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Abstract

Creep-fatigue interaction has been identified as a possible degradation mechanism leading to
failure of power plant components such as thick sections header pipe etc. During
startup/shutdown processes, severe thermal gradient sets in across the thickness between the
inside and outside of the component. Fluctuation of demand also results in alternation of such
operation results in thermal gradient. Both the above mentioned situation leads to hold time
fatigue kind of situation. P92 (9Cr-1Mo-2W) martensitic steel is widely used for the
manufacturing of header pipes and is subjected to creep-fatigue loading condition.

The aim behind the present study is to verify an existing unified viscoplasticity
constitutive model, proposed by Choboche. This model includes combined isotropic hardening
and kinematic hardening with a viscoplastic flow rule for time-dependent effects. For this study
isothermal, uniaxial, fully reversed, strain controlled low cycle fatigue and stress relaxation
fatigue tests at various hold time duration at maximum/minimum strain amplitude were
conducted on P92 material at 600°C. The P92 material in the present study has been recognized
as a cyclic softening material

Here the initial value of material constants associated with Chaboche model has been
determined from the first cycle stress-strain data, the maximum stress evolution during tests and
the stress relaxation data. Then, the initial constants need to be optimized using a least-squares

optimization algorithm in order to improve the general fit of the model to experimental data.
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CHAPTER 1- INTRODUCTION

1.1. Background

The world today is moving in the direction of using ultra super critical technology (USC) to
enhance the efficiency of fossil fired power plant up to 50%. The motivation behind this is the
efficient utilization of indigenous coal available in abundance and at the same time to reduce the
unwanted gas emissions. But the desired targeted efficiency of the power plant can be achieved
by increasing the steam parameters (temperature and pressure) from 580°C and 290 bar to 630°C
and 300 bar. But to sustain such higher steam conditions for a long time during service, the
power plant component material should have adequate high temperature mechanical properties.

P92 (9Cr-Mo-2W) grade steel was introduced in the last decade as a candidate
structural material for the steam generator components of fossil fired power plants [1]. The P92
grade has 25%-30% higher creep strength in comparison with P91 and possesses adequate
mechanical properties, oxidation and corrosion resistance at high temperature and pressure.

The steam boiler components, during service, are often subjected to repeated
thermal stresses as a result of temperature gradients that occur on heating and cooling during
start-ups/shut-downs or during running condition [2]. Under steady state conditions time
dependent creep or stress relaxation on the material are most likely to occur at high temperature.
Therefore failure mechanisms under such loading conditions are a result of complex
interactions of time-dependent creep damage and fatigue processes at elevated temperature.

Earlier research on these materials has focussed on its creep strength. However, as the
current operation involves cyclic operation, the understanding of creep-fatigue interaction
behaviour of these power plant materials has become more important for the prediction of
component service life which is very important to avoid any catastrophic accident during service
at elevated temperature. This life prediction can be done by finite element simulation. The
simulation of the components requires a suitable constitutive material model which can
accurately predict the stress-strain behaviour and the failure life during cyclic loading conditions.
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 [3]. The development of these creep constitutive models has contributed
to the gaining of a better understanding of the material behaviour in such applications [4].

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 [5]. This viscoplasticity
model has been used by many researches on aero engine materials such as nickel-base alloys [4].
However, this model is rarely used to represent the behaviour of power plant materials.

1.2. Objectives
The objectives of the research are:

e To understand the viscoplastic constitutive model.

e To obtain stress-strain data for P92 steel by conducting low cycle fatigue and creep-
fatigue interaction test for various hold durations at 600°C in air.

e To investigate the cyclic softening behaviour of the steels by analyzing the stress-strain
behaviour throughout the lifetime of the steel.

e To find out P92 material constants to form a constitutive model that may predict creep

and cyclic plasticity behaviour in high temperature environment.
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CHAPTER 2- LITERATURE REVIEW

2.1 Overview

This chapter is mainly concerned with material constitutive models for the steels used in this
study, namely P92 steels. The steels which is specifically used in the power plant applications
deforms cyclically under thermo-mechanical fatigue loading conditions, so plastic behaviour
associated with strain hardening behaviour of the material becomes important. The strain
hardening behaviour during time independent cyclic loading is defined in terms of isotropic and
kinematic hardening. So this chapter includes review of these hardening rules. This chapter also

includes details of the development of the P92 steels.

2.2. Introduction to material behaviour modeling

Basically a material behaviour model is used to describe the stress-strain behaviour of a material.

There are two classes of material behaviour modeling:

a) Physically-based model: In this model the mechanical behaviour is represented 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. 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 [6-7].

b) Phenomenological-based model: This model is 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 be further used to predict the stress-strain behaviour of a mechanical structure using a

finite element simulation. The second model will be the focus of the study here.

2.3 Elastic and plastic deformation

When a load is applied on a component, the material will deform either in elastic manner or in
elastic-plastic manner, which depends on the magnitude of the applied load. The material which

deform within the elastic range will return to its original shape when the load is removed. On the
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other hand, plastic deformation is irreversible and occurs when the load applied on the
component exceeds its 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 [8].

When a load is applied on a component within its elastic limit, the magnitude of the
extension was found to be proportional to the applied load. Thus, the deformation of an elastic
deformation is described mathematically in terms of stress (c) which refers to the ratio of the
applied force to the cross sectional area, and strain (&) which refers to the ratio of the extension to

the initial length by the following equation:
F = kx 2.1
Where, F is applied force, x is associated displacement and k is the proportionality factor.

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 the extension to the initial length, are

introduced to eliminate the geometrical factors. So the equation 2.1 can be rewritten as:
og=Ee 2.2

Where, E is proportionality constant which is often referred to as the Young’s modulus or the
modulus of elasticity 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 of 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
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stress value of P92 steel at 600°C temperature with a 0.2% offset criterion is 302.58 MPa as

shown in figure 2.1
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Figure 2.1: Tensile test graph for P92 steel at 600°C

Inelastic deformation under creep: Irreversible deformation may also occur at stresses below
the 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 (Tn,). A creep test is
conducted by applying a constant load to a 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 [9-10]. 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
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E=Ac" 2.3

Where, A and n are material constants which can be determined from data obtained in the

secondary stage.

Creep strain, e

Instantaneous deformation
|
.f

Time, ¢

Figure 2.2: A schematic diagram of creep curve

2.4 Cyclic plasticity

When a component is subjected to cyclic loading, the plastic deformations which occur in the
material 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 in 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 2.3.
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Figure 2.3: Schematic representation of isotropic hardening on the deviatoric plane and in

tension-compression test conditions [11]

Isotropic hardening, or alternatively, the change in the size of the yield surface is represented by
a scalar variable, R, which is also known as drag stress [5]. The rate of evolution of isotropic

hardening is represented by the following equation:-
R=b(QO-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=0(1-¢&™) 25

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=|lc|-R-c;=0 2.6

Where, oy is the initial uniaxial yield stress in tension or the initial elastic limit, as shown in

Figure 2.3.

Cyclic hardening/softening: Under cyclic loading conditions, an undamaged material (in which

cracks do not generally influence the mechanical behaviour) exhibits an evolution of the plastic
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strain range as the number of cycles increases which is referred to as cyclic 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 [12-14], high nickel-chromium materials
[15] and nickel-based superalloys [16-18]. 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 [19] and 9Cr-1Mo steel [20-23]. The cyclic hardening phenomenon
indicates an increase of material’s strength [11] 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 (R + oy). For a material exhibiting cyclic softening behaviour, the
constant Q is negative so that a stabilized yield surface becomes smaller than the initial one [11].

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. In this model the yield surface translates in stress space,
rather than expand [24]. The kinematic hardening parameter y is a tensor, also called the
backstress [5], which defines the instantaneous position of the loading surface [8]. 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.

Bauschinger effect: 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 [25]. 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 [24], as illustrated,
schematically, in Figure 2.4. The kinematic hardening model can be used in predicting the

Bauschinger effect [26].
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Figure 2.3: Schematic representation of kinematic hardening in deviatoric plane and in tension-

compression test [11]

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

represented by oyin this figure [25]

elastic limit is

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

following equation:-
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f=|J—;{|—Ir 2.7

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 [8, 27].

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 [28], is given by the following
equation:-

. 2 .
Z=EC’EP 2.8

Where, c is the material constant, which represents the gradient of the linear relationship [29].

For the uniaxial loading case, Equation 2.8 is given by the following:-

¥ =cég, 2.9
Where, y represents a scalar variable; the magnitude of y is 3/2 times the kinematic hardening
tensor parameter [24]. But in the actual cyclic loading test linear strain hardening is rarely
observed. 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 [30] which is given by
the following equation:-

L= ;vép — P 2.10

Where, v 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 [31]. For the nonlinear
kinematic hardening model of the time-independent plasticity behaviour, the value of y /c
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 [24]. The saturated stress is described,

schematically, in Figure 2.5.
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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 2.10 [5]. The equation is given as follows:-
. 2 . .
B=ClFat, —wp 2.11

Where a is the saturation of the stress value in the plastic region, which is identical to the value
of ¢/ v, and C represents the speed to reach the saturation value, which is equal to y. In general,
both of the nonlinear kinematic hardening equations (2.10 and 2.11) are the same, except for the
fact that the constants are different in definition.

The Amstrong-Frederick hardening relation has been modified by decomposing
the total backstress into a number of additive parts [32]. 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 [5]. The model is also intended to describe the ratchetting behaviour

better [8]. Thus, the total backstress y is given by the following equation:

A
L= % 2.12
i=l
Where, yi 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



19

kinematic variables. However, more variables are sometimes employed in certain cases, for
example, in the study of the ratchetting effect [31], in order to get a better agreement with
experimental data. It is suggested by Chaboche [33] that the first rule (y1) 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.
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Figure 2.6: The stress-strain curve obtained from the superposition of three kinematic hardening

variables [8]

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=

Theoretically, the behaviour of the material with a combined isotropic and kinematic hardening

c-7|-k-R 213

model will include both the translation and the expansion/contraction of the yield surface in
stress space [34]. 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.
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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 Norton’s law and by a typical plasticity
model such as the isotropic and kinematic hardening models. For example, Shang et al. [35] 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 [36]. 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

A viscoplasticity model refers to the mechanical response of materials in plastic condition which
exhibits time dependent effect represented by a viscosity function [37]. A well known
viscoplasticity model is the unified viscoplasticity model proposed by Chaboche [5]. The model
is known as the “unified” viscoplasticity model for two reasons [27]. 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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ép = i sen(o — ) 2.14
1.x>0
/oy | %x20
sgn(x)=<0.x=0 and (x)=-« 2.15
‘ " lox <0
—Lx<0 ;
f=|lc-x|-k-R 2.16

In the unified viscoplasticity model, the total stress can be decomposed into four parts, namely
initial yield stress (k), drag stress (R), backstress (x) and viscous stress (oy) as given by the
following equation:-

c=y+(R+k+o,)san(c— y) 2.17

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"" 2.18

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 [38]. A schematic representation of
the total stress decomposition in the unified viscoplasticity model is shown in Figure 2.7.

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. [34] 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 [39-40] 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 [16] and a plastic strain memory term [41] 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
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in several stages, starting from a simple model, and the optimization program has been used to

determine the material constants.

1

+L

Figure 2.7: The decompositions of stress in the tensile test according the unified viscoplasticity
model [5]

2.6 P92 grade steel

2.6.1 Introduction to P92 grade 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. 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 2.8. 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
[42]. 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 [43], which is an advantage for the ferritic type steel when dealing with

thermal fatigue problems.
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Figure 2.8: Schematic illustration and photographs of a fossil fired boiler and typical materials
[48]

The demand for ferritic steels with higher creep strength has contributed to the development of
9Cr martensitic steel [2]. P91 steel was originally developed by Oak Ridge National Laboratory
(ORNL) in the late 1970s as a modification to 9Cr-1Mo steel [44]. The modification consisted of
the addition of vanadium, niobium and nitrogen and also the reduction of carbon, chromium,
silicon, molybdenum, phosphorus and sulphur content [45]. Thus, the steel is also known as
modified 9Cr-1Mo steel. P91 steel has been used in the UK power industry, either in retrofit or
new build applications [46]. P92 steel was originally developed under Nippon Steel’s program in
1990s [43]. 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 [42]. 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 [47]. The chemical compositions in accordance with ASTM standard, for P91 and P92

steels are given in Table 2.1.
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Table 2.1: Chemical composition of P91 and P92 steels (in wt. %) [47]

Steel |« ot Mo W Mn Nb V Ni Si Al S P
Grade

PO1 | 011 923 098 --- 038 009 025 013 035 0.02 0.007 0.029

P92 |1 0.09 934 058 176 048 006 021 014 015 0.005 0.012 0.20

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 impact strength. Subgrains and dislocation networks are formed during
tempering [43]. Different temperatures and periods of heat treatments are reported in the
literature for 9-12%Cr steels [23]. 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 an increase in the lath width and an increase in the prior
austenite grain size [43]. The variation in heat treatment can also result in slight differences in
mechanical properties.
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CHAPTER 3- EXPERIMENTAL WORK

3.1 Experimental

3.1.1 Material

The steel used in the present study are P92 grade steel (9Cr-Mo-2W) used in superheater and
reheater tubes and also in the headers and in the steam piping at high temperatures. The chemical
composition of the P92 steel employed in this study is given in Table 3. Cylindrical specimens
with a gauge diameter of 8 mm and a gauge length of 12.5 mm were used for high temperature
low cycle fatigue and creep-fatigue interaction investigation.

Table 3.1
Chemical Composition of P92 Steel (in wt. %)
C Cr Mo W Mn Nb Vv Ni Si Al S P

009 934 058 176 048 006 021 014 0.15 0.005 0.012 0.20

3.2 Testing procedures for the P92 steel

The aims of the tests are to obtain the stress-strain behaviour of the material so that a constitutive
material behaviour model can be developed based on these data. The test loading conditions
were based on the high temperature requirement of power plant and to produce a deformation
which will give plastic behaviour. Here isothermal tests of P92 specimens were conducted at
600°C. The strain amplitude value was selected to ensure that significant plasticity would occur
with this amplitude. Several strain-controlled low cycle fatigue tests, with the same strain rate,
were performed at 600°C with various strain amplitudes. Using the same strain amplitude at
particular temperature, tests with a hold period, in tension/compression/both, for 1, 5 and 10
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.

Actions performed prior to starting the test
Prior to starting up each test, load and strain calibration of the testing machine system was
performed in order to obtain a load and strain variations within the gauge length.

In order to obtain a good response for a specified test loading, the PID

(proportional, integral, derivative) values of the testing machine system were tuned. The strain
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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
position). The PID values for the P92 steel tests are determined by trial-and-error process.

The temperature of the specimen during the test was measured by using
thermocouples (TC). Two R-type thermocouples were used in each test. The thermocouple wires
were attached manually at top and bottom of the specimen surface and the distance between the

two thermocouple wires must be more than specimen gauge length.

3.2.1 LCF experiment

Low cycle fatigue (LCF) tests were performed as per ASTM E 606 standard under fully reversed
total axial strain control mode employing a triangular waveform. Tests were conducted at 600°C
at a constant strain rate of 1x10° s with various total strain amplitudes (Ae/2) 0.25%, 0.4%,
0.6%, 0.75%, 1.05% and 1.2%. Two external thermocouples were tied on the specimen for
continuous temperature measurement during the progress of the test. The gauge length of the
high temperature extensometer used in the fatigue tests is 12.5 mm and has a travel of £20%.
The tests were interrupted at the onset of visible cusping in the hysteresis loop for all applied
values of Ag/2 and the number of cycles till then is considered to be the cyclic life (N5) of the
material. The cusping provides us the indication of the crack initiation at the specimen surface
within the gauge length and the test is needed to stop now. Sudden load drop for the second time
in the load vs cycle graph also indicates the crack initiation at the specimen surface. For the
fatigue tests where cyclic saturation was not observed, hysteresis loop corresponding to mid-life
(N+/2) is considered for calculation of plastic strain amplitude and stress amplitude at saturation.
These values are used for constructing the Coffin-Manson plot and the cyclic stress strain curve.
Figure 3.1 shows the typical curves obtained during a strain-controlled LCF test.
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Figure 3.1: Types of graphs obtained during strain controlled low cycle fatigue test:
(Aed2 = 0.6%, strain rate: 10°/sec, R = -1, Temperature: 600 C, Test environment: Air.

o

a) Stress (o) vs Strain (€) (Hysteresis loop); b) Stress (o) vs Time; ¢) Strain (g) vs Time;
d) Stress amplitude vs number of cycles

Important parameters such as stress range (Ac); plastic (or inelastic) strain range (Asp); total
strain range (Ast) (which is the controlled parameter in the test) and elastic strain range (Aae) can

be identified from the stress-strain hysteresis loop as shown in Figure 3.2.

P92 steels, as shown in the Figure 3.3, exhibit cyclic softening behaviour in
which stress amplitude decreases as the number of cycle increases. 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 3.4 shows the evolution of plastic strain range observed in

the tension-compression test of P92 material. It can be seen from the graph that the plastic strain
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range increase rapidly during the initial stage and then become stable after approximately a

quarter of the total number of cycles.
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Figure 3.2: Example of typical stress-strain hysteresis loop and the parameters determined from
the loop for an isothermal strain-controlled test

Table 3.2

Fatigue test parameters of LCF tests, cyclic life, stress amplitude and plastic strain amplitude
values at N¢/2 cycles. All tests were conducted at strain rate 1x10/s.

LCF test Aef2 N Ac/2 at N¢/2 Agyl2 at N2
temperature t f cycles [MPa] cycles

600°C 25x 107 8046 207 1.00 x 10
600°C 4x10° 2321 230 2.32x10°
600°C 6x10° 582 256 454 x 107
600°C 7.5x10° 481 245 5.51 x 10°®
600°C 9x10° 285 265 7.27 x 103
600°C 10.5 x 10 349 261 8.41x10°
600°C 12 x 10°° 196 259 10.09 x 107
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Figure 3.3: Cyclic softening curves obtained from the LCF tests conducted at 600°C in air
on cylindrical specimens for various Ag/2 values

Due to the lack of a clear period of stabilization of the hysteresis loop, analytical description of
fatigue properties of the examined P92 steel is considerably difficult. Considering the changes
observed in the parameters of hysteresis loop (Ac/2) with the number of stress cycles, the values
of hysteresis loop parameters necessary for analytical descriptions of characteristics of the
examined P92 steel were determined at N¢#/2" cycle.

3.2.2 Hold period test

For the study of time dependent cyclic behaviour, various isothermal creep-fatigue interaction
tests were performed by holding at maximum/minimum strain amplitude for 1, 5, 10 minutes.
The holding period for the tensile/compressive strain caused a stress relaxation behaviour, which
indicates a time-dependency effect for P92 material at high temperature. Creep-fatigue
interaction test results and associated parameter are shown in Table3.3.

Figure 3.5, 3.6 and 3.7 show the kind of graph obtained during creep-fatigue
interaction for tensile hold, compression hold and combined tension-compression hold
respectively. Figure 3.8 shows experimental and modeled stress relaxation curve of 5 minute
tensile hold for P92 parent material.
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Figure 3.8: Experimental and modeled stress relaxation curve during
first cycle of 5 minute tensile hold at strain amplitude 0.6%

Table 3.3

Creep-fatigue interaction tests parameter of various hold time, cyclic life, stress amplitude and plastic strain
amplitude values at Ni/2 cycles. All tests were conducted at strain rate 1x107%/s.

Test type Test  Total strain Gauge Hold No. of Stress Agp (abs)
temp  amplitude diameter time cycles to amplitude at N¢/2
[°C] [%] [mm] [minute]  failure (Ac/2) at N2
[Ns] cycle [MPa]
Tension hold 600 0.6 8.1 1 462 247.31 0.00986
Compression 600 0.6 7.95 1 370 244.6 0.0096
hold
Tensionand 600 0.6 7.98 1 496 243.34 0.0101
compression
hold
Tension hold 600 0.6 8.04 5 500 243.29 0.0094
Compression 600 0.6 7.98 5 300 250.47 0.0094
hold
Tensionand 600 0.6 8.01 5 336 247.61 0.0104
compression
hold
Tension hold 600 0.6 8.07 10 384 244.71 0.0096
Compression 600 0.6 8.05 10
hold
Tensionand 600 0.6 8.02 10 236 249.49 0.0104

compression
hold
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CHAPTER 4 - STRESS - STRAIN ANALYSIS

4.1 Overview

This chapter contains an analysis of the stress-strain behaviour, and its related parameters,
produced in strain-controlled tests of P92 steel, at 600°C.

4.2 Stress-strain analysis
Based on the results provided in Chapter 3, the P92 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 3.3 and 3.4, which present the evolutions of the maximum
stress when various plastic strain ranges are applied throughout the tests. The same strain rate of
1x107% s was used for all of the tests. Parameters such as Young’s modulus, hysteresis loop area
and loop shape parameter were determined from the cyclic stress-strain loops; these are analysed
in this section.

4.3 Fatigue Model

Based on the number of the cycles to failure obtained in the fully-reversed isothermal strain-
controlled tests, with 7 different strain amplitudes, a fatigue life model for the P92 steel, at
600°C, based on strain parameters can be developed. In this study, the fatigue models constants
were determined using the number of cycles to failure with a 30 percent stress drop failure
criterion.

4.3.1 Strain-based model
Coffin and Manson independently established that the damage parameter in low cycle fatigue

failure is plastic strain amplitude (4z,/2) and can be linearized on a log-log coordinate with 2N.

The Coffin—Manson relation can be written in the form given in the following equation:

2= & (2Ny)° 41

z; is the fatigue ductility coefficient and c is the fatigue ductility exponent. The Coffin—Manson

plot is shown in Fig. 8. In the strain amplitude range employed, best-fit lines were obtained and

the calculated values of the fatigue ductility coefficient, =, and the fatigue ductility exponent, c

are listed in Table 5. Fatigue lifetime of the investigated cast steel is described using the equation
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of Manson-Coffin plot. Following observations can be made from the Coffin-Manson (CM)

plot:
e The cyclic life is significantly reduced for all values of total strain amplitudes
except 0.25% total strain amplitude.
2.45
P92 Steel
Test Temp.: 600°C
P92 steel 1 steain rate: 3x10° 57!
p [ Test temp.: 600°C
21 [ Strai rate : 3x107 s™' — 2.40 4
2 =3
3 E 2.35 4
2.7
i 2.30 T T T
25 310 3:5 4]0 415 -3.0 25 -2.0
2Nf Ag 2 at Nj2 [1 07
Fig. 8. Coffin—Manson plots obtained from the Fig. 9. Cyclic stress—strain curve (CSSC)
LCF tests conducted at 600°C in air at various obtained from the LCF tests conducted at
strain amplitude. 600°C in air at various strain amplitude.
Table 5
Calculated values of LCF parameters obtained from Coffin—Manson plot and cyclic stress—strain curve.
LCF parameters E: c K n
P92 grade steel 0.39 -0.61413 430.7 0.10362

For the analytical description of dependence between stress Ac/2 and strain Agp/2, Morrow’s

equation, as shown below, is applied to obtain cyclic stress strain curve:

n

Ag Ag,

7 =55 )
where:
K is cyclic strain hardening coefficient in n is cyclic strain hardening exponent.
MPa;

Where, Aap/2 is the plastic strain amplitude, 2Nf is the number of reversals to failure, af’ is the
fatigue ductility coefficient and c is the fatigue ductility exponent. Equation 4.6 is based on
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Suresh (1998). The 8f’ and ¢ 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 g’ and ¢
constants for the Coffin-Manson relationship, determined using parameters at N, are 0.5241

and -0.6042, respectively, while the same constants, determined using parameters at N e

ar
5/2
0.4896 and -0.5927, respectively. The figure shows that similar linear relationships are obtained
for both types of data; the slope of the N, 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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CHAPTER5- VISCOPLASTICITY MODEL
DEVELOPMENT

5.1 Overview

The experimental results obtained from LCF and hold time tests are used in this section to
develop the material models. A viscoplasticity model has been selected to represent the cyclic
plasticity and the time dependent behaviour of the material. The material constants were initially
determined by using a step by step procedure. These constants are needed to improve by using an
optimization program developed in Matlab in order to obtain better stress-strain predictions.

5.2 The viscoplasticity model

The unified viscoplasticity model, proposed by Chaboche, was chosen here to model the cyclic
behaviour of the P92 steel. This 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: a) there is no
partitioning of the inelastic strain into plastic and creep strain components and; b) the hardening
rules, which are isotropic and kinematic hardening, are chosen to be similar to the time-
independent case [27]. The inelastic strain is also called a viscoplastic strain.

The inelastic strain rate (,;)of the model is given by the following equations:-

/ f \*

g, = {I\—"} sgn(c —) 5.1
1. x>0 }
J ' J‘; X =0
sen(x)=-<0. x=0and (x)= 5.2
: o x<0
-1, x<0 -
f=lo-y1-R-k 5.3

where Z and n are material constants; ¢ 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; x is the kinematic hardening parameter, also known as the back
stress; and R is the isotropic hardening parameter, also known as the drag stress [5].
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The kinematic hardening model is used to express the behaviour of non-proportional monotonic
or cyclic loadings [11]. In a deviatoric stress plane, the kinematic hardening represents a
translation of yield surface. Its behaviour is described by the following equation:-

i;‘ = Ci{aiép - ;’Cip} 54
M

1= 5.5
i=1

Where, i=1,2,...,.M ; p is the accumulated inelastic strain; a; and C; represent the stationary values
of xi 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 the nonlinear behaviour of a material. In this
study, it has been chosen that M = 2 which give the total back stress as follows:-

L=%1T %2 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 [24] and is described by the following equation:-

R =b(Q-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 (o) as follows:-

G, =7p™ 5.8
Thus, the applied stress can be decomposed as:-
o=y+R+k+o )sgn(c-y)=E(s-¢,) 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, a,C,a,C,Z and
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n. A description of how the constants are determined is given in the next section, using a step by
step procedure. Also, the viscoplasticity model, in the uniaxial form, has been implemented in
Origin 8 in order to calculate the stress-strain relationship for the steels in tension-compression
loading.

5.3 The initial constants of 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. 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.

The initial cyclic yield stress, k, value was estimated as suggested by Zhan [49] and
as shown in Figure 5.1.
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Figure 5.1: Plot for obtaining Young’s modulus, E, and estimation of initial cyclic yield stress, k,
for the P92 parent material at 600°C
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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.
Thus, the stabilized period was assumed to be that at the point at which half of the failure life
cycles was produced.

Equation (5.7) can be integrated to give the evolution of isotropic hardening as:-
R=Q(l-¢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
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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 regions, as shown in Figure 5.3, to
represent firstly the transient region of the inelastic deformation, where y; becomes the dominant
inelasticity contribution, and secondly the region with greater inelastic strain in which y, is the
dominant parameter.
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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 y, dominated region

Equation (5.4) can be integrated with respect to time to give the following equations:-
i =a,(1-e) 5.11

%y =a,(1—eP) 5.12

Where, g, = 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™)+a,(1-e*)+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 y, and that k and oy are not dependent on ¢, gives:-

¢ CR . -,
— = ag(:r\e 2% 514
C-EP C-Ep

Thus, plotting In[(0c/0gp)- (OR/0gp)] versus g, using data from y, dominated inelastic region, as
shown in Figure 5.4, allows the identification of C, from the slope of the line and a, from the y-
axis intercept. In order to plot Figure 5.4 (0c/0gp) and (OR/0Ogp) must be determined first as
explained by Hyde [12]. (0R/0gp) can be calculated based on Equation 5.10. The accumulated
inelastic strain (p) parameter in the equation can be substituted g, With (p = ¢, in the first quarter
cycle) and the equation can be differentiated with respect to g, to give:-

cR be,
— —bQ.e™™ 5.15
CEP

Rearranging (0o/0¢p) by multiplying with (dt/dt) and (de/de) gives the following equation:-

do _do 1,
de, de'ép' 5.16

Based on equation (3.16), do/de and &, need to be calculated while the £ value is the controlled

parameter in the tension-compression test. In the current model with isothermal application, total
strain (¢) is represented by the following equation:-

g=¢, +¢, 5.17

In which the elastic strain (ee) is equal to o/E. The inelastic strain rate (£,) can thus be calculated

based on equation (5.17) as following:-

., 1do)
g, =8 1-——| 5.18
\ E dg J

The value of do/de in equation (5.16) and (5.18) can be calculated using experimental data.
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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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Figure 5.5: Determination of kinematic hardening constants a, and C, 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 g, to give the following equation:-

cc ¢R @y, Cre.
P -\/{L =a,Ce = 5.19
CE CE cE '

~p P "“p
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The constants a; and C; from the y; dominated inelastic region, can be determined by plotting
In[(0c/0gp)- (OR/0gp)- (Ox2/0gp)] versus g, as shown in Figure 5.5. Similar procedures to those
described earlier, were used to calculate (0c/0¢p) and (OR/0Ogp) for the y1 dominated inelastic
region data.

5.3.4 ldentification 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(c,) = llug(p) +log(Z) 5.20
1

Modeled
Experimental

350

300

250 +
Modeled

Stress [MPA]

Experimental
200

150

T T T . T T T T T r T ' 1
0 50 100 150 200 250 300 350

Time [sec]

Figure 5.6: Experimental and modeled stress relaxation curve of P92 steel during first cycle of 5
minute tensile hold at strain amplitude 0.6%

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:-
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p=t =-2 5.21

On the other hand, viscous stress (o) can be calculated by simplifying equation (5.9), asssuming
o >y in the first dwell period, and rearranged to give:-

6,=6—-31—-R-k 5.22

By plotting log(o,) versus log(pr) 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.

2.5

2.4

log(c,)

2.3 4

2=2224.3

n=5.16
2.2 4

T ’ T . I
6 5 -4

log(dp/dt)
Figure 5.7: Determination of viscous constants Z and n for P92 parent material at 600°C

The initial viscoplasticity constants for the P92 steel at 600°C temperature, is shown in Table
5.1. These constants are needed to use as the starting parameters in the optimisation process.

Table 5.1 The initial constants of viscoplasticity model for P92 parent material at 600°C

Temp E K Q b ai C1 a Co Z n

[°’C] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa.sl’”]

600 140180 88 81.16 1233 95.73 44417 9381 269 22243  5.16
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Conclusion

» P92 has cyclic softening behaviour as stress amplitude decreases against number of cycle
throughout the life of the material.

» There is decrease in the elastic portion of the hysteresis loop which is responsible for
cyclic softening and thus the hardening/softening can be explained by change in the size
of yield surface in terms of isotropic hardening and kinematic hardening.

> Initial constants can be estimated from tension-compression test data, in which 8 out of
10 constants can be estimated from the first monotonic tensile curve of the first cycle.

» The rest two constants can be estimated from the first stress relaxation curve obtained
from the tensile hold data.

>

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 are as follows:

The material initial constants estimated here from the tension-compression test data are
needed to optimize further to significantly improve the accuracy of stress-strain
prediction of the viscoplasticity model by using non-linear least square method which is
an optimization tool in Matlab.

The finite element simulation, using the viscoplasticity model, need to be implemented in
ABAQUS software with an external material library software called Zmat. The
simulation results obtained for the steel are needed to compare with the experimental
data.
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