2.7.3 The microstructural evolution under cyclic loading test

Comparisons between as-received specimens and those that have failed under
cyclic loading conditions for 9-12%Cr steels, reveals that an increase of subgrain
size and a decrease of dislocation density has occurred (Armas et al., 2004; Dubey
et al., 2005; Fournier et al., 2009b). The microstructural evolution in the steels have
been investigated using transmission electron microscopy (TEM) and examples of

the subgrain coarsening which occurs are shown in Figure 2.14. Cyclic inelastic
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deformation leads to the coarsening of the subgrains where experimental results
show that the subgrains sizes increase with an increase in the applied plastic strain.
It has been found that microstructural coarsening, under cyclic loading, occurs on a
subgrain scale without modifying the block of laths (Fournier et al., 2009b; Kimura et
al., 2006). Also, the blocks are more homogeneous after cyclic loading which may
indicate the disappearance of subgrain boundaries. This observation may be a
result of the limitation of scanning electron microscopy (SEM) in observing the
microstructural evolution of the steel, due to the fact that SEM can only observe
high angle boundaries, which include prior austenite grains, packets and blocks

(Kimura et al., 2006).

Scanning electron microscope and optical microscopy have been used to study
crack initiation and propagation modes in 9-12%Cr steels under cyclic loading
conditions. The microstructural observation of the fatigue specimen of the modified
9Cr-1Mo steel, such as a test with a strain rate of 3x10° s™, has revealed a
transgranular crack type with crack branching, as shown in Figure 2.15. It has also
been found that the oxidation may influence the crack initiation and propagation,
particularly at low strain amplitudes (e.g. £0.25%) and high temperatures (Nagesha

et al., 2002; Shankar et al., 2006).

The interaction between creep and fatigue behaviours within cyclic loading tests
produces greater microstructural evolutions than occur in pure fatigue tests. For
example, from the Figure 2.14(d), the subgrain size of the creep-fatigue tests
specimens are up to 3 times greater after the test while the coarsening of the
subgrains in pure fatigue tests show lower increases of subgrains with them being
up to 2 times greater than those in the as-received specimens (Fournier et al.,

2009b). This observation indicates the test duration effect on the microstructural
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evolution of the steel which the subgrain size increases with the increase of the
holding period duration (Shankar et al., 2006). The precipitates structure may also
be changed due to exposure to elevated temperature and stresses over a long
period of time, particularly in long term creep tests. However, the coarsening of
precipitates is hardly observed in creep-fatigue tests with short duration (Fournier et
al., 2009b). Also, the interaction of creep and fatigue behaviour can be identified by
the crack growth type in which creep damage becomes more influential as the hold

period increases, as shown schematically in Figure 2.16.

Figure 2.14: Bright-field TEM images of the P91 steel specimen for (a) as-received
condition, (b) pure fatigue test with 0.3% strain range, (c) creep-fatigue test with
0.4% strain range and 0.1% creep strain and (d) creep-fatigue test with 0.7% strain

range and 0.5% creep strain. (Fournier et al., 2009b)
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Figure 2.15: The transgranular crack with crack branching observed on the
modified 9Cr-1Mo steel under fatigue loading at 600°C (Nagesha et al., 2002)

a) Fatigue dominated b) Creep dominated
c) Creep-fatigue interaction d) Creep-fatigue interaction
(creep damage consequential) (creep damage simultaneous)

Figure 2.16: The schematic of crack propagation in a test with (a) fatigue

dominated, (b) creep dominated, (c) creep-fatigue interaction (due to consequential

creep damage accumulation) and (d) creep-fatigue interaction (due to simultaneous

creep damage accumulation) (Holdsworth, 2010)

The 9-12%Cr steels exhibit softening behaviour under cyclic loading condition. The

softening of the steel may be the result of several mechanisms, such as:

annihilation of dislocations, change from the original lath structure to cells or

equiaxed subgrains, degradation of strength due to coarsening of precipitates and

stress reduction associated with the surface oxide film formation during deformation

(Nagesha et al., 2002). In short term fatigue and creep-fatigue tests, the coarsening
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of precipitates can be ignored (Fournier et al., 2009b). Based on TEM observations,
it seems that the cyclic softening behaviour can be correlated with the coarsening of
the initial martensite laths and subgrains and with the decrease of the dislocation
density which contributes to the reduction of obstacles to dislocation motions. The
changes of the obstacle density affect the stress required for the dislocation motions
and thus contribute to the reduction of measured stress in the cyclic softened

materials (Fournier et al., 2011a).

The subgrain coarsening of 9-12%Cr steels can be associated with the mechanism
of dislocation annihilation. In the steel’s microstructure, the subgrains are the small
structures located along the martensite lath separated by the subgrain boundaries.
The subgrain boundaries consist of dislocation networks, which, when compared
with the subgrain interiors, are hard regions in the microstructure of the ferritic steels
(Hald, 2008). During cyclic loading, mobile dislocations, which are located inside the
subgrains, can move towards subgrain boundary dislocations of opposite sign
(Sauzay et al., 2005) as shown in Figure 2.17. If the distance between the mobile
and the subgrain dislocations is less than a critical annihilation distance, the
dislocations involved may be annihilated (Essmann and Mughrabi, 1979). The
repetition of cyclic loading contributes to the successive annihilation events which
decrease the density of subgrains dislocations. Eventually, the subgrains

boundaries disappear when no dislocation remains inside it (Fournier et al., 2011b).
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Figure 2.17: The schematic of the annihilation mechanism consist of the
interactions between subgrain boundary dislocations and mobile dislocations
(Sauzay et al., 2005)
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Chapter 3 — Experimental work

3.1 Overview

This chapter presents the experimental work carried out on P91 and P92 materials
at high temperatures. General information on the capability of the testing machines
and the specimen preparation is described. Several types of test loading types were
used in the tests, e.g., some tests were carried out with constant temperatures and
some with variable temperatures (i.e. isothermal and anisothermal, respectively),
various types of strain loading, strain amplitudes and designs of specimen were

used. Results obtained from these tests are presented at the end of this Chapter.

3.2 Testing facilities

An Instron 8862 TMF testing system was used to perform the isothermal and
anisothermal tests. The system consists of the load frame, servo electric actuator,
power amplifier, load cell and control electronics. The TMF machine system is

shown in Figure 3.1.

The machine is controlled by a servo electric screw driven actuator for forces up to
100kN. The maximum frequency is 1Hz and the minimum speed is 1
micrometer/hour in a displacement controlled test. Strain is measured by high
temperature extensometer with ceramic rods and a gauge length of 12.5mm. This

extensometer can be used at temperatures up to 1200°C.

The heat is supplied by high frequency induction heating. The heat is produced by
the interaction of a test specimen, which is a metal, with the magnetic field
generated by the flow of alternating current in an induction coil. The coil is made of

copper tubing designed to enable the temperature gradient along the gauge section
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to be controlled to within +10°C of the target temperature. The induction heating
enables a fast heating rate up to 50°C per second to be achieved and a cooling rate
up to 25°C per second is achieved with forced air. These test control capabilities are
important in thermo-mechanical fatigue tests in order to achieve the required
temperature cycles. The temperature readings were obtained by the use of either
thermocouples or pyrometry; the former device was used in the majority of the tests

performed for this work.

ke

Figure 3.1: The Instron 8862 TMF machine system: (a) the TMF machine main
structure, and (b) the controller of the system
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Figure 3.1: (contd.) The Instron 8862 TMF machine system: (a) the TMF machine
main structure, and (b) the controller of the system

3.3 Material and specimen preparation

The materials used in this work were 9%Cr steel alloys, i.e., P91 and P92 steels.
The materials provided were from steam pipe sections and multi-pass weld pads as
part of the SUPERGEN project. The P91 and P92 pipe had outer diameter of
298.5mm and 355mm, respectively, and wall thickness of 55mm and 30mm,
respectively. The P91 steel was austenized at 1060°C for 45 minutes and tempered
at 760°C for 2 hours. On the other hand, the P92 steel was austenized at 1070°C for
45 minutes and tempered at 780C for 108 minutes. The chemical compositions of

the two materials are given in Table 3.1.

Table 3.1: Chemical compositions for the P91 and P92 steels (wt%)

Cr Mo C Si S P Al \% Nb N W B

P91 860 1.02 0.12 0.34 <0.002 0.017 0.007 0.24 0.070 0.060 0.03 -
P92 862 033 0.10 045 0.002 0.015 0.019 0.21 0.076 0.047 1.86 0.0034

Cylindrical, button-end, specimens (e.g. Fig. 3.2) were machined from the P91 and

P92 steels. For parent metals, the test specimens were cut from the steam pipe
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sections; the P92 weld specimens were machined from the longitudinal direction of
the supplied weld pad. All specimens had an overall length of 160mm, which is
10mm longer than that suggested by the TMF machine supplier; this was more
convenient for the production of a coil which gave the required temperatures within
the tolerance limits. The button-end design of the specimens, as shown in Figures
3.2, 3.3 and 3.4, enable the TMF machine system to be used within maximum load
for the machine, i.e., 35kN during the test. The middle section of the specimen is
called as the gauge section. The middle section was at least 15mm in order to allow
the placement of the extensometer arms which have a length of 12.5mm. This
section was finished by a fine machining and polishing to create an average

roughness value of 0.8um.

Three test specimen types were used. First, a solid TMF specimen, as shown in
Figure 3.2, was used in the majority of the tests, particularly for the strain-controlled
isothermal tests. For the anisothermal tests, a tubular specimen with a 4mm
diameter hole, as shown in Figure 3.3, was used in order to have a thin wall along
the gauge section so that radial temperature variations can be ignored during the
anisothermal test. Finally, a notched TMF specimen, as shown in Figure 3.4, was
machined with a notch radius of 2mm in the gauge section in order to create a

multiaxial stress state in the specimen.
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Figure 3.2: The solid TMF specimen used in isothermal test
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Figure 3.4: The notched TMF specimen used in load-controlled test

3.4 Testing procedures for the P91 steel

The work on the P91 steel can be divided into two stages. The first stage of the

experimental work involved the investigation of the P91 parent metal. Most of the

effort on this material was carried out in order to get a better understanding of the

behaviour of this martensitic type material in cyclic loading conditions at high

temperatures. Several types of tests were carried out on the P91 specimens,

including isothermal cyclic plasticity, thermomechanical fatigue and notched-bar

testing.
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3.4.1 Isothermal cyclic plasticity test of P91 steel

Strain-controlled testing was used to investigate the behaviour of P91 under cyclic
plasticity conditions in isothermal conditions. The aims of the tests are firstly, to
obtain the stress-strain behaviour of the material so that a constitutive material
behaviour model can be developed based on these data. Secondly, a fatigue life
model, particularly under low cycle fatigue conditions, can be developed. The solid

TMF specimens (i.e. Fig. 3.2) were used in these tests.

The test loading conditions were based on the high temperature requirement of
power plant and to produce a deformation which will give plastic behaviour. The
isothermal tests of P91 specimens were conducted at 400, 500 and 600°C. At each
temperature, displacement controlled tests with a strain amplitude of +0.5% and a
strain rate of 0.1%/s were performed in fully reversed tension-compression
conditions. The strain amplitude value was selected to ensure that significant
plasticity would occur with this amplitude. Using the same strain amplitude at each
temperature, tests with a hold period, in tension, for 2 minutes were performed in
order to study the time-dependency effect. The duration of hold period was chosen
so that constant rate of stress drop, in each cycle, was recorded in the test. In
addition, several strain-controlled tests, with the same strain rate, were performed at

600°C with strain amplitudes of £0.2%, 0.25% and 0.4%.

Actions performed prior to starting the test

Prior to starting up each test, temperature calibration of the TMF machine system
was performed in order to obtain a temperature variation within the gauge length of
+10°C of the target temperature. This can be achieved by designing the copper coll
for the P91 steel specimen by adjusting its shape particularly the number of coil

turns and the pitch between each coil turn. The characterization of the copper coil



Chapter 3
Experimental work

shape controls the density of magnetic flux, induced by the induction heating
system, and thus determines the specimen’s temperature. Five thermocouples were
welded on the gauge section, as shown in Figure 3.5, to measure the temperature
during thermal calibration. A coil from previous tests on a RR1000 specimen, as
shown in Figure 3.6(a) which gave temperature gradient of within +10°C for the
RR1000, was used as a starting design shape. However, that coil design produced
a temperature variation of more than +15°C, even after adjusting the pitch of coll
turn. Another shape of coil as shown in Figure 3.6(b) was used and there was an
improvement for temperature reading. The final design of the coil shape for P91
specimen tests is shown in Figure 3.7; this gave the required temperature variation

along the gauge section as plotted in Figure 3.8.

For the P91 steel isothermal strain-controlled tests, the temperatures during the
tests were measured by using thermocouples (TC). Two K-type thermocouples
were used in each test; one thermocouple acted as the main TC which controls the
required temperature for a test and another thermocouple was used to check the
reading of the main TC before starting the test. The thermocouple wires were
attached to the specimen’s surface by spot welding and the distance between the
two thermocouple wires must be less than 1mm as suggested by Hahner et al.
(2008). If the TC readings indicate an unacceptable variation of temperature, the
qualities of the spot welds are checked and repetition of the spot welding process

may be performed if necessary.

From previous tests on RR1000, using the TMF machine system (Hyde, 2010),
cracks were found at the TC spot weld positions on the gauge section. In order to
avoid that situation, temperature in the strain-controlled tests of P91 steel was

measured by positioning thermocouples away from the gauge section, i.e., on the
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shoulder of the specimen. Thus, the temperature ratio between the centre of the
gauge section and the specimen’s shoulder were recorded, at the position shown in
Figure 3.9(a). Average temperature readings at the shoulder position for
corresponding gauge section temperatures of 400, 500 and 600°C, obtained from
the setup of this experiment, were 344, 429 and 516°C, respectively. For the actual
tests, both thermocouples were placed on the specimen’s shoulder, as shown in

Figure 3.9(b), and the temperature ratios were used in the test.

In order to obtain a good response for a specified test loading, the PID (proportional,
integral, derivative) values of the TMF machine system were tuned. The strain
amplitudes and testing periods for the actual tests were applied on a specimen and
the PID values were adjusted accordingly to get a good fit to controlled shape
parameter (strain, load or temperature). The values of P 36, | 2 and D 0 were used
for the P91 steel tests determined by trial-and-error process. This procedure was

performed using the temperature calibration specimen.

Actual test

Once the temperature calibration and PID tuning procedures were completed, the
actual tests were performed, using new P91 specimens. Thermocouples were
instrumented on the specimen as shown in Figure 3.9(b) and then, the specimen
was installed on the test rig, as shown in Figure 3.7. A verification of Young's
modulus was performed at room temperature to ensure correct operation of the
extensometer. The applied load in the Young’s modulus verification was small, to
ensure that it was within the elastic limit, in order to avoid an irreversible
displacement in the specimen before starting the test. Correct operation of the
extensometer resulted in a reasonable smooth plot of linear data and the measured

Young’s modulus values were comparable to reference values at the same
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temperature. After verifying the extensometer set-up, the specimen was heated up

to the required temperature.

The specimen was heated up to the required temperature within 30 seconds from
room temperature. The specimen was continued to be heated without applying any
load for up to 5 minutes in order to get stabilized temperatures throughout the solid
specimen. During that time, the mechanical strain waveform was set as required
and a failure criterion, which set the condition for the machine to stop, was defined
as a given percent decrease of maximum stress from certain cycle. From the results
of the first test on a P91 specimen at 600°C with £0.5% strain amplitude, using a
50% stress decrease from the 50" cycle as the failure criterion, the specimen were
found to totally fracture and the extensometer fell down. This may cause damage of
the extensometer if it occurs regularly. Thus, a lower percent of stress decrease,
i.e., 30% stress drop from the 50" cycle, was defined as the failure criterion for the
remaining tests and the tests were found to stop without causing total fracture of the
specimen. Visible cracks were observed on all specimens’ surfaces. Test data were

recorded automatically by the Instron TMF software.

Figure 3.5: The positions of the 5 thermocouples along the gauge section during

temperature calibration stage
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Figure 3.6: Different designs of coil which were used in the intial stage of
temperature calibration, (a) a coil used in previous RR1000 tests and (b) a new coil

made and tested for P91 test specimens140

Figure 3.7: TMF test machine set-up used for P91 specimens with finalised design

of the induction heating coil and the extensometry
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Figure 3.9: The positions of thermocouples on the gauge section and the shoulder

of the specimen for (a) measuring the temperature ratio and (b) during the strain-

controlled tests of the P91 steel
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3.4.2 Thermo-mechanical fatigue testing of P91 steel

The aim of the thermomechanical fatigue (TMF) testing of the P91 steel specimens
was to observe the effects of cyclic mechanical loading and temperature on the
behaviour of the steel. The test data obtained from the TMF tests were also used to
verify the viscoplasticity model developed in this study for predicting anisothermal
behaviour. The tubular specimen, as shown in Figure 3.3, was used for the TMF
tests. A mechanical strain range of £0.5% was used for all of the TMF tests for two
temperature ranges, i.e., of 400-500°C and 400-600°C. The TMF tests were carried
out under in-phase loading conditions (maximum temperature at maximum strain)
up to failure and out-of-phase loading conditions (minimum temperature at
maximum strain), as shown schematically in Figure 3.10. All of the TMF tests were

carried out with a period of 60s per cycle.
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Figure 3.10: Schematic representation of anisothermal strain-controlled loading

with in-phase and out-of-phase temperature cycles
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An infra-red pyrometer was used instead of thermocouples at the specimen
shoulders to measure temperatures in the TMF tests. The controlled temperature at
the specimen’s shoulder causes difficulty in determining the temperature along the
gauge section when temperature is cycled. A pyrometer is a non-contacting device
for measuring the temperature and hence surface crack due to spot-welding can be
avoided. However, an oxide layer, which forms during testing, may affect the
accuracy of temperature measurement (Beck and Rau, 2008). An initial study was
implemented to assess the severity of the oxide layer formed during the test by
preoxidising the specimen at 650°C for 24 hours. It was found that the P91
specimen surface was not significantly oxidised compared to other specimens used
in previous tests in the lab such as stainless steel and RR1000 specimens. Thus,

the effect of oxidation on pyrometer reading was neglected in this study.

In order to use the pyrometer in the test, the emissivity values for the required
temperature between 400 and 600°C were determined prior to starting the TMF test.
For this purpose, the initial thermal cycling study was performed by attaching 5
thermocouples on the gauge section’s surface to measure the temperature
variation, as shown in Figure 3.5. The temperatures of the specimens in the tests
were controlled by the use of the middle thermocouple. The specimen was heated
to a specified temperature and the temperature was kept constant for several
minutes to stabilize the temperature of the specimen. The corresponding emissivity
value was then recorded. This process was repeated at other temperatures within
the required temperature range. The recorded emissivity values at 400, 500 and
600°C are 0.615, 0.625 and 0.635 respectively. Each emissivity value was then
used in a temperature cycling test, controlled by pyrometer. This was done in order
to get an emissivity value which can give a better temperature reading for the

specified temperature range and to ensure that the maximum temperature
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variations within gauge length of the specimen are within the required range, i.e.,
+10°C (Hahner et al., 2008). The emissivity value of 0.625 was used in the TMF

tests.

For the thermomechanical fatigue test, the TMF software divides the test into four
stages, namely, stabilisation, measurement, verification and test stage. The first
three stages were the preparatory stages in which only a temperature waveform
was applied and resultant thermal strains were measured and verified. The thermal
strain was measured by using the extensometers data and recorded at the base
time interval. In the test stage, the mechanical strain cycle of £0.5% was defined in
the TMF software; the mechanical strain can only be realized by controlling the total
strain applied to the specimen considering the thermal strain measured in the
preparatory stages. For example, the total strain applied to a specimen in the
tension direction, for TMF in-phase tests was higher than the defined mechanical
strain due to the contribution of thermal strain (expansion of specimen due to
increase of temperature). In contrast, the thermal and mechanical strains were
opposite in direction for the TMF out-of-phase tests and hence resulted in shorter
applied total strain in the test. The 30% stress drop from the 50" cycle was also

used as the failure criterion for the TMF test.

3.4.2 Cyclic notched bar test of P91 steel

The cyclic notched bar tests on P91 steel were performed using a fully reversed
load-controlled condition in order to verify the capability of the material model under
multiaxial conditions. The nominal stress amplitude was 300MPa on the minimum
notch section and a constant temperature of 600°C was applied to the specimens
throughout the test. The stress value was chosen in order to produce a similar strain

range effect, on the notch section, as that in the isothermal strain-controlled tests on
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a P91 solid specimen at 600°C. The TMF notched specimen, as shown in Figure
3.4, was used for the tests. Two types of loading were used for the tests: firstly, the
load was continuously applied in triangular waveform with a cyclic period of 20
seconds; and secondly, a dwell period of 2 minutes, which is the same duration as
the cyclic test on the P91 solid specimen, was introduced in the previous triangular

waveform at peak loading. Each test was performed until failure occurred.

For the notched bar tests, thermocouples were used to measure the test specimen
temperature. However, the position of the main TC was not on the shoulder of
specimen. The main TC was attached on the gauge section which was 2 mm above
the notch corner as shown in Figure 3.11. During thermal calibration, two additional
thermocouples were attached on the centre of the notched surface. The ratio
between the main TC and the thermocouples reading for notch section was
recorded, making sure that the temperature was 600°C at the centre. In the actual
tests, the main and guide TC were attached to new P91 notched specimens without

any TC on notched radius.

Figure 3.11: 4 thermocouples were attached to the gauge section during thermal

calibration
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3.5 Testing procedures for the P92 steel

The second stage of the experimental work was performed on P92 parent material
and weld metal. Isothermal strain controlled and thermomechanical fatigue tests
were carried out on P92 specimens using the same TMF machine system, in which
the solid and tubular TMF specimens designs already described, were used,
respectively. The difference was that the maximum test temperature was increased
to 675°C, to reflect the higher temperature capability of P92 compared with P91 in
real applications. The isothermal tests were performed at 500, 600 and 675°C with a
strain amplitude of £0.5% and a strain rate of 0.1%/s. Then, tests with dwell periods
of 5 minutes at the peak tensile strain were also performed for each temperature.
The thermomechanical fatigue tests were carried out in a temperature range of 500

to 675°C with in-phase and out-of-phase loading, with a 60 seconds cycle period.

The isothermal and TMF tests, of the P92 parent and weld specimens, were
performed using the same procedures as have been described for the P91 parent
metal specimens, except for the temperature measurement method. For this stage,
the main thermocouples, which controlled the test temperature, were attached in the
middle of gauge section for both the isothermal and the TMF tests, as shown in
Figure 3.12(a). From trial tests on P91 specimen at the end of stage 1, it seems that
cracks may not have initiated at welding point of the thermocouple wires, as found
in the works of Hyde (2010) for RR1000 specimens, if care is taken during the spot
welding, i.e., the lowest possible current is used which will ensure that the contact
between thermocouple wires and specimen’s surface is strong enough. In addition,
a solid specimen was used in all of the strain-controlled tests for this study, rather

than the tubular specimens used in the strain-controlled tests for the previous study.
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The locations of major cracks were observed and recorded for the P92 tests in
relation to the location of the main TC on gauge section. The first test on the P92
material was performed using a P92 parent material specimen under an isothermal,
strain-controlled condition, at 600°C. Figure 3.12(b) shows the major cracks on the
gauge section surface; these cracks were located 3 mm below the thermocouples.
A crack investigation using an optical microscope shows a closer view of the major
crack which can be seen to have a width of 90 micrometer, as shown in Figure
3.13(a). The crack width is approximately 30 percent of the TC wire width. There
was no crack near the spot weld position, as shown in Figure 3.13(b). For other
strain-controlled test specimens, the major cracks were also found to occur at

positions away from the spot weld locations.

Prior to starting the TMF test on P92 specimen, an initial investigation, using
scanning electron microscope on the previously tested tubular specimens used in
the P91 TMF tests, was conducted. Many cracks were found to initiate and
propagate from the inner and outer surface of the specimens, as shown in Figure
3.14. The quality of the inner surface finishing of the specimen, which was difficult to
control, may also have contributed to the initiation of the cracks. From these
observations, it was decided to control the temperature by attaching the main TC to
the middle of the gauge section. Furthermore, the number of cycles to failure for the
TMF tests, which might be affected by early crack formation, is not the concern of
this test. The tests were performed to investigate the development of the cyclic,

plastic, stress-strain loops.
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Figure 3.12: An image of the P92 parent metal surface with (a) the main and guide
TC positions before test and (b) the image of a visible major crack, after test, with

the thermocouple, located 3mm below

B Crack width = 90um

Figure 3.13: Images from optical microscope focussing on (a) the major crack on

the specimen and (b) the TC wires positions
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Figure 3.13: (contd.) Images from optical micrograph focussing on (a) the major

crack on the specimen and (b) the TC wires positions
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Figure 3.14: SEM images of a tested P91 tubular specimen showing many cracks

on the inside and outside of TMF specimen in longitudinal direction
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3.6 Experimental results

This section presents some typical results obtained from experimental works on the
P91 and P92 materials. The effects of the strain-controlled cyclic loading and the
holding period in the isothermal tests, on the material behaviour, are described. The
data from these two tests were used in the constitutive model development; this will
be explained further in Chapter 4. Results obtained from the thermomechanical
fatigue tests and the load-controlled notched bar tests are also presented; these

data will be used to verify the material model performance.

3.6.1 Strain-controlled cyclic loading tests

Figure 3.15 shows a typical stress-strain hysteresis loop for a strain-controlled
fatigue test. Important parameters such as stress range, Ao, plastic (or inelastic)
strain range, Ag,, total strain range, Ag;, (which is the controlled parameter in the
test) and elastic strain range, Ag., can be identified from the stress-strain hysteresis
loop as shown in Figure 3.15. In the case of the P91 specimens with +0.5% strain
amplitude, significant plasticity was observed from the hysteresis loop where the
width of the loop at the mean stress (plastic strain range) represents approximately

60 percent of the total strain range.

The first cycle of the hysteresis loop, at different temperatures, shows the effect of
the temperature on the resultant response. The slope of linear stress-strain data in
tension and compression, as shown in Figure 3.16 for P91 material, depends on
temperature, i.e., the slope decreases as temperature increases. The test at the
higher temperature also produced a lower peak stress level as well as a higher
plastic strain range compare with the others at the lower temperatures. Similar

trends in the results were observed for the P92 parent and weld materials, as shown
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in Figure 3.17. The figure compares the stress level at each test temperature for
both P92 parent and weld materials. It can be seen that the stress-strain behaviours
of both materials are practically the same during the first cycle. The P91 parent
material data is compared with the P92 parent material data at 500 and 600°C, in
Figure 3.18; this indicates a slight difference in the maximum and minimum stress
levels attained in the tests with the same strain range and strain rate. The P92
material has slightly higher stress values, by about 30 MPa, than those of the P91
steel. Similar trends in stress level comparison for P91 and P92 materials have also

been reported by Vaillant et al. (2008).

The P91 and P92 steels exhibit cyclic softening behaviour. Generally, the behaviour
in fatigue loading tests is associated with the increase of plastic strain range in a
material as a result of continuous cyclic loading. Figure 3.19 shows the evolution of
plastic strain range observed in the tension-compression test of P91 and P92
materials. It can be seen from the graph that the plastic strain ranges increase
rapidly during the initial stage and then become stable after approximately a quarter
of the total number of cycles. In some P92 results, particularly at 600°C, the plastic
strain range increases during the last stages of the test. The figure also shows that
the plastic strain ranges recorded at higher temperature are always higher than the
values at lower temperature, which may have a contribution due to the greater

creep which occurs at higher temperature.

Figure 3.20 shows another aspect of cyclic softening behaviour. For a strain-
controlled fatigue test, it can be seen that the stress range decreases as the cycles
increase. There are similar trends for all tests performed at different temperatures,
see Fig. 3.20, where the stress range evolves in three different stages. The stress

range levels decrease rapidly in the initial stage before slowly decreasing in the
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middle region of the test. In the latter stages, the stress levels continue to rapidly
decrease until failure occurs. The second stage seems to have the largest portion of
the cyclic period. From Figure 3.20, it is also clear that the number of cycles to
failure decreases when temperature increases between 400 and 600°C for both P91
and P92 materials. However, the number of cycles to failure for P92 at 675°C was
found to be higher than the failure cycles of the same material at 600°C. The
recorded stress-strain loops at the end of the tests at different temperatures for P92
are shown in Figure 3.21. Interestingly, it can be seen at the bottom of compression
data for the three loops that there is a “hysteresis loop tail”, which indicates the
occurrence of cracks (Dunne et al.,, 1992). For example, a visible crack was
observed on the P92 parent material test at 1042 cycles and 600°C with a 90um

crack width as shown in Figure 3.13(a).
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Figure 3.15: Example of typical stress-strain hysteresis loop and the parameters

determined from the loop for an isothermal strain-controlled test
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Figure 3.16: The stress-strain loop for the P91 parent (P91P) material during the

first complete cycle of a tension-compression test at various temperatures
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Figure 3.17: The stress-strain loop for the P92 parent (P92P) and the weld (P92W)
during the first complete cycle of a tension-compression test at various
temperatures
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Figure 3.18: Comparison of the stress-strain behaviour of P91 and P92 parent

materials for isothermal test at 500 and 600°C
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Figure 3.19: The evolution of plastic strain ranges in isothermal tension-

compression tests indicating the cyclic softening behaviour
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Figure 3.20: The evolution of stress ranges in isothermal tension-compression tests
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Figure 3.21: Example of the stress-strain loop of the last cycle recorded in

isothermal tension-compression tests indicating the “hysteresis loop tail” at the base

of compressive stress part of the loop
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3.6.2 Hold period test

In the isothermal dwell period tests, the holding period for the tensile strain caused a
stress relaxation behaviour, which indicates a time-dependency effect for P91 and
P92 materials at high temperature. Figure 3.22 shows the stress relaxation
behaviour for P91 parent material in which the stress difference between the
starting and the last point of the holding period for 400, 500 and 600°C are 80, 110
and 179 MPa, respectively, showing an increasing value of stress relaxation as
temperature increases. However, the results of the stress relaxation behaviour of
the P92 materials, as shown in Figure 3.23, exhibit a different trend, i.e., the stress
relaxation for the test at 675°C, with a value of 167 MPa, is lower than the relaxation
stress at 600°C, in which the value is 197 MPa. Both P92 parent and weld materials

show similar stress relaxation behaviour in the first cycle.

400

¢ P91P_400C
® P91P_500C
A P91P_600C

100
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Figure 3.22: Stress relaxation data for the P91 parent material in the first cycle of

isothermal tests with a 2 minute dwell period
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Figure 3.23: Stress relaxation data for the P92 parent material and the weld metal

in the first cycle of isothermal tests with a 5 minute dwell period

3.6.3 TMF test results

Figure 3.24 shows the stress-strain behaviour of the P91 material in the
thermomechanical fatigue test with in-phase and out-of-phase temperature cycles. It
can be seen that the TMF tests, with in-phase temperature cycle produce higher
total strains, than the out-of-phase tests, in which the controlled mechanical strain
amplitude is +0.5%,. The temperature cycle produces thermal strain which
increases the total strain value in the TMF in-phase tests while the temperature
cycle reduces the total strain value in the TMF out-of-phase test in order to maintain

the mechanical strain value at specified amplitude.

Temperature phase loading also affects the value of maximum and minimum stress
in the TMF tests and the loop shape. At the same test period, such as in the first

tensile curve, the in-phase TMF test produced a lower maximum stress compared to
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the out-of-phase TMF test. For example, the maximum stresses for the in-phase
and the out-of-phase for a P92 specimen are 240 and 410 MPa, respectively. These
values show the effect which temperature has on the resultant stress values.
Furthermore, the maximum and the minimum stress values for the TMF tests seem
to be similar to the stress values of the isothermal test data at the top and the
bottom of the first cycles. For example, Figures 3.25 and 3.26 show the comparison
of the first complete cycles of the in-phase and out-of-phase TMF test results,
respectively, with the isothermal test results at 500 and 675°C for the temperature
range of 500-675°C for P92 parent material. Also, the in-phase TMF tests showed a
compressive mean stress while the out-of-phase TMF tests showed a tensile mean
stress. All TMF tests show cyclic softening behaviour throughout the test, as plotted

by the decrease of stress range in Figure 3.27.
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Figure 3.24: The stress-strain behaviour of the P91 parent material in the first

complete cycle of a TMF test
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Figure 3.25: Comparison of the first complete cycles from the isothermal tests at
500 and 675°C and from the in-phase TMF test for a temperature range of 500-
675°C, for the P92 parent material
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Figure 3.26: Comparison of the first complete cycles from the isothermal tests at
500 and 675°C and from the out-of-phase TMF tests for a temperature range of
500-675°C, for the P92 parent material
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Figure 3.27: The evolution of the stress ranges obtained for in-phase and out-of-

phase TMF tests for the P91 and P92 parent materials

3.6.4 Notched specimen test results

For isothermal notched specimen tests performed under a load-controlled mode,
with 300MPa stress amplitude, the specimen displacement increases as the cycle
increases, see Figures 3.28 and 3.29. The displacement of the notched bar test with
a dwell period, shown in Figures 3.30 and 3.31, shows a ratchetting effect which
produces a significant increase in displacement and a lower number of cycles to
failure compared to the test with tension-compression loading. The shape of
displacement range versus cycle number, for the notched bar test, is also similar to
that of a typical creep test in which it can be divided into three stages with a longer
secondary period and a sudden displacement range increase near the end of the

test period up to the specimen fracture.
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Figure 3.28: The maximum and minimum displacements obtained from the P91

notched specimen test in the load-controlled test at 600°C
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Figure 3.29: The displacement range obtained from the P91 notched specimen test
in the load-controlled test at 600°C
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Figure 3.30: The maximum and minimum displacements obtained from the P91

notched specimen dwell test at 600°C
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Figure 3.31: The displacement range obtained from the P91 notched specimen in
the dwell test at 600°C
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Chapter 4 —Stress-strain analysis and microstructure

investigation of cyclic tests

4.1 Overview

This chapter contains an analysis of the stress-strain behaviour, and its related
parameters, produced in strain-controlled tests of P91 steel, at 600°C. It also
contains an investigation of the microstructural variations which occur in specimens
during the cyclic tests. Based on the experimental stress-strain data, variations in
the Young’s modulus and the area enclosed in the hysteresis loops are determined,
together with the variations in other parameters throughout the test. The strain and
energy parameters obtained from strain-controlled tests with different strain
amplitudes can be used to develop fatigue lifing methods. Also, the results of the
microstructural investigations of the P91 steel, at different life fractions, using
scanning and transmission electron microscopes, are presented. Finally, the
relationships between the cyclic stress-strain data and the results obtained from the
microstructural investigations are used to gain an understanding of the cyclic

softening and failure mechanisms for the P91 steel.

4.2 Stress-strain analysis

Based on the results provided in Chapter 3, the P91 steel exhibited cyclic softening
behaviour in all of the tests performed in this study. From the isothermal, strain-
controlled tests, at 600°C, with different strain amplitudes, it can be seen that the
material exhibits cyclic softening behaviour as can be seen in Figures 4.1 and 4.2,
which present the evolutions of the maximum stress when various plastic strain
ranges are applied throughout the tests. The same strain rate of 0.1%/s was used

for all of the tests. Parameters such as Young’s modulus, hysteresis loop area and
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loop shape parameter were determined from the cyclic stress-strain loops; these are

analysed in this section.
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Figure 4.1: The evolution of maximum stress throughout the isothermal strain

controlled tests performed at 600°C on P91 steel, with various strain amplitudes
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Figure 4.2: The evolution of plastic strain range throughout the isothermal strain

controlled tests performed at 600°C on P91 steel, with various strain amplitudes
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4.2.1 Determination of Ngia, Ntan and Ni¢

All of the specimens tested in this study exhibited a cyclic softening behaviour,
which consists of three stages; as can be seen from the evolution of the peak
stress, as shown in Figure 4.3. In the initial stage, the peak stress level decreases
rapidly with cycle number. The rate of decrease becomes slower before reaching a
constant value during the second stage. The second stage occupies the largest
proportion of the cycles. Finally, the rate of reduction of the stress level increases
rapidly leading to failure. In this subsection, the number of cycles in each of the

stages and the number of cycles to failure are described.

Figure 4.3 shows a definition of Nga, Ny and Ni. The Ng, and Ny, correspond to
the beginning of the constant rate evolution of the peak stress level and the
beginning of the stress drop in the third stage, respectively, as suggested by
Constantinescu et al. (2004). The number of cycles to failure, Ny, is defined,
according to the BS7270:2006 standard, as the cycle number at which the
maximum stress has decreased by a prescribed percentage from that predicted by
extrapolation of the second stage stabilisation curve. In the standard, a 10 percent
drop (Nsy) Is suggested, as a possible failure criterion. However, other percentages
could be used. Finally, Ng, represents the final number of cycles applied in the
cyclic test, as recorded by the TMF machine, before it stops as a result of the
machine setting. This avoids the total fracture of the specimen, which could damage
the machine. Table 4.1 shows the results obtained from the tests of the P91

specimens at 600°C.
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Table 4.1: The values Ngg, Nian, Nis (5% failure criterion), Ny (10% failure criterion)
and Ny, for the P91 steel test at 600°C

Strain
. Nsta Ntan Nf5 NflO Nfin
amplitude
+0.5% 220 425 556 590 656
+0.4% 400 1130 1348 1424 1462
+0.25% 990 2800 3308 3522 3590
+0.2% 1900 9242 10090 10512 10518
i Stage 1

Maximum stress, o, (MPa)

Stage 2

Number of Cycle, N

Figure 4.3: Definitions of Nga, Niwan and N¢ obtained from a cyclically softened

material

4.2.2 Young’s modulus analysis

The elastic modulus (or Young’s modulus) is an important material parameter,

representing the proportionality constant which describes the linear stress-strain

response of a material. Also, the initial measurement of the modulus value, prior to

starting the strain-controlled test, serves as an indication that the extensometer, on
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the specimen’s surface, has been correctly installed. In addition, according to
Lemaitre and Chaboche (1994), the Young's modulus value can be taken as an
indirect measurement of damage for a cyclically loaded specimen. One of the aims
of this subsection is to investigate the evolution of the modulus throughout the life

cycles for P91 steel, at 600°C.

The elastic modulus can be determined in several different ways. Generally, it is
determined by measuring the slope of the linear region of the tensile stress-strain
test curve. In a cyclic test, the modulus can be determined from each recorded
hysteresis loop by calculating the average slope of the tension-going (Epioad) and
compression-going (Egewnioad) linear data, as suggested by Hales et al. (2002).
Based on the results of P91 strain-controlled tests with different strain amplitudes,
the values of E poad @and Egownicad @t €ach hysteresis loop are slightly different.

However, the difference is small and much less than 10 percent.

Figure 4.4 shows the variation of elastic modulus with load cycles in the strain-
controlled tests of P91 steel with different strain amplitudes. It can be seen that the
modulus values are practically constant for about the first 70 percent of recorded
hysteresis loops for each test. During the latter stages of life, the modulus values
decrease significantly until the last recorded cycles. The modulus values for the test
with £0.5% strain amplitude exhibit the greatest decrease when compared with the
other test data. This is because the data for the +0.5% test were recorded up to the
point where total separation of the specimen occurred, whereas, the other tests,
with different strain amplitudes, were stopped before total fracture in order to avoid
potential damage to the extensometers. However, major cracks can be clearly seen

on the surfaces of these specimens.
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The evolution of elastic modulus can be used as an indication of the strength
degradation of the material. Lemaitre and Chaboche (1994) proposed that the

damage, D, of a material may be given by the following equation:-

E
D=1-— 4.1
E (+1)

where E is the elastic modulus of the material free from damage, E is the elastic
modulus of the damaged material and 0< D <1. The damage parameter is equal
to zero for the undamaged material and totally damaged material is represented by
D =1. Figure 4.5 shows a plot of damage versus cycle for the test with +0.5%. The
damage values are negligible for the majority of cycles from the beginning and start
to increase from the 500" cycle to the last recorded cycle, i.e. the 655™ cycle, which
gives the damage value of about 0.2, leading to sudden fracture of the specimen,

with no clear sign of specimen necking, at the end of the test.
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Figure 4.4: Plot of elastic modulus versus the ratio of the cycles number to the final

recorded cycles for tests with various strain amplitudes for P91 steel, at 600°C
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Figure 4.5: The evolution of damage throughout the £0.5% strain-controlled test at
600°C, for the P91 steel

4.2.3 Hysteresis loop area analysis

The hysteresis loop area of a uniaxial, cyclic stress-strain test represents the plastic
energy or plastic work per cycle for an elastic-plastic material. The parameter has
been used to quantify low cycle fatigue damage (Charkaluk, 2009) so that
accumulation of the plastic work can become a damage indicator (Skelton, 1991).
The determination of hysteresis loop areas throughout the strain-controlled test of

P91 specimen at 600°C is presented in this subsection.

The area of hysteresis loop can be determined through an integration process. For
example, using the 350" loop from an isothermal strain-controlled test at 600°C, the
test data can be divided into two curves representing the compressive going and the
tensile going data, as shown in Figure 4.6. The two types of data can be

represented by the following equations:-

- =a+bx+cx? +dx®+ex?
1
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A software called Diadem, which is data management software, produced by

National Instruments, was used to produce a set of constants for the above

equation to match the experimental data, as given in Table 4.2. The equation was

integrated for the strain data range between -0.5 and 0.5 to obtain the area under

the curve as follows:-

Areaof thehysteresisloop = J‘fs(yz —y,)dx

which gives the value of 286.646 (¢ in % and o in MPa units)

Stress, o (MPa)

—1_Compression
—_—2-Tension

20
=JULS

Strain, £ (%)

(4.2)

Figure 4.6: Hysteresis loop for the 350" cycle in an isothermal test of P91, at 600°C

Table 4.2: A set of constants approximated by Diadem for the hysteresis loop data

Compression, Tension,
Constants
Y1 Y2
a -194.20373 203.268464
b 180.209582 181.81991
c 467.443747 -553.44568
d 1172.61961 1202.39886
e 1102.36017 -957.8186
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However, the calculation of the hysteresis loop area, using the integration method,
requires many steps leading to it being a time-consuming process when used for
many sets of hysteresis loop data are involved. A simple way is to use a statistical
method (Billo, 2007) to calculate the area of the curve, as shown in Figure 4.7. For
example, a trapezoid method can be used to approximate the area under the curve,

by summing the individual trapezium areas calculated between two adjacent points,

as given by the following equation:-

n-1
Area = Z%(Xm -X) (4.3)

i=1
In the case of the experimental data, x and y represents the strain and the stress
values for each cyclic test. For example, the hysteresis loop area for the 350" cycle,
as shown in Figure 4.6, is predicted, using the trapezoid method, to be 286.774.
This is very close to the value calculated by the integration process. Thus, the

trapezoid method was used in this study to calculate the hysteresis loop areas of

the cyclic stress-strain data.
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Figure 4.7: Example of the statistical methods for calculating area under curve
(Billo, 2007)
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Figure 4.8 shows the evolution of plastic strain energy per cycle determined using
the trapezoid method, for the strain-controlled tests of P91 specimens, at 600°C.
The results show that as the strain amplitude of a test increases, the resultant
hysteresis loop area increases. The tests with lower strain amplitude (0.2% and
0.25%) show an increase of hysteresis loop area at the beginning of cyclic loading.
However, a decrease of the hysteresis loop area occurs at the early stage observed
in the tests with the £0.4% and +0.5% strain amplitudes. In Figure 4.8, it can be
seen that the hysteresis loop areas are stable in the middle stage of the test at all
strain amplitudes and also that the stabilised hysteresis loop areas are maintained
for the majority of the cycles. Finally, the hysteresis loop areas, for all the tests, with

various strain amplitudes, fall as the tests reach the third stage of cyclic softening.
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Figure 4.8: The evolution of the hysteresis loop area during the strain-controlled
test of P91 steel, at 600°C
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Table 4.3 gives the accumulated values of the hysteresis loop areas, also known as
cumulative energy parameter (Skelton, 1991), at various stages of the tests.
Generally, energy is represented by units of Joule (J) and thus the unit of hysteresis
loop area, N/mm?, is equal to MJ/m®. The cumulative energy parameters were
measured at 4 different points namely Ngua, Nis2, N @and Ng¢s, in which Ngs, is the
number of the cycle at the midway point to failure with 5 percent failure criterion.
The cumulative parameters are represented by >Wg,, ZWisp, ZWian and ZWis,
respectively, in this study. At each stage of the tests, with various strain amplitudes,
the cumulative energy parameters are different and the standard deviations (stdev)

are as shown in Table 4.3.

The cumulative energy parameter at the beginning of the stabilized stage, ¥Wg,,
has the lowest standard deviation, which only deviates from the average value by
4%, while the cumulative energy parameters, at the half life, ¥W s, and at the end
of the stabilized stage, 2W.,,, have the highest standard deviation values, which are
38 and 47 percent of the average values, respectively. This trend indicates that
similar cumulative energy parameters are required in order to achieve stabilized
conditions, at Ng, for P91 steel, with various strain amplitudes, at the same
temperature. On the other hand, the differences of the cumulative energy
parameters at the end of the stabilized stage may be influenced by crack initiation
and propagation conditions. Thus, the test parameter at Ny, can be reasonably
used as the stabilized point of the cyclic material behaviour; this was also observed

by Charkaluk and Constantinescu (2000).
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Table 4.3: The values of cumulative energy parameters of ¥Wg,, 2Wisp, 2W,, and

>W;is for the P91 steel test at 600°C

Strain
Z\Nsta Z\Nf5/2 zWtan ZWf5
amplitude
+0.5% 648.097 815.206 1233.975 1594.499
+0.4% 720.789 1206.572 2043.090 2311.203

+0.25% 687.036 1167.517 2001.819 2357.516

+0.2% 684.857 1987.211 3774.038 4124.601

Average ZW  685.195 1294.127 2263.230 2596.955

Stdev 29.702 494.444 1073.732 1076.663

The hysteresis loop areas can be further analysed using a parameter called the loop
shape parameter, V,, . The evolution of this parameter throughout the cyclic loading
test indicates the occurrence of persistent slip bands at the surface of the specimen

(Polak, 1991). The V,, parameter is given by the following equation:-

V, = (4.5)

where W is the hysteresis loop area, &4 IS the plastic strain amplitude and o, is
the stress amplitude. Figure 4.9 shows the evolution of loop shape parameter for
the P91 steel specimen subjected to the +0.5% strain-controlled test. At the
beginning of the test, the V,, parameter decreases to a local minimum at about the

40™ cycle. Then, the parameter increases to a local maximum which is located in
the second stage of cyclic softening. Finally, the parameter decreases again in the

final period of testing.
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Figure 4.9: Evolution of the loop shape parameter, in the £0.5% strain-controlled
test, at 600°C, for P91 steel

4.3 Fatigue Model

Based on the number of the cycles to failure obtained in the fully-reversed
isothermal strain-controlled tests, with 4 different strain amplitudes, a fatigue life
model for the P91 steel, at 600°C, based on strain and energy parameters can be
developed. In this study, the fatigue models constants were determined using the
number of cycles to failure with a 5 percent stress drop failure criterion. The strain
and energy parameters are normally taken from the stabilised, or saturated,
condition of the cyclic loading tests, in which the peak stress level becomes
constant, observed in a strain-controlled condition, for example. However, the
plastic strain amplitude and energy parameters for P91 steel do not become
constant, but they reach a low magnitude variation instead, in the stabilised period,
as shown in Figures 4.2 and 4.8 respectively. Thus, the strain and energy

parameters were taken at Ng, and N, in order to determine the fatigue model
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constants and for comparison purposes of the effect of the point selection in the P91

steel.

4.3.1 Strain-based model

The isothermal strain-controlled tests with 4 different strain amplitudes produced
significant cyclic plastic strain and the number of cycles to failure for these tests are
within the low cycle fatigue regime. Thus, the plastic strain based of the Coffin-
Manson model is suitable for use in representing the failure of the test specimens.

The Coffin-Manson equation is given below:-

A% _ o oN )
7—&( i) (4.6)

where Agp/2 is the plastic strain amplitude, 2N; is the number of reversals to failure,
g¢ is the fatigue ductility coefficient and c is the fatigue ductility exponent. Equation
4.6 is based on Suresh (1998). The ¢ and c constants can be determined by
plotting the log (plastic strain amplitude) against log (number of reversals to failure),
as shown in Figure 4.10. The & and c constants for the Coffin-Manson relationship,
determined using parameters at Ng,, are 0.5241 and -0.6042, respectively, while
the same constants, determined using parameters at N, are 0.4896 and -0.5927,
respectively. The figure shows that similar linear relationships are obtained for both
types of data; the slope of the Ny, graph is slightly higher. The difference between
the predicted number of cycles to failure up to 50000 cycles, using both sets of fits

to the data, is less than 11 percent.
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Figure 4.10: Determination of the Coffin-Manson fatigue model constants using the

strain-controlled tests data for P91 steel, at 600°C

4.3.2 Energy-based model
The energy based, fatigue model, proposed by Ellyin and Kujawski (1984), is used
to relate the plastic strain energy per cycle to the number of cycles to failure, using

the following equation, i.e.:-
W =KN,*" 4.7)
where W is the plastic strain energy per cycle (or the hysteresis loop area), N; is the

number of cycles to failure and K and a are material constants. The constants can

be determined by plotting log (plastic strain energy per cycle) against log (number of

cycles to failure), as shown in Figure 4.11. The K and a constants, determined using

parameters at Ny, are 271.36 and -0.714, respectively, while the corresponding
constants, determined using parameters at Ngpp, are 229.52 and -0.6907,

respectively. Again, both set of data produce very similar graphs and a slightly
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higher slope is produced when using the Ng, data. The difference between the
predicted number of cycles to failure up to 50000 cycles, using both sets of fits to

the data, is less than 13 percent.
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Figure 4.11: Plot of log (plastic strain energy per cycle) versus log (cycles to failure)

for the strain-controlled tests of the P91 steel, at 600°C

4.4 Microstructure investigation

The experimental cyclic loading test results obtained from the P91 and P92 steels,
at high temperatures, clearly indicate that both materials cyclically soften in three
different stages, prior to complete fracture of the specimens. The cyclic softening
behaviour is the focus of this section, in which an investigation of the microstructure
of the fatigued specimens, at various life fractions, was performed in order to
identify the evolution of microstructures and the failure mechanisms. The P91
specimens tested with strain amplitudes of +0.5%, at 600°C, were used in this
study. Four points throughout the lifetime were selected: firstly, the as-received

material was analysed, to form the reference point for comparison; secondly, an
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interrupted test specimen up to 200 cycles was analysed; thirdly, another specimen
was interrupted at 400 cycles and finally a specimen tested to failure was analysed.
The microstructures were observed, using a scanning electron microscope (SEM)

and a transmission electron microscope (TEM).

4.4.1 Scanning electron microscopy

The Philips/FEI XL-30 scanning electron microscope (SEM) was used in this work.
An accelerating voltage of 20kV and a working distance of 10mm were set to
investigate the microstructure of the P91 specimen tested at +0.5% strain
amplitude. The SEM specimens were taken from the longitudinal direction of
specimen’s gauge section. The samples were then mounted with conductive
phenolic mounting resin. The surfaces of the samples were ground and polished by
using a rotary grinding machine, with silicon carbide paper, and diamond cloth,
down to a 1um finish. The samples were then further polished using colloidal silica,
in order to remove the residual surface damage induced by the diamond cloth
polishing. Finally, acidic ferric chloride was used as the chemical etchant to reveal

the microstructural features of the material.

4.4.2 Transmission electron microscopy

An investigation, using a transmission electron microscope (TEM), was carried to
observe the microstructural features at higher magnifications, looking in particular,
for martensite lath structures, which cannot be clearly observed by SEM. The JEOL
2000FX transmission electron microscope at 200 kV was used in the examination of
the steel. TEM investigations require an extremely thin specimen in order to allow

the electrons to pass through it and to create the TEM images.
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The thin foils specimen used in this work was taken from the P91 specimen,
perpendicular to loading axis. A 2 mm thin slice was cut from the gauge section and
it was ground down to approximately 100um thick using silicon carbide paper. Then,
the thin foil was punched into a 3 mm diameter disc using a mechanical puncher.
The disc was further polished down to a thickness of approximately 50um. Finally,
the disc was thinned using dual jet electropolishing, at -10°C, in an electrolyte made

up of 10% perchloric acid and 90% ethanol.

4.4.3 The microstructure investigation results

Figures 4.12 to 4.18 show the microstructure images of the SEM investigation on
the P91 specimen. The as-received P91 steel has a lath martensite structure as
shown in Figure 4.12 (a) and (b), in which the grain boundary size is approximately
15um. There are smaller structures inside the grain boundary which can be related
to packet, block and lath structure as represented schematically in Figure 4.12 (c).
The microstructure of the steel, after 200" cycles, is shown in Figure 4.13, where a
similar microstructure to that of the as-received specimen was observed. It is
difficult to differentiate any microstructure changes using the SEM at this cycle
range. As the cycle number increases further to the 400" cycle, microcracks of 10 to
30 pm length, which initiated at the specimen’s surface, were observed at two
locations as shown in Figure 4.14 (a) and (b). Transgranular cracks were observed
at many locations near the final fracture surface specimen, as shown in Figure 4.15.
Furthermore, branching of transgranular cracks was observed for the cracks with

lengths longer than 100 pm, as shown in Figure 4.15 (b).

The microstructures at failure of a strain-controlled test specimen with a 2 minutes

hold period cycles were also investigated and the results are shown in Figures 4.16

to 4.18. The cyclic loading dwell test was stopped before total fracture of the
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specimen occurred, but one major crack can be clearly seen in Figure 4.16. Many
cracks were initiated from the specimen’s surface, and one major crack (the longest
crack found in the specimen) can be observed in the centre of this figure. The major
crack is about 1 mm in length. Interestingly, microcracks were observed in the
middle of the specimen, as shown in Figure 4.17, but these were not found in the
test specimen without the hold period. Figure 4.18 shows a close-up found in the
major cracks of the P91 dwell specimen; there were cracks which were found to
grow around the grain boundaries. This may indicate the interaction of the creep

and fatigue effects in the crack propagation stage.

Figures 4.19 (a) to 4.19 (d) show the bright field TEM images at high magnification,
after various life fractions produced in the interrupted cyclic loading test of P91
steel. The martensite lath, or the subgrain structures, can be clearly observed using
the transmission electron microscope. For the as-received P91 specimen (zero
cycle), the width of the subgrain are inconsistent, as shown in Figure 4.19 (a), and
small subgrains were observed as highlighted by the dotted line. As the cycle
number increases, the small subgrains become harder to observe in the TEM
images, as can be seen in Figures 4.19 (b) to 4.19 (d). Also, the subgrains, or lath
martensite structures, seem to have a longer structure than does the as-received
subgrain structure. The average of the subgrain width or the subgrain size can be
determined by the line intersection technique as the average of subgrain intercept
lengths measured from the TEM images (Dubey et al., 2005). Based on the bright
field TEM images, the subgrain sizes for Figures 4.19 (a) to 4.19 (d) are 0.383,
0.507, 0.551 and 0.604 pm, respectively. The subgrain size of 200" cycle specimen
increases by about 32 percent from the size of the as-received specimen. Then, the
subgrain sizes increase gradually up to fracture. From these results, there is a clear

trend of subgrain coarsening as the number of cycles increase.
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Figure 4.12: Microstructure of the as-received P91 steel showing (a) the lath
martensite structure, (b) the microstructure at higher magnification for the dotted
circle in (a), and (c) the schematic structure (Kitahara et al, 2006)
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Figure 4.12: Microstructure of the as-received P91 steel showing (a) the lath
martensite structure, (b) the microstructure at higher magnification for the dotted
circle in (a), and (c) the schematic structure (Kitahara et al, 2006) (cont.)
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Figure 4.13: Microstructure of the P91 steel after a strain-controlled cyclic test for
200 cycles at 600°C
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Figure 4.14: Microcracks observed in the surface of the P91 specimen after 400"

cycles of cyclic loading, at 600°C, at two different locations, (a) and (b)
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Figure 4.15: Cracks observed in the P91 fractured specimen showing (a) shorter

cracks and (b) longer cracks with crack branching
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Figure 4.16: Cracks observed in the P91 steel after cyclic loading with 2 minutes

dwell periods at the final recorded cycles
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Figure 4.17: Microcracks observed in the middle of the P91 specimen with 2
minutes dwell periods at the final recorded cycles
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Figure 4.18: A mixture of transgranular and intergranular cracking observed on the
major cracks of the P91 specimen with 2 minutes dwell periods
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Figure 4.19: Bright field TEM images for (a) the as-received material, and the

subgrain evolution which occurs in +0.5% strain-controlled test after (b) the 200"
cycle, (c) the 400" cycle and (d) the 656" cycle
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"y

Figure 4.19: Bright field TEM images for (a) the as-received material, and the

subgrain evolution which occurs in +0.5% strain-controlled test after (b) the 200"
cycle, (c) the 400" cycle and (d) 656" cycle
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Figure 4.19: Bright field TEM images for (a) the as-received material, and the
subgrain evolution which occurs in +0.5% strain-controlled test after (b) the 200"
cycle, (c) the 400" cycle and (d) 656™ cycle

4.5 Discussions on the cyclic softening mechanisms

The P91 steel exhibits cyclic softening throughout the test, with three distinct
stages. Mechanical parameters such as the peak stress level and the plastic strain
range continued to evolve throughout the strain-controlled test and these
parameters can be related to microstructure evolution. In this section, the
relationship between the results of the microstructure investigation of interrupted
tests and the analysis of the experimental stress-strain data with +0.5% strain

amplitude, at 600°C, are discussed.

The microstructure of the P91 steel consists of small subgrain sizes and high

dislocation densities prior to the starting of the cyclic loading test. The steel has
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been manufactured with these features included as parts of the strengthening
mechanisms of the steel; these act as obstacles to plastic deformation (Abe, 2008).
During the first stage of the cyclic softening of the steel, the peak stress level and
the plastic strain range vary significantly. Also, in this stage, the microstructure
evolution has occurred, particularly in the martensite lath, or subgrain, structure,
without affecting the strength of the specimen, as indicated by the Young's modulus
values. The results of the TEM investigation show rapid subgrain coarsening during
this stage. At the same time, the dislocation density also decreases due to cyclic
deformation, as reported by Fournier et al. (2009b) for a similar material, at high
temperature. The subgrain coarsening is attributed to the annihilation of low angle
boundaries, as explained by Sauzay et al. (2005). The author reports that the
misorientation angles between laths (or subgrains) are low (smaller than 5°) and
that they can be modelled as dislocation arrays. During plastic deformation, mobile
dislocations move towards low angle boundaries of opposite signs and the
interactions between the opposite signs of dislocations cause the dislocations to be
annihilated. As the cycle number continues to increase the dislocations inside the
subgrains decrease and finally contribute to the disappearance of the low angle
boundaries. Consequently, the subgrain size coarsens and the density of the
dislocations decreases, which means that there is a reduction of the number of
obstacles to plastic deformation. Thus, lower stresses are required to achieve a

certain deformation, as shown by the rapid decrease of the peak stress levels.

In the second stage of cyclic softening, the peak stresses and the plastic strain
ranges slowly and steadily change with an almost constant rate of peak stress
reduction. The subgrain structures, between the 200" and the 400" cycles, also
show a slight increase in the subgrain size, which may indicate a slow rate for the

annihilation process. The stabilisation of the cyclic stress-strain response may
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indicate the formation of persistence slip bands (PSBs) (Kruml and Polak, 2001).
Based on Figure 4.9, the loop shape parameter reaches global maximum at some
point between the 200™ and the 300" cycle, which corresponds to the formation of a
microstructure with PSBs (Petrenec et al., 2011). In this stage, microcracks initiate
without affecting the strength of the specimen, as the size of cracks are small, as

shown by the SEM results at the 400" cycle.

During the third and final stage of cyclic softening there is a nonlinear decrease of
the peak stress level. In this period, the plastic strain range and the subgrain size
have slightly increased. However, it is clear that during this stage the microcracks,
which were observed at the end of the second stage, continue to propagate. The
SEM images of failed specimens show transgranular cracking with crack branching.
Similar crack observations have been found by Nagesha et al. (2002) for the
modified 9Cr-1Mo steel, at the same temperature. The authors relate the branching
of the transgranular cracks to the high strain amplitudes of testing. As the size of
cracks becomes larger, they affect the Young's modulus value of the material,
leading to a reduction of modulus value. This can be attributed to a degradation of
strength of the material, as shown by the evolution of damage, D, in Figure 4.5. As
the material becomes weaker, lower stresses are required to achieve the targeted

strains in the cyclic testing specimens.

4.6 Conclusions
The following conclusions can be drawn from the analysis of the stress-strain data
and the microstructure investigation:-

e Three distinct stages of cyclic softening have been identified from the full

cycle data of the P91 cyclic tests.
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The cumulative energy parameters obtained for the cyclic tests with different
strain amplitudes were found to be similar at the beginning of the
stabilisation stage of cyclic softening.

The coarsening of the subgrains occurs rapidly in the first stage of cyclic
softening but slows down in the second and third stages.

The nonlinear decrease of the peak stress level in the first stage is due to a
reduction of the number of obstacles to plastic deformation, as a result of
subgrain coarsening.

The cyclic mechanical parameters become stabilised in the second stage of
cyclic softening. Also, the initiation of cracks begins in this stage. The
changes of structure, on a micro-scale, do not significantly affect the
strength of the specimen, as the Young’s modulus values of the specimen
remain approximately constant up to the end of the stage 2 cyclic softening.
The nonlinear decrease of the peak stress level, which occurs in the third
stage, is due to crack propagation. The cracks cause the material to become
weaker, as indicated by the decrease of Young’s modulus value.
Transgranular cracks were found in the fractured specimen of the strain-
controlled test of +0.5% strain amplitude, with a 0.1%/s strain rate. This
indicates that the strain rate used in this test can produce purely fatigue
condition.

The introduction of a 2 minutes hold period, in the tension-compression test,
produces a mixture of transgranular and intergranular type of cracks,

indicating a creep-fatigue interaction effect.
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Chapter 5 - Viscoplasticity model development

5.1 Overview

This chapter presents the development of the material constitutive models for P91
and P92 steels, under cyclic loading conditions, at high temperature. The results of
the isothermal, strain-controlled, tests are presented in Chapter 3; these show the
cyclic softening and stress relaxation behaviour which occurs in the steels. The
results in Chapter 3 are used extensively in this chapter in order to develop the
material models. A viscoplasticity model has been selected to represent the cyclic
plasticity and the time dependent behaviour of the materials. The material constants
were initially determined by using a step by step procedure and then the constants
were improved by using an optimisation program developed in Matlab in order to
obtain better stress-strain predictions. In the end, the model was further improved
by modifying it to include linear cyclic softening predictions resulting in better stress

evolution predictions up to the end of the secondary stage of cyclic softening.

5.2 The viscoplasticity model

The Chaboche, unified, viscoplasticity model was chosen to model the cyclic
behaviour of the P91 and P92 steels. The model is a time-dependent plasticity
model which includes the effects of isotropic and kinematic hardening as well as the
rate dependency effects associated with creep. The model is called a unified
viscoplasticity model for two reasons: there is no partitioning of the inelastic strain
into plastic and creep strain components; and the hardening rules, which are
isotropic and kinematic hardening, are chosen to be similar to the time-independent
case (Chaboche, 1989). The inelastic strain is also called a viscoplastic strain;

however the former term is used in this study.
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The inelastic strain rate, &,, of the model are given by the following equations:-

. f\"

Sy -
1, x>0

n(x)=<0, x=0 and <x>—{x’ x>0 (5.2)

= ' - 10, x<0 '
-1, x<0

f=|0—x|—R—k (5.3)

where Z and n are material constants; o is the applied stress; f is the yield
function; k is the initial cyclic yield stress, also known as the initial elastic limit,
representing the initial size of the yield surface in a deviatoric plane; yx is the

kinematic hardening parameter, also known as the back stress; and R is the
isotropic hardening parameter, also known as the drag stress (Chaboche and

Rousselier, 1983).

The kinematic hardening model is used to express the behaviour of non-
proportional monotonic or cyclic loadings (Chaboche, 2008). In a deviatoric stress
plane, the kinematic hardening represents a translation of yield surface. Its

behaviour is described by the following equation:-

% =G (a'iép —%iP) (5.4)

=% (5.5)

where i=1,2,...,M ; p is the accumulated inelastic strain; a; and C; represent the
stationary values of y;, and the speed to reach the stationary values, respectively.

The use of more than one back stress (Equation 5.4) allows a better description of a
the nonlinear behaviour of a material. In this study, it has been chosen that M = 2

which gives the total back stress as follows:-
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X=Xt X2 (5.6)

As the number of cycles increase in a cyclic loading condition, a material may
harden or soften with respect to the plastic flow, often as a function of accumulated
inelastic strain. This behaviour is represented by an expansion or contraction of the
yield surface in the deviatoric stress plane. It is referred to as isotropic hardening
due to the fact that it changes uniformly in all directions, in the stress space (Dunne

and Petrinic, 2005) and is described by the following equation:-
R=bQ-R)p (5.7)
where Q is the asymptotic value of the isotropic variable, R, at the stabilized cyclic

condition and b governs the stabilization speed.

In the combined isotropic and kinematic hardening of a plasticity model, the applied
stress consists of yield stress, drag stress and back stress. Plastic flow occurs when
the yield function is equal to zero. For the viscoplasticity model, the plastic yield limit

is no longer applied and the load point may lie outside the yield surface. This

specific behaviour for the model is represented by a viscous stress, ¢, as follows:-

o, =Zp" (5. 8)

Vv

Thus, the applied stress can be decomposed as:-

c=y+(R+k+o,)sgn(c -y =E(c-¢,) (5.9

The equations described above are in the uniaxial form of the viscoplasticity model
which consists of ten temperature dependent material properties, namely E, k, Q, b,
ai, Cy, a,, C,, Z and n. A description of how the constants are determined is given
in the next section, using a step by step procedure and an optimisation approach.

Also, the viscoplasticity model, in the uniaxial form, has been implemented in a
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Microsoft Excel spreadsheet in order to calculate the stress-strain relationship for

the steels in tension-compression loading.

5.3 The initial constants of the viscoplasticity model

A step by step procedure (Zhan, 2004) was implemented in estimating the initial
values of the constants for the viscoplasticity model. From the isothermal test data,
the test results such as stress-strain data from the first cycle, the evolution of the
maximum stress against the number of cycles in a tension-compression test and the
stress relaxation data from a dwell test were used in determining these constants.
Several assumptions were made during the calculations in order to simplify the

equations involved.

5.3.1 Identification of initial yield stress and Young’s modulus

Young’'s modulus, E, was identified from the slope of linear region in the first quarter
cycle of the experiment, as shown in Figure 5.1. Generally, the first point to deviate
from the linear region is considered to be the yield stress. For instance, the stress
at that point for P91 steel at 600, as shown in Figure 5.1, is around 200MPa.
However, the typical yield stress definition cannot be used in the viscoplasticity
model because the yield stress value is higher than an applied stress in a creep test
which produces creep strain. As mentioned earlier, the model represents plastic and

creep strain in one parameter namely the inelastic strain.

Several creep tests were initially performed using uniform ridged specimens of the
same P91 parent material at 600°C, with constant applied loads, between 140 and
180 MPa. The test with the lowest applied stress (140MPa) produced creep
straining and failed at 1454 hours. From Figure 5.1, the stress level of 140MPa was

located on the linear line of the first tensile data from the beginning. Thus, a lower
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yield stress value than the conventional yield stress definition will be used in this
study. The initial cyclic yield stress, k, value was estimated as suggested by Zhan

(2004) and as shown in Figure 5.1.

Stress, o (MPa)
O
(o)}

Strain, € (%)

Figure 5.1: Example plot for obtaining Young’s modulus, E, and estimation of initial

cyclic yield stress, k, for the P91 parent material at 600°C

5.3.2 Identification of isotropic hardening parameters

The evolution of the stress range against number of cycles data obtained from a
tension-compression test was used in the determination of the isotropic hardening
parameters. All of the test results showed cyclic softening behaviour, in which the
stress range decreases as the number of cycles increase, with three different
stages. Normally, parameters Q and b are determined by using stress values at a
stabilized period in a test where the stress range values become constant.
However, before achieving the constant stress values in the P91 and P92 tests, the
material continued to cyclically soften which may be due to material damage, as
shown by the test data in Figure 5.2. Thus, the stabilized period was assumed to be

that at the point at which half of the failure life cycles was produced.
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Equation (5.7) can be integrated to give the evolution of isotropic hardening as:-
R=Q(1-¢e™) (5.10)
The value of R at a certain number of cycles was taken to be the difference between
the maximum stress at that cycle and the maximum stress at the first cycle. Also,
the constant Q was taken to be the maximum stress difference between the first and
stabilized cycles, which gives a negative value for Q. The parameter p is
approximately two times the plastic strain range data for each cycle and its value
accumulates as cycles increase. Then, constant b was determined by fitting

equation (5.10) to the test data as shown in Figure 5.2.

©
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Figure 5.2: Determination of isotropic hardening parameters Q and b for the P92

parent material at 600°C

5.3.3 Identification of kinematic hardening parameters
Kinematic hardening constants a;, C;, a, and C, were determined using the first-
quarter of the first cycle from the tension-compression strain-controlled tests. The

non-proportional hardening data of the tensile curve were generally divided into two
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regions, as shown in Figure 5.3, to represent firstly the transient region of the
inelastic deformation, where x, becomes the dominant inelasticity contribution, and
secondly the region with greater inelastic strain in which y, is the dominant

parameter.

350 T : :
300 1 : :
= 250 1 :
% Elastic |
=200+ . ' '
o | region '
gl :
® 100 + gﬁ? i Xidominated ! X2 dominated
P i inelastic ' inelastic
50 7 008 : region , region
UCP'";':";"';:"';"':
0 0.1 0.2 0.3 04 0.5

Strain, € (%)
Figure 5.3: Partition of the first quarter of the first cyclic loop for the strain-controlled

test data into an elastic region followed by an inelastic region with y, and ¥,

dominated region

Equation (5.4) can be integrated with respect to time to give the following

equations:-
1o =a(l-e*) (5.11)
%o = a,(1-€°") (5.12)

in which p=¢ in the first tensile curve data. Equations (5.11) and (5.12) can be

substituted into equation (5.9) to give:-

c=a(l-e*

—Coe

“Y+a,(1-€ *")+R+k+o, (5.13)
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Differentiating equation (5.13), with respect to €,, by assuming that x, has a
negligible effect on the hardening of x, and that k and ¢, are not dependent on &,,

gives:-

—-—=a,C,e (5.14)

Thus, plotting In[(dc/0e,) — (OR/0e,)] versus ¢, using data from y, dominated

inelastic region, as shown in Figure 5.4, allows the identification of C, from the

gradient and a, from the y-axis intercept. In order to plot Figure 5.4, do/0¢, and

OR/0e , must be determined first as explained by Hyde (2010).
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Figure 5.4: Determination of kinematic hardening constants a, and C, for P92

parent material at 600°C
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aR/agp can be calculated based on Equation 5.10. The accumulated inelastic

strain, p, parameter in the equation can be substituted with €, (p=¢, in the first

quarter cycle) and the equation can be differentiated with respect to €, to give:-

”R

= bQ.e ™ (5.15)
6sp

Rearranging d_c by multiplying with % and % gives the following equation:-
I3

o de
Go _do 1. (5.16)
dsp de €p

: d . : ) .
Based on equation (5.16), d—G and €, need to be calculated while the ¢ value is
3

the controlled parameter in the tension-compression test.

In the current model with isothermal application, total strain, €, is represented by the

following equation:-

E=¢€,+§g, (5.17)

, . . . , c . . . .
in which the elastic strain, ¢, is equal to E The inelastic strain rate, €, can thus

be calculated based on equation (5.17) as following:-
1do
€, =¢l-—— 5.18
P ( E dsj (5.18)

The value of d_G in equation (5.16) and (5.18) can be calculated using experimental
€

data; however, the scatter in the data causes a very poor accuracy for the derivative

curve (Zhan, 2004).
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In order to avoid the problem mentioned above, the Ramberg-Osgood equation was

used as a smoothening function as given below:-
£_9, (i] (5.19)

where ¢, =6,/E, 0o and g, are reference stress and strain, respectively, and ny is
the hardening exponent. Equation (5.19) can be rearranged, in order to determine
the Ramberg-Osgood constants, as given by the following equation:-

log(Ee — 6) = nylogo + (1-n,)logo, (5.20)
Thus, plotting log(Ee — o) versus log(o) using experimental data, as shown in
Figure 5.5, allows the identification of ny from the gradient and o, from the y-axis
intercept. For example, the g9, 0o and ny constants to represent the tensile curve of

the P92 parent material at 600°C are 0.24 %, 350MPa and 8.3, respectively.

Equation (5.19) can again, be differentiated with respect to ¢ to give the following

equations:-
do _ % (5.21)
de 5 no-1
g0l 1+ no(]
Go

: : . d
By using equation (5.21) and the Ramberg-Osgood equation constants, d—c can

€p

be determined.
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Figure 5.5: Determination of the Ramberg-Osgood equation constants for P92

parent material at 600°C

On the other hand, as the constants a, and C, were obtained previously, equation

(5.13) can be differentiated with respect to €, to give the following equation:-

dc  oR Oy,

6sp 6sp 68p

—a,Ce (5.22)

The constants a, and C,;, from the y, dominated inelastic region, can be
determined by plotting In[(dc/0¢,) — (OR/0g,) - (Ox,/0e,)] versus g, as shown in

Figure 5.6. Similar procedures to those described earlier, were used to calculate

0c/0e, and OR/0g, for the y, dominated inelastic region data.
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Figure 5.6: Determination of kinematic hardening constants a; and C; for P92

parent material at 600°C

5.3.4 Identification of Z and n constants

The viscous constants of Z and n were estimated using the stress relaxation data in
the first cycle from the dwell test based on the assumption that the cyclic hardening
will not significantly affect the Z and n values. The viscous stress equation can be

rearranged to give the following equation:-

log(o,) = %Iog(p) +log(2) (5.23)

In the stress relaxation period, the total strain was held constant and thus the total
strain rate equals zero, in which the inelastic strain rate can be determined using the

dwell test data by the following equation:-
p=¢,=—— (5.24)

On the other hand, viscous stress can be calculated by simplifying equation (5.9),

asssuming ¢ > y in the first dwell period, and rearranged to give:-

111



Chapter 5
Viscoplasticity model development

o,=06-x—-R-Kk (5.25)
By plotting log(c,) versus log(p) from equation (5.8), as shown in Figure 5.7, the n

and Z constants can be identified from the slope of the graph and the y-axis

intercept, respectively.

2.4
y=0.2795x+ 3.0572

2.2 1
S 20
D
)

1.8 -

1.6

-5.0 -4.5 -4.0 -35 -3.0 -2.5

log(dp/dt)

Figure 5.7: Determination of viscous constants Z and n for P92 parent material at
600°C

The initial viscoplasticity constants at three different temperatures, for the P91 and
P92 parent materials, are shown in Table 5.1 and 5.2, respectively. These constants
were used as the starting parameters in the optimisation process. For the P92 weld
metal, the same initial constants as those for the initial constants of P92 parent
material were used in the optimisation process due to a very similar stress-strain

loop, at the first cycle, for both parent and weld materials, at each temperature.
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Table 5.1: The initial constants of the viscoplasticity model for P91 parent material
at 400, 500 and 600°C

T E k Q a; a, Z
b C, C,
(‘'C) (MPa) (MPa) (MPa) (MPa) (MPa) M Pa.s”")

400 197537 96 -55.0 045 150.0 2350.0 120.0 405.0 2000 2.25
500 181322 90 -60.0 0.6 985 2191.6 104.7 460.7 1875 2.55
600 139395 85 -754 1.0 52.0 2055.0 67.3 463.0 1750 2.70

Table 5.2: The initial constants of the viscoplasticity model for P92 parent material
at 500, 600 and 675°C
T E k a a z
(C) (MPa) (MPa) (M(Iia) b (MPla) C1 (M|32a) C2 (MPa.s™")
500 173870 150 -745 0.65 102 5471 98 479 1200 2.8
600 145780 90 -92.7 0.75 55 4109 115 443 1141 3.6
675 111810 70 -68.8 0.63 54 4955 49 555 500 3.7

5.4 Constants optimisation

The initially determined viscoplasticity constants obtained by using the step-by-step
procedure, described above, can be used to reasonably accurately predict the
stress-strain behaviour of the steel. However, the way in which the initial material
constants have been determined does not take into account the interactions which
take place between the various hardening (kinematic, isotropic) parameters and the
creep relaxation behaviour of the material. Thus, a simultaneous procedure was
further used in this study to obtain optimized constants in order to improve the

stress-strain predictions of the model.

An optimisation program, developed by Gong et al. (2010), was used for the
simultaneous determination of the material constants. In this program, a least
squares algorithm was applied in which the aim is to search for the global minimum
of the differences between predicted and measured stresses in the cyclic loops. The

10 material constants are the optimisation variables. The program was implemented
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in Matlab using the nonlinear least squares optimisation function Isgnonlin provided
within the Matlab optimisation toolbox. Two different optimisation programs were
developed previously in which the programs were based on different objective
functions. The applications of these programs in determining the viscoplasticity

constants of the P91 and P92 steels are presented below.

5.4.1 Two objective function optimisation

Firstly, the two objective function optimisation program was used in order to obtain
more accurate stress-strain prediction of tension-compression test data. In this
program, two types of data obtained from the isothermal tension-compression test
were used as the objective functions; the first is the stress-strain response and the
other is the evolution of stress range in cyclic softening material which occurs
throughout the test. The optimisation process using the two objective function

program is described in detailed by Hyde (2010) as shown in Figure 5.8.

Several types of inputs were defined in the program prior to starting the optimisation
process. First, the stress-strain data from the isothermal tension-compression tests,

up to the secondary stage of cyclic softening were supplied into the program and

the detail of the test parameters such as the strain rate, €, the minimum strain, €,

and the maximum strain, ¢ were also defined. The lower bound, LB, and the

min ?
upper bound, UB, for each of the material constants were set as the searching
boundaries for the viscoplasticity model constants in the optimisation process. The

initial viscoplasticity constants were set as the starting point for the determination of

an optimised constant set.

Some guidelines were used in defining the lower and upper bound of material

constants so that the optimised constants can be a reasonable representation of the
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test data based on the constants definition. For example, the minimum and the
maximum values of linear data slope measured in each cycle through out the test
were defined as the LB and UB constants for Young’'s modulus, E. For kinematic
hardening constants, a higher value of C; constants (compared to C, constants)

were set as the boundaries so that the stress in the nonlinear hardening data
particularly in the 7, dominated inelastic region, as shown in Figure 5.3, were

mostly contributed by the a; constant. The minimum and maximum boundaries for
the asymptotic value of isotropic hardening were set based on the value of peak
stresses along the secondary stage of cyclic softening. For viscous constant Z and
n, a bigger range of boundaries as compared to the initial constants range

determined in the section 5.3.4 were used.

During the optimisation process, as shown in the dashed box in Figure 5.8, the
global minimum of the differences between numerical and experimental stresses
were searched by the program starting from the initially estimated sets of constants.

The objective function, F(X), is described mathematically as follows (Hyde, 2010):-

N 1 N Mj
F(X) :ij F (%) :EZW]-Z(A(X e — AP)? (5.26)
j=1 =1 il
F(x) = %Wl(o'(x ho—og ; (5.27)
R0 = 3 W(Ac (%"~ AcT)’ (5.28)

N
S
= 5.29
w, Mjmax‘Apr‘ (5.29)

where A(X)®

;and A?‘p represent the predicted and the corresponding measured

stresses, respectively. X is the optimisation variable set consisting of the full set of

115



Chapter 5
Viscoplasticity model development

material model constants. N is the number of experimental data types, which is 2

pre

for this program. o(x)° and o(x)3" represent the stress at a specific time, i,
when j =1 while Ac(X)3" and Ac(X)5° represent the stress range when j =2.

M, is the total number of data points in each jth type of experiment data. A weight

factor, wi, is used to control the contributions of each objective function.

In the program, the predicted stresses, A(X)f*

, were determined by using a
numerical method. Gong et al. (2010) used the ODE45 function, which is Matlab’s
standard solver for ordinary differential equations, within the Matlab Mathematics
Toolbox, to solve a set of differential equations of the viscoplasticity model. The

optimisation process was repeated until the same set of parameter was returned

from a series of restart positions.

The optimisation process was implemented using data points within 300 cycles for
each set of isothermal tension-compression data. At 300 cycles, all materials were
in the secondary stage of cyclic softening behaviour in which the maximum stress
decreases at an approximately constant rate. The optimisation process took more
than 12 hours of computer calculation using Matlab in order to obtain the optimised
constants which gives good prediction for the overall selected stress-strain cycles.
The process may take longer if the lower and upper bound were set to wider
ranges. The optimized isothermal constants obtained for three temperatures, using
the two objective function program, are given in Table 5.3, 5.4 and 5.5 for the P91

parent, P92 parent and P92 weld metal, respectively.
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Figure 5.8: The process flowchart in determining the optimised constants using the

nonlinear least squares algorithm in Matlab (Hyde, 2010)

Table 5.3: The optimised constants of viscoplasticity model, using the 2 objective

function optimisation, for P91 parent material at 400, 500 and 600°C

T E k Q a; az z

. b C; C, Un
°C) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa.s™)
400 188000 200 -51 1 68 3763 165 460 1355 2
500 182500 175 -59 0.9 58 3024 121 400 2428 2
600 172771 104 -62 1.7 80 3680 87 418 203 51
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Table 5.4: The optimised constants of viscoplasticity model, using the 2 objective
function optimisation, for P92 parent material at 500, 600 and 675°C
T E k a ar Z
(C) (MPa) (MPa) (M(s’a) b (MPa) C1 (MPa) c: (MPa.s”™)
500 175000 150 -66 0.8 80 2000 128 300 2257 2.35
600 150000 100 -90 0.78 40 5000 105 400 500 451
675 120000 80 -60 0.7 50 5000 50 164 500 3.59

Table 5.5: The optimised constants of viscoplasticity model, using the 2 objective
function optimisation, for P92 weld metal at 500, 600 and 675°C
T E k a a z
(C) (MPa) (MPa) (M(Iia) b M Pla) C1 M I32a) c: (MPa.s™")
500 175000 150 -75 0.8 96 2000 126 300 2997 2.07
600 150000 100 -80 1 40 3997 84 400 500 49
675 120000 80 -64 0.7 50 1559 70 50 500 3.76

The stress-strain prediction using the optimised constants

Typical stress-strain responses predicted using the optimised constants, compared
with the predictions using the initial constants, are presented in Figure 5.9, for the
P92 parent material at 600°C. It can be seen that using the optimised constants
gives better stress-strain predictions than does the initial constants. The differences
are due to the assumptions made during the determination of initial constants. For
instance, kinematic constants a; and C; are assumed to have negligible effect on
the hardening behaviour at high strain values when used to obtain constants a, and
C,. The nonlinear hardening behaviour is sensitive to the changes of the constants
ai, C1, as, C,, Z and n. Furthermore, in the determination of initial constants, the
viscous parameters Z and n were only determined after the other 8 constants had
been finalised. In the real situation, the viscous effects described by Z and n
constants will have their role as the deformation becomes inelastic. This indicates

that Z and n constants may affect the kinematic and isotropic hardening behaviour.
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Figure 5.9: Results comparison between the prediction of the initial constants and

the optimised constants for P92 parent material at 600°C and 300" cycle

Figures 5.10 to 5.18 show predictions, using the optimised viscoplasticity constants,
compared with experimental data for each of the materials tested in this study. In
each set of figures, the first figure shows the results for the first cycle, followed by
the results for the 300" cycle and finally the results for the corresponding maximum
and minimum stress evolution. In general, the optimised constants produce a very
good set of stress-strain relationships as compared to the test data. For some
cases, for the first cycle, in for example, the P92 parent at 675°C, the prediction
results for the nonlinear hardening curve is less accurate, when compared to the
test data, than is generally the case, as shown in Figure 5.13(a). However, the
model prediction, for the nonlinear curve becomes better as cycles progress, and
also the evolution of maximum and minimum stresses up to the 300" cycle are in

very good agreement as shown in Figure 5.13(c).
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Figure 5.10: Comparison of the test and the optimised model results for the

isothermal tension compression loading of P91 parent material at 600°C for (a) the

first cycle, (b) the 300™ cycle and (c) the evolution of maximum and minimum

stresses during the optimisation process
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Figure 5.11: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P91 parent material at 500°C for (a) the
first cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum

stresses during the optimisation process
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Figure 5.12: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P91 parent material at 400°C for (a) the
first cycle, (b) the 300™ cycle and (c) the evolution of maximum and minimum

stresses during the optimisation process
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Figure 5.13: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P92 parent material at 675°C for (a) the
first cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum

stresses during the optimisation process
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Figure 5.14: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P92 parent material at 600°C for (a) the
first cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum

stresses during the optimisation process
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Figure 5.16: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P92 weld metal at 675°C for (a) the first
cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum stresses

during the optimisation process
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Figure 5.17: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P92 weld metal at 600°C for (a) the first
cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum stresses

during the optimisation process
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Figure 5.18: Comparison of the test and the optimised model results for the
isothermal tension compression loading of P92 weld metal at 500°C for (a) the first
cycle, (b) the 300" cycle and (c) the evolution of maximum and minimum stresses

during the optimisation process
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5.4.2 Three objective function optimisation

The optimisation program in the previous section, which produced a set of
viscoplasticity constants with good predictions capability for the stress-strain
relationships, only focused on the tension-compression test data. However, the
effect of a constant dwell period was ignored in the program. From the results in the
section 3.6.2, it has been shown that the holding period for tensile strain at high
temperature in the isothermal strain-controlled tests produced a stress relaxation
behaviour in which the stress level drop in a constant strain controlled test. In this
section, a three objective function optimisation program has been used to improve
the performance of the viscoplasticity model. A similar optimisation program to that

program developed by Gong et al. (2010) was used for this purpose.

The three objective functions optimisation program considers three types of data in
the optimisation process. These are the stress-strain response, the evolution of
stress range which shows the cyclic softening behaviour and the stress relaxation
data during the holding period. An additional objective function equation was

defined as incorporated into equation (5.26) as follows:-

My
F(X) = ZW3(G(X B — O ? (5.30)

There are two limitations of the current 3 objective functions program. Firstly, the
program performs the optimisation process by considering only one supplied test
data, which is the test with a dwell period. The prediction of the resultant optimised
constants may give good prediction results if compared to the dwell test data only.
However, the set of determined constants may give less accurate prediction of the
tension-compression data, particularly at higher number of cycles. This kind of

situation was observed in the initial stage of using the three objective functions
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program. Secondly, the optimisation can only be done using a limited number of
cycles, for example only experimental data within 20 cycles were used in this study.
The current 3 objective functions program is still being improved in order to include

more data during the optimisation process.

In order to produce a set of constants which satisfy both sets of test data, several
procedures were implemented. At the end of the optimisation process using the
three-objective function program, the optimised constants performance compared to
the tension-compression data were performed manually. If the results were not in a
good agreement, the optimisation process using the three objective functions was
repeated by changing the boundaries of the lower and upper constants in the
program. The optimisation process may need to be repeated several times, with the
help of spreadsheet calculation to select the constant boundaries, in order to obtain
a set of constants which gives reasonably good predictions for both types of test
data. The optimised constants obtained using the 3 objective function program are
given in Table 5.6, 5.7 and 5.8 for the P91 parent material, P92 parent material and
P92 weld metal, respectively. Due to limitation of P92 material, only two isothermal
tensile peak strain dwell tests were performed which are at 600 and 675°C. So, the
optimisation using the 3 objective function program at 500°C cannot be

implemented.

Some of the predictions of the optimised constants in this section are shown in
Figures 5.19 to 5.22. Figure 5.19(a) shows the effect of the three-objective functions
program on the prediction of stress relaxation behaviour in which a better shape and
better stress values are achieved. Although the optimisation was implemented using
data from 20 cycles, the determined set of constants give reasonable predictions at

higher cycles than 20, as shown in Figure 5.19(b). As mentioned earlier, a repeated
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optimisation process was done in order to get improved predictions for the stress-
strain behaviour, for both tension-compression and dwell test data. In all of Figures
5.20, 5.21 and 5.22, the figure (a) and (b) show the stress-strain behaviour for a test
with and without the dwell period, respectively, at the 300" cycle. The figures show
good comparison between the predictions and the test data. These comparisons
indicate the suitability of determined constants to produce good stress-strain
behaviour predictions for cyclic loading and a time-dependent behaviour such as

stress relaxation.

Table 5.6: The optimised constants of viscoplasticity model using 3 objective

functions program for P91 parent material at 400, 500 and 600°C

T E k Q a a z

o b C, Cz 1n
°C) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa.s™)
400 185000 151 -45 04 183 1000 200 40 1250 2.48
500 174228 120 -65 0.7 130 1000 120 45 1200 3.01
600 140000 90 70 11 70 900 100 50 1000 3.48

Table 5.7: The optimised constants of viscoplasticity model using 3 objective

functions program for P92 parent material at 600 and 675°C

T E k Q a; ar Z

. b C, C, Un
°C) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa.s™)
600 149987 94 -80 099 812 800 100 50 1051.3 35
675 115000 40 -50 0.70 30 300 10 500 1000 3.7

Table 5.8: The optimised constants of viscoplasticity model using 3 objective
functions program for P92 weld metal at 600 and 675°C
T E k a a z
e Q b 1 Cl 2 CZ "
°C) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa.s™)
600 150000 100 -80 1 75 700 100 50 1000 3.55
675 125000 40 -60 0.7 30 300 10 500 900 3.88
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Figure 5.19: Example of plots for the P91 test at 600°C with a 2 minutes holding
period compared with the results of model prediction using the set of constants from
two and three objective functions program. (a) The results at 20" cycle and (b) the
results at higher number of cycles (50" cycle)
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Figure 5.20: The comparison of stress-strain relationship of P91 parent material at
600°C during 300" cycle between experimental data and prediction of the optimised
constants using 3 objective function program for (a) the test with holding period of 2

minutes and (b) the tension-compression test
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Figure 5.21: The comparison of stress-strain relationship of P92 parent material at
600°C during 300" cycle between experimental data and prediction of the optimised
constants using 3 objective function program for (a) the test with holding period of 5

minutes and (b) the tension-compression test
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Figure 5.22: The comparison of stress-strain relationship of P92 weld metal at
600°C during 300" cycle between experimental data and prediction of the optimised
constants using 3 objective function program for (a) the test with holding period of 5

minutes and (b) the tension-compression test
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5.5 Two stages of isotropic hardening

Use of the optimised set of constants, which include the nonlinear isotropic
hardening equation, enables good stress-strain predictions to be obtained for the
P91 and the P92 steels. However, the shape of the peak stress evolution prediction,
up to the end of the second stage of cyclic softening, is unrealistic as compared to
the experimental data in which the rate of peak stress evolution becomes zero when
the specimen reaches a certain number of cycles. From the experimental data, the
rate of peak stress evolution is almost constant in the second stage, before cracks
begin to propagate near the end of the test. Thus, it is the aim of this section to
further improve the prediction of cyclic softening behaviour of the P91 and the P92

steels in order to obtain more realistic shapes for the cyclic softening curves.

A combined linear and nonlinear isotropic hardening model, as given by Lemaitre
and Chaboche (1994), is used to improve the cyclic softening predictions. In this
combined model, the previous nonlinear equation of isotropic variable, as shown in
equation (5.10), is modified by adding a linear term, given by the following
equation:-

R=Hp+Q(1-e™) (5.31)
where Hp is the linear term. H is a constant and the linear term corresponds to the
slope for the second stage of cyclic softening (Bernhart et al., 1999). The constants
previously determined by the optimisation programme are assumed to remain the
same except for constants Q and b which represent the stage 1 of the cyclic
softening in this model. Q can be estimated as the difference between point X and
maximum stress at first cycle in Figure 5.23, while b is the speed to reach the

maximum stress at the end of stage 1. The accumulated plastic strain, p, can be

taken to be 2A¢ N and thus the constant H can be estimated as the slope of the

second stage of softening and is equal to 2A¢ H.
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The initial constants of Q, b and H for the combined linear and nonlinear isotropic
hardening model, estimated as mentioned in the above procedures, are further
improved to get better prediction of the peak stress evolution as the number of cycle
increases. The Q, b and H constants, with the 3-objective function optimised
viscoplasticity constants, were implemented in the tension-compression calculation
of the strain-controlled condition to observe the prediction of the constants as
compared to the experimental data. For the P92 parent and weld materials at
500°C, the 2 objective function optimised constants were used due to unavailability
of experimental data for these conditions. A slight adjustment to the value of initial
constants of Q, b and H was made in order to get better peak stress evolution. The
final constants of the combined linear and nonlinear isotropic hardening model are
given in Table 5.9. In the future, equation 5.31 will be included in the optimisation
program in order to determine the constants of the combined linear and nonlinear

isotropic hardening model.

330
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© 9
o 300 A
= } Stage 2
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© 270
@  Xr
(<]
b 4
m 4
e 240 4 = —
=E’ :
'g y =-0.0327x + 258.46
= 210 -
%
180 $
0 100 200 300 400 500 600 700

Number of Cycle, N

Figure 5.23: Example of the determination of material constants for the combined

linear and nonlinear isotropic hardening model for P91 parent material at 600°C
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Table 5.9: The material constants of the combined linear and nonlinear isotropic

hardening model for P91 parent, P92 parent and P92 weld metal at different

temperatures
P91 parent P92 parent P92 weld
Constants
400°C 500°C 600°C 500°C 600°C 675°C 500°C 600°C 675°C
Q -30 -42 -52 -52 -58 -40 -55 -60 -45
b 0.8 1.3 1.9 11 1.6 1.2 1.2 1.3 1.2
H -1.8 -2.1 -2.9 -2.7 2.7 -1.6 -3.5 -2.7 -1.9

Figure 5.24 shows the predictions obtained using the viscoplasticity model for P91
parent material at 600°C using the nonlinear equation and the combined linear-
nonlinear equation for isotropic hardening model. It can be seen in the figure that
the peak stress level prediction using the nonlinear isotropic hardening model
becomes constant around 300™ cycles onwards. Also, a clear gap exists between
the test data and the model predictions, using the nonlinear model, located at
around 200" cycles, even though the maximum stress difference at the 200" cycle
is only around 6 MPa. It is clear that the isotropic hardening model with the
combined linear-nonlinear model has improved the prediction of the peak stresses
evolution shape, as shown in Figure 5.24, which is more realistic to represent the
linear curve of the cyclic softening in the secondary stage. The prediction of the
cyclic softening shape is good up to the end of secondary stage before the final
stage of rapid softening occurs due to crack propagation in the material. The current
model is unable to predict the final stage of cyclic softening unless a damage
mechanics concept is introduced into the model, which is the subject of another
research program. The predictions of the stress evolution for each specimen at
different temperatures, using the linear nonlinear isotropic hardening model
constants in Table 5.9, are shown in Figures 5.25, 5.26 and 5.27 for the P91 parent,
P92 parent and P92 weld metal respectively. All of the predictions are in good

agreement with the experimental data.
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Figure 5.24: Example of plots for the comparison of the maximum stress evolution
prediction between the nonlinear (NR) and the linear nonlinear (LNR) models of P91

parent material at 600°C
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Figure 5.25: The prediction results of the viscoplasticity model with linear nonlinear

isotropic hardening for P91 parent material at different temperatures
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Figure 5.26: The prediction results of the viscoplasticity model with linear nonlinear

isotropic hardening for P92 parent material at different temperatures
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Figure 5.27: The prediction results of the viscoplasticity model with linear nonlinear

isotropic hardening for P92 weld metal at different temperatures
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5.6 Conclusions

A viscoplasticity model has been developed and is presented in this section for the
P91 and P92 steels under cyclic loading and high temperatures. Several
conclusions can be drawn from this section, as follows:

e The unified viscoplasticity model is able to model the cyclic plasticity
behaviour and time-dependent effects such as stress relaxation. The model
used in this study has 10 temperature dependent material constants.

e |Initial constants can be estimated from tension-compression test data, in
which 8 of the constants can be estimated from the first monotonic tensile
curve of the first cycle, and two of the constants can be estimated using the
stress relaxation data of the first cycle.

e The accuracy of the initial constants can be improved by using an
optimisation procedure. The 2 objective functions program has successfully
produced a set of material constants which give very good predictions of the
stress-strain behaviour, as compared to the experimental data.

e The three objective functions program was also implemented to improve the
accuracy of the predictions of the model, particularly the stress relaxation
behaviour. The optimisation of the constants results in good predictions for
both the tension-compression tests and the constant strain dwell test data.

e The stress evolution behaviour can be improved by using the combined
linear and nonlinear isotropic hardening model. The model has been used to
successfully represent the linear evolution in the second stage of cyclic
softening. Thus the current set of models is capable of accurately predicting
the stress-strain behaviour of the P91 and the P92 steels for the majority of
the specimen’s lifetime, excluding the third stage of cyclic softening which

corresponds to the crack propagation stage.
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Chapter 6 — Finite element simulation using the

viscoplasticity model

6.1 Overview

In this study, the ABAQUS finite element (FE) simulation software was used to
simulate the behaviour of the P91 and the P92 steels. The constitutive model of the
steels was defined using an external software called Zmat which is compatible with
ABAQUS. This chapter focuses on validating the performance of the developed
viscoplasticity model by comparing the finite element simulation results with
experimental data such as those obtained from the isothermal tests at different

strain ranges, the thermo-mechanical fatigue tests and the notched specimen tests.

6.2 Implementation of the viscoplasticity model in ABAQUS

The unified Chaboche viscoplasticity model was implemented in the commercial
finite element software ABAQUS through the use of an external software called
Zmat. The Zmat software is a material library software which provides facilities for
defining advanced material constitutive equations. The components of the
viscoplasticity model equations such as the inelastic strain rate, the kinematic
hardening and the isotropic hardening equations can be defined in a material

definition file which is linked to the ABAQUS input file.

The multiaxial form of the unified viscoplasticity model is as follows:-

&, = /igf—c (6.1)

f=Jo-y)—-R (6.2)
3 1/2

Je-x) = (5 (') (6'-)()] (6.3)

142



Chapter 6
Finite element simulation using the viscoplasticity model

of _3 (e'—x)

oo 2J(6—y) (6.4)

where f is the yield function, ¢' is the deviatoric stress tensor, y is the back

stress tensor and R is the isotropic measure of the yield size, 1 is the plastic

. . , . of ,
multiplier which corresponds to magnitude of plastic increment and 6_ determines
c

the direction of the plastic flow. In Zmat, the plastic multiplier is defined by selecting
a flow type named as Norton flow law (which is similar to the classical Norton creep
power law) corresponding to the time dependent behaviour as given by the following

equation:-

. f\"
i <E> (6.5)

where K and n are material constants. The constant K is the same constant as
the constant Z in Equation 5.1. For the von Mises yield criterion behaviour, the

plastic multiplier is equal to the accumulated plastic strain ( A = p ).

The kinematic hardening evolution equation, in multiaxial form as given by Zmat

software, is as follows:-
.2 ;
Li :Ecap_DXip (6.6)

where i=1,2,...,M and ¢ and D are material constants. Equation 6.6 is defined by
selecting the nonlinear option for the kinematic properties in the software. The value
of ¢/D is the saturation of the stress value in the plastic region and this value is
represented by the constant a in Equation 5.4. The constant D is equal to the
constant C in Equation 5.4 which represents the speed to reach the saturation
values. The decomposition of the total backstress into a number of additive parts

can also be implemented in Zmat by defining several nonlinear kinematic hardening
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properties in the material definition file. In this study, it has been chosen that M=2 in

order to decompose the kinematic hardening equations into two components.

The isotropic hardening equation, as given in Equation 5.10, is defined in Zmat by
selecting the nonlinear option for the isotropic properties and the nonlinear isotropic

hardening in Zmat is given by the following equation:-

R=R+Q(l-¢e™) (6.7)
where constant Q is the asymptotic value of the isotropic variable, constant b is
related to the speed towards saturation and the saturation yield surface radius will

be R,+Q for large accumulated plastic strain. The value of R, for initial yield

surface radius is noted here to be the onset of plasticity, and not the engineering
yield stress, and the method of determining this constant is explained in section
5.3.1. As the P91 and the P92 steels exhibit a gradual linear decrease in the middle
of the test period, after a nonlinear decrease of stress amplitudes, the isotropic
hardening behaviour is better described by the two-stage isotropic hardening model,
as described in Chapter 5 as the combined linear and nonlinear isotropic hardening.
In Zmat, the “linear_nonlinear” option can be selected for this purpose and its

equation is given as follows:-
R=R, +Hp+Q(l-e™) (6.8)
where H is a material constant representing the slope of the linear period during

cyclic softening of the steels. The examples of the Zmat's material definition file for

the unified viscoplasticity model are given in the appendix section.

6.3 FE simulation of the isothermal cyclic loading
The optimized viscoplasticity constants for the P91 and P92 steels in this study
were determined using the isothermal strain-controlled test data with a £0.5% strain

amplitude at different temperatures. In this section, the optimised viscoplasticity
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model with linear nonlinear isotropic hardening at 600°C was used in finite element
simulation in order to simulate the isothermal stress-strain behaviour at different
strain ranges, namely +0.2%, £0.25% and 0.4% strain amplitudes and to compare
the simulation results with the experimental data. The cyclic period for each

simulation was identical to its testing period with a 0.1%/s strain rate.

An axisymmetric model with a 3.25mm radius, Ry, and a 7.5mm height, H, as
shown in Figure 6.1(a), was used in the simulation to represent the gauge section of
the solid specimen, where the extensometer arms were placed during the strain-
controlled tests. Figure 6.1(b) shows the axisymmetric model of the tubular
specimen, with a 2mm inner radius, R,, used for the thermomechanical fatigue
tests. Displacement control was applied in order to obtain the same strain range as
that for the experimental data. The boundary conditions on the axisymmetric models
are shown in Figures 6.1(a) and 6.1(b). The 8-node biquadratic, reduced
integration, element, called CAX8R in the Abaqus finite element software, were

used for all the geometries presented in this chapter.

Figures 6.2 to 6.4 show the comparison between the simulation and the testing
results of the P91 steels performed at 600°C with £0.4%, +0.25% and +0.2% strain
amplitudes, respectively. The simulation and the testing results show good
comparison at each test particularly at the first complete cycle. The stress amplitude
recorded in each cycle decreases as the number of cycle increases and a larger
number of cycles is required to achieve the saturation period of the cyclic softening
for the tests with lower strain amplitudes. The comparison of these results with
experimental data shows promising results up to the secondary stage of cyclic
softening for each test with different strain amplitudes. The results in this section

indicate the suitability of selecting the strain-controlled test data with higher strain
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amplitude to be used in the determination of the material model constants. The
accuracy of the stress-strain behaviour of the viscoplasticity model may be
inmproved by considering a different set of data with different strain amplitudes in

the optimisation procedure in determining the material constants in the model.

G 2o
R, +— Ry —»
) 4 <+ R2 —.‘“

é_é @ Y »11 Y »11
Figure 6.1: The axisymmetric model geometries of (a) the solid specimen and (b)

the tubular specimen used in the uniaxial finite element simulation
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Figure 6.2: Comparison of the test and the FE simulation results for the P91 parent
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6.4 FE simulation of the isothermal notched specimen

The aim of the finite element simulation of the notched specimen is to validate the
multiaxial behaviour of the developed viscoplasticity model. Again, the optimised
constants for the viscoplasticity model with two-stage cyclic softening for the P91
steel at 600°C were used in the simulation. The notched specimen, as given in
Figure 3.4, was represented by an axisymmetic model, from a quarter of the actual
specimen, in the simulation as shown in Figure 6.5. The boundary conditions on the
notched bar model are complete displacement constraint in the 22-direction for all
nodes located on the 11-axis. The simulations were carried out with two-types of
load-controlled condition. Firstly, the model was subjected to a fully reversed
triangular waveform of load-controlled condition with maximum load of +42.188MPa
at the top of specimen, as indicated by the red arrow, resulting an approximately
+300MPa mean axial stress on the minimum notch cross-section, in the model
which is the same as the test loading for a 20 seconds of cyclic period. The second
simulation applied similar loading as the first simulation with an additional 2 minutes

holding period at tensile peak load resulting in a cyclic period of 140 seconds.

11

.
.+

.- ———
- —
17 el

:::iﬁ
Figure 6.5: The axisymmetric model geometry of the notched specimen used in the

finite element simulation

Figure 6.6 shows the simulation results of the notched specimen at the first
complete loop (time equal to 25 seconds). The maximum von-Mises stress (red-
contour) is located at the notch root of the specimen. The notch root area is the
critical area of the specimen as the fracture of the specimen occurs in this area. The

stress-strain simulation results in different directions at the location of the notch root,
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indicated by point A, are shown in Figure 6.7. From the figure, it is clear that the
stress-strain response in the 22-direction, which is the loading direction, is the most
significant direction in the simulation and the loop indicates clearly the effect of
plasticity at the notch root position. On the contrary, the nodal stress-strain results at
the tip of the extensometer arm reveal linear stress-strain behaviour in all directions
as shown in Figure 6.8. The extensometer arms is illustrated by the grey pin and

located at 6.25mm from the centre line, as shown in Figure 6.6.

S: Mises

(Avg: T59%)
+2/961a+02
+2,73%:+02
+2.51Te+D2
+2.295e+02
+2.073e+02
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+7405+01
+5.18de+01
+2.963e+01

| Point A

Figure 6.6: The von Mises stress results of the notched bar fully reversed
simulation at 25 seconds and the schematic representation of the extensometer

location on the specimen
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Stress, o (MPa)

0.0005 0.001 0.0

¢ 11-direction
m 22-direction
4+ 33-direction

250

015

=200

Strain, £ (abs)

Figure 6.8: The nodal stress-strain simulation results of the fully reversed load-

controlled condition at the extensometer arm location

Figures 6.9 (a) to (c) show the simulation results of the notched bar specimen with

tension-compression loading for 3 specimen’s models with different mesh densities

around the notch root. The reason for conducting the simulation on these models is

to observe the mesh sensitivity effect around the notch root area. The results for the

figures were taken at 985 seconds, which is the 50™ cycle of the test. The nodal

von-Mises stress results at the notch root for Figures 6.9 (a) to (c) are 307.304,

304.868 and 301.158 MPa, respectively. The increase of mesh density contributes

to the decrease of the stress results. However, it has been shown that the difference

between the predictions of the model is small (less than 1.2% difference in the
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stress results). Thus, the model in Figure 6.9(c) was chosen to be used in further

analyses.

Figure 6.9: The von-Mises stress distribution in the notched specimen model for 3

different mesh densities around the notch root

The displacement of the extensometer in actual testing is the only parameter that
can be used as comparison to the finite element calculations. Figure 6.10 shows the
peak displacement values of the simulation results of the extensometer point in a
cycle up to 1000 cycles and the corresponding test results of the fully reversed
stress-controlled test. The simulation and the test results are in good agreement.
After the 1000th cycle, the displacement of the actual test increases relatively more
rapidly due to propagation of cracks for which the material model is not capable to
model. For the notched specimen test with 2 minutes dwell periods, both the
simulation and the test results show the ratchetting effect in the test in which the
peak displacement value in a cycle keeps increasing as the number of cycles
increases, as shown in Figure 6.11. The test and the simulation results with dwell
periods show good comparison for the first 4 cycles. However, the simulation results
deviate from the test results as the number of cycle increase which may be due to

the effect of ratchetting. Since the comparison for the fully reversed stress-
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controlled case has shown a promising result, the simulation results may be further

used to predict the failure life of the notched specimen.

The fatigue life of the notched specimen in the fully reversed stress-controlled test
can be predicted using the energy based fatigue model. In Chapter 4, the fatigue
model is developed using the solid specimen subjected to uniaxial loading as given
in Equation 4.7. The number of cycles to failure, Ny, in the equation is based on a 5
percent stress drop failure criterion in the strain-controlled test. By using this 5
percent criterion in the stress-controlled test of the notch specimen, during which
the displacement values increase through out the test as the P91 steel shows cyclic
softening behaviour, the number of cycles to failure is 1150 cycle as shown in

Figure 6.12.

In multiaxial cases such as the notched specimen, the plastic strain energy per
cycle can be determined from the sum of the hysteresis loop areas associated with
all components (Charkaluk, 2009). The hysteresis loop areas were determined from
the stress-strain results at the start of the stabilized period where the displacement
range increases steadily as the number of cycles increases as suggested by
Constantinescu et al. (2004). Based on the simulation results, the stabilized stage
started at the 50" cycle. The stress-strain values during the 50" cycle at the notch
root area (point A), which is the critical area for the crack initiation and growth in the
notched specimen, were used to estimate the number of cycles to failure. The
results of the nodal stress-strain at point A can be reasonably used where the
difference of the von-Mises stress results at the 985" seconds between the nodal
point and the integration point is small (less than 5 MPa). The hysteresis loop areas
were determined using the trapezoid method as described in Chapter 4. The sum of

the hysteresis loop areas, based on the nodal stress-strain results of point A, is 2.51
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MJ/m®. By using the values of 271.36 and -0.714 for K and a constants,

respectively, for Equation 4.7, the predicted number of cycles to failure is 631 cycle,

which is 45 percent lower than the experimental Ns.

According to several researches on the evaluation of fatigue life of notched
components (Leidermark et al., 2011; Susmel, 2008; Susmel and Taylor, 2007), the
stress-strain results at the notch root point predict less accurate number of cycles to
failure. The authors implement the “theory of critical distances” in predicting the
fatigue life of notched component in order to find a satisfying fatigue life. In the case
of the simulation of notched specimen in this study, considering the node at notch
root as reference point, the simulation results at different node locations predicted
different number of cycles to failure as shown in Table 6.1. From the table, the point
inside the specimen which is 0.24mm to the left of notch root in Figure 6.9(c), the
predicted number of cycles to failure is 1038 cycle, which is very close to the test
results. The result indicates that the critical distance seems to give more accurate
results and a better method to predict the failure life of notched specimen and it

should be studied further on the P91 and the P92 steels in future work.

Table 6.1: Prediction of failure life based on the simulation results at different node

locations located to the left of notch root

Node location 2 Areaioop N,
(mm) (MJ/m®)
0 2.719 631
0.12 2.296 799
0.24 1.905 1038
0.36 1.575 1355
0.48 1.275 1821
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6.5 FE simulation of anisothermal fatigue loading

The optimised constants for the viscoplasticity model for the P91 and the P92
steels, determined using the isothermal tests data, were further used to simulate the
stress-strain behaviour of the steels under cyclic thermal and mechanical
conditions. In the thermo-mechanical fatigue tests, as described in Chapter 3, the
tubular specimens were used and the experimental results are compared to the
simulation results in this chapter. The specimen was modelled as an axisymmetric
model in the finite element simulation as shown in Figure 6.1(b). In the simulation of
the anisothermal condition, temperature was applied for the whole geometry and a
coefficient of thermal expansion (CTE), determined from TMF test results, was

applied to include the effect of thermal strain to the total strain value. The CTE
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constants for the P91 and the P92 steels used in the simulations are 14.5x10%/°C

and 14.9x10°/°C, respectively.

The comparison of thermo-mechanical simulations and experimental results of the
P91 steels is shown in Figures 6.13 to 6.16. The simulation results are generally in
good agreement with experimental data. These figures also show that the P91 steel
softens cyclically under TMF conditions as indicated by the stress range reduction
with cycle number. The stress amplitude evolution stabilises around the 100" cycle.
Figure 6.14, which presents the results at 400-600°C under an out-of-phase
condition, gives 100MPa peak stress difference in compression. However, the
cyclic trends of this figure are similar where the stress levels become stable,
between 500 and 600°C in compressive strain, before achieving the maximum total
strain which is controlled in this study. This observation may correspond to the
creep phenomenon which is important at high temperature. Similarly, Figure 6.13
also shows a similar trend for steady stress levels at temperatures between 500 and
600°C. Even though the specimen corresponding to this figure (Figure 6.13) failed
after a very small number of cycles (less than 10 cycles), the stress-strain data are
still important in order to show the significance of the creep between 500 and 600°C
for the P91 steel. Figures 6.15 and 6.16 show a very good comparison between the
simulation and the experimental data for the in-phase and the out-of-phase
conditions in temperature range of 400-500°C for the P91 steel. For this
temperature range, the stabilization of stress level in a cyclic loop is not observed

which may indicate less significant creep effect for the temperature below 500°C.
Figures 6.17 and 6.18 show the comparison between the experimental data and the

simulation results of the P92 parent material in the in-phase and the out-of-phase

TMF conditions, respectively, for the temperature range of 500 to 675°C. The
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stress-strain loops for these figures also indicate the stability of the stress level at
high temperature particularly at temperature approximately above 580°C. In
general, the comparison of the stress-strain loops and the evolution of stress
amplitudes are in good agreement up to the stabilization stage of cyclic softening

behaviour.

For this TMF experimental data presented, it can be seen that there is some
instability (i.e. data is not as smooth) when compared to the isothermal equivalents.
This is due to the instability of the air cooling through the centre of the specimen
due to the waveform being used (i.e. small time period per cycle and therefore
sudden, rapid heating/cooling which results heating/cooling ‘blasts’). Subsequently,
it has been found that this effect can be reduced by constantly applying a small
amount of cooling air through the centre of the specimen (~5%) during all regions of
the waveform, including the heating of the specimen. This means that when an

increase in air cooling is required, it can ramp up in a much more controlled manner.
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6.6 Conclusions

This chapter has presented the simulation results of the P91 and the P92 steel

behaviour using the viscoplasticity model. The following conclusions can be drawn

from this chapter:

The simulation of the viscoplasticity model, developed by using data from
high strain amplitude tests, gives good stress-strain comparison to the lower
strain amplitudes.

The simulation results of the notched specimen indicate the capability of the
model to predict the stress-strain behaviour in multiaxial conditions. The
prediction of the notched specimen’s failure life can be further improved by
implementing the critical distance theory.

Identification of viscoplasticity constants using data from the isothermal tests
gives good comparison to the thermo-mechanical behaviour.

All the simulation results show cyclic softening behaviour where the stress
amplitude decreases in a strain-controlled test while the strain amplitude
increases in the stress-controlled test. The nonlinear evolution of cyclic
parameters (i.e. stress or strain amplitude) in the initial cyclic period and
then the stabilisation of the parameters have been modelled satisfactorily by

the developed viscoplasticity model.
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Chapter 7 — Conclusions and future work

The research has focussed on the testing and the development of a material
constitutive model of the P91 and the P92 steels under thermo-mechanical fatigue
condition at high temperature. Based on the stress-strain data obtained in the test,
the sets of material constants for the viscoplasticity models of the steels have been
determined and the constants can be used in a commercial finite element software

for further analysis.

7.1 Conclusions

The cyclic loading tests on the P91 and the P92 steels have been performed on
three types of specimens in isothermal and anisothermal conditions using the
Instron 8862 TMF testing system. The temperature gradient along the gauge
section of the specimens was controlled to within +10°C of the target temperature.
The main thermocouple, which controls the temperature of the test specimen, was
instrumented on the shoulder of specimen initially in order to avoid crack initiation at
the welding point of thermocouple wires. It has been found that in most cases the
instrumentation of the main thermocouple in the middle of gauge section with a low
possible current during spot welding will not initiate cracks at the welding point of

thermocouple wires.

The results of the cyclic loading tests of the steels at high temperature exhibit cyclic
softening behaviour with three distinct stages. The stages of one to three represent
rapid cyclic softening followed by a stabilisation period and finally a crack growth
stage. The mechanical parameters, such as the plastic strain range, the stress
range and the hysteresis loop area, show a stabilised condition in the second stage

of cyclic softening. The softening behaviour is associated with the coarsening of the
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subgrains and it has been observed in the microstructural investigations of the cyclic
loading specimens at different life fractions. The coarsening of the subgrains occurs
rapidly in the first stage of cyclic softening and it slowly continues in the second and
the third stage. The microstructural evolutions during the first two stages of cyclic
softening do not significantly cause damage to the steels as indicated by the plot of
Young’s modulus. The initiation of cracks at the end of the stabilisation stage
indicates the starting point of the significant material’s damage and the load bearing
capacity of the steel decreases as a consequence of macro crack development in

the third stage of softening.

The viscoplasticity models for the P91 and the P92 steels have been developed and
the stress-strain predictions have shown good comparison to experimental data,
particularly in temperature range of 400 to 600°C and 500 to 675°C respectively.
The material constants were initially estimated from the tension-compression test
data. The implementation of the optimisation programme significantly improves the
accuracy of stress-strain predictions of the viscoplasticity model. The constants give
very good predictions of the stress-strain behaviour in cyclic stress-strain conditions
up to about half the number of cycles to failure. The model also gives reasonably
good predictions of stress relaxation behaviour. The stress-strain behaviour
predictions of the stabilisation stage has been further improved by using the
combined linear and nonlinear isotropic hardening model and consequently the
viscoplasticity model is capable of predicting stress-strain softening behaviour up to

the end of stabilisation stage.

The finite element simulation using the viscoplasticity model has been implemented

in ABAQUS software with an external material library software called Zmat. The

simulation results of the behaviour of the steels with various strain ranges, cyclic
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thermo-mechanical conditions and notched geometry show good comparison to the
experimental data. The promising predictive capability indicates that the model can
be used in cyclic thermo-mechanical conditions and under multiaxial stress states at
high temperature. The simulation of notched specimen indicates the requirement to
select the stress-strain data at a point near the notch root in order to predict better

failure lives.

7.2 Future work

Based on the research work presented in this study, some potential work can be
further implemented in order to improve and extend the current work in the future as
follows:

o Repetition of test should be implemented, which depends on the availability
of specimens, in order to check the scatter of the experimental data. The
repetition of test can also increase the level of confidence for the
determination of the number of cycles to failure, particularly for the thermo-
mechanical fatigue tests in which the trend of stress amplitude evolution of
the third stages of cyclic softening seems inconsistent between the TMF
tests.

e The understanding of the steels behaviour and the capability of the
viscoplasticity model can be further improved by conducting the strain rate
effect and ratchetting behaviour in the future research. However, the
consideration of this kind of behaviour will require more specimens in the
testing programme.

e The microstructural investigation of the interrupted cyclic tests specimens
using the transmission electron microscope should be further studied by
focussing on the dislocation density evolution. The statistically

representative data, such as the misorientation angles, should be also
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studied by using the electron microscope with electron backscattered
diffraction (EBSD) capability in order to support the research finding
quantitatively. However, this work is more relevant to specific research on
the metallurgy of the steels.

The optimisation programme can be further improved by considering more
than one set of test data as the objective functions so that the programme
can produce the optimised constants which give good prediction for different
set of loading types. The current optimisation programme only considers one
set of experimental data in each optimisation process.

The two-stage isotropic hardening equation can be included in the current
optimisation programme in order to obtain optimised material constants
which can predict good stress-strain behaviour up to the end of stabilised
stage of the cyclic softening of the steels.

The finite element prediction of welded pipes, which consist of parent
material and weld metal, subjected to realistic thermo-mechanical fatigue
loading can be implemented to observe the stress-strain behaviour in real
components of power plant.

The experimental works on the determination of critical distance in a notched
specimen should be implemented in order to improve the understanding of
the stress-strain behaviour in the notched specimen and predict better

number of cycles to failure.
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Appendices

Appendix 1. The Zmat's material definition file for the unified viscoplasticity model
for P91 steel at 400°C.

***hehavior gen_evp
**glasticity isotropic
young 185000.0
poisson 0.3
**potential gen_evp ev
*store_all
*criterion mises
*flow norton
n2.48
K 1250.0
*kinematic nonlinear
C 183000.0
D 1000.0
*kinematic nonlinear
C 8000.0
D 40.0
*isotropic nonlinear
RO 151.0
Q -45.0
b0.4
***return

Appendix 2. The Zmat's material definition file for the unified viscoplasticity model
(with two stage isotropic hardening) for P91 steel at 600°C.

***hehavior gen_evp
**elasticity isotropic
young 140000.0
poisson 0.3
**potential gen_evp ev
*store_all
*criterion mises
*flow norton
n 3.482
K 1000.0
*kinematic nonlinear
C 63000.0
D 900.0
*kinematic nonlinear
C 5000.0
D 50.0
*isotropic linear_nonlinear
R0 90.0
H-2.9
Q -52.0
b1.9
***return
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Appendix 3. The Zmat’s material definition file for the unified viscoplasticity model
for P91 steel used in the TMF simulation between 400 and 600°C.

***phehavior gen_evp
**glasticity isotropic
young temperature
185000.0 400.0
174228.0 500.0
155000.0 600.0
poisson 0.3
**thermal_strain isotropic
alpha 14.5e-6
**potential gen_evp ev
*criterion mises
*flow norton
n temperature
2.48 400.0
3.01 500.0
3.482 600.0
K temperature
1250.0 400.0
1200.0 500.0
1000.0 600.0
*kinematic nonlinear
C temperature
183000.0 400.0
130000.0 500.0
63000.0 600.0
D temperature
1000.0 400.0
1000.0 500.0
900.0 600.0
*kinematic nonlinear
C temperature
8000.0 400.0
5400.0 500.0
5000.0 600.0
D temperature
40.0 400.0
45.0 500.0
50.0 600.0
*isotropic nonlinear
RO temperature
151.0 400.0
120.0 500.0
90.0 600.0
Q temperature
-45.0 400.0
-65.0 500.0
-70.0 600.0
b temperature
0.4 400.0
0.7 500.0
1.1 600.0
**return

181



	PhD Thesis - AASaad
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	References
	Appendices

