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Abstract

The increasing thermal efficiency while at the same time keeping safe production are
two vital targets that are required to be achieved to high productivity from power plants.
The development and application of high creep resistant chromium (Cr) steel is
becoming increasingly critical over a wide range of stress at high temperatures for
power plant components. Knowledge of creep behaviour processes such as creep strain,
creep damage, and rupture time can aid in the design and development of components.
During the past three decades, a series of creep damage constitutive equations have
been developed and applied to describe the creep behaviour for high Cr steel. The
Continuum Damage Mechanics (CDM) model describing tertiary creep damages such
as cavitation damage mechanism that is a dominant factor in the process of creep
fracture. However, they are phenomenologically based. In addition, the most developed
equations have only focused on middle-high stress levels; they were not developed for
the low stress level and found invalid when compared with experimental data.

This thesis describes the development of new creep damage constitutive equations for
high Cr steel over a wide range of stress conditions. It also reports its additional
application to 316H stainless steel. This broadening of application means that the novel
equation is suitable for more stress levels than traditional equations, especially under
low stress situations.

The research undertaken can be summarised in the following four aspects. Firstly, the
previously developed “novel hyperbolic sine law” is applied over a wide range of stress
for P91 and P92 steels. Its adaptability has been shown to be better than traditional
methods by experimental data under the widest range of stress. Secondly, a novel creep
cavitation damage equation is successfully applied and calculated for E911 steel at
rupture time which can build a good foundation to apply the equation at different stages
of creep lifetime and therefore achieve the predicted lifetime for components. Thirdly,
the creep cavitation rupture modelling is developed and applied at 600°C and 650°C
for P92 steel. This includes developing and confirming the “novel hyperbolic sine law”
to discuss the relationship between the creep rupture time coefficient U’ and a wide
range of stress, and as a result, accurately predict lifetime for components. Finally, a
creep cavitation model for different stages of creep lifetime is developed at 550°C and
675°C for 316H steel. This achieves a further application of the novel creep cavitation
equation and confirms that the creep cavitation damage equation is not only applied at
creep rupture time but is also suitable for a creep at any time period. This thesis
contributes to the creep damage modelling methodology and specific knowledge.
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Chapter 1 Introduction
1.1 Project background
1.1.1 Increasing electricity generation, production

efficiency and decreasing CO; emissions

According to the global energy statistics report (Global Energy Statistical, updated
2020), global power generation production has greatly increased between 1990 and
2019 (Figure 1.1). Electricity generation was produced from mixed fuel sources
between 1971 and 2018 as indicated in Figure 1.2. Power generation from fossil fuels
such as coal, natural gas, and oil is still dominant by far across the world; especially for
coal which was responsible for 38% of the global electricity production in 2018 (World

Energy Balances, updated 2020).
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Figure 1.1 The global electricity production from 1990-2019 (Global Energy

Statistical by Enerdata, updated 2020).
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Figure 1.2 World electricity generation mix by fuel from 1971-2018 (World Energy

Balances overview by IEA, updated 2020).
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Globally people are now paying more attention to achieving environmental protection.
Thus, this requires low emissions from fossil fuels and increased efficiency in
consumption in power plants during the combustion process. The reduction of carbon
dioxide (COy) is the primary target in achieving low emissions from fossil fuel burning
power plants; an urgent task for the power industries. This includes capture,
compression, transport, and storage of CO in the oil and deep saline aquifers
(Vangkilde et al., 2009; Panait, 2010a). The method can be achieved and so has almost
reached zero emission in some power plants (Rubin et al., 2007). An alternative way,
which is more efficient consumption of fuels, requires increasing the steam condition
to higher ranges of temperature and stress (Panait, 2010a). This operation needs to
choose heat resistant steels and materials with higher creep strength. The amount of
CO2 emission can be also decreased by increasing the operating temperatures of the
power plants. Thus, the development of a new heat resistant steel is essential to increase
efficiency in power plants. However, this is not the thrust of the current study; here, the
current author is only seeking to model creep over a wide range of stress within existing
materials.

1.1.2 The development of high Cr steel in a power plant

According to Maruyama et al. (2001), thermal fatigue of the components is a serious
problem in a fossil power plant. Ferritic heat resistant steel is currently employed
widely in the fossil power station due to the following characteristics; high thermal
conductivity, low thermal expansion coefficient and less susceptibility to thermal
fatigue. However, it is limited in that the low creep strength of this heat resistant steel
is linked to the operating temperature of the power station. Increasing operating
temperatures and stresses can impose increasingly tight requirements for materials.
Thus, the development of advanced ferritic heat resistant steels is an urgent requirement.
People started from Cr-Mo steel and added V, Nb and N into the steel to increase its
creep strength and increase the Cr content to have better oxidation resistance, which all
requires the power plants to operate at higher temperatures. Development of several
advanced ferritic heat resistant steels such as P91/T91 (9Cr—1Mo—VNDb) steel, P92/T92
(9Cr-1.8W-0.5Mo-VNDb) steel and P122/T122 (11Cr-2W-0.5Mo—CuVNDb) steel
(Maruyama et al., 2013b) are shown in Figure 1.3.

In regards to recent advances in creep resistant steel for power plant applications, Ennis
et al. (2003) summarised how to develop the advanced ferritic heat resistant steel from
P9 to P92 steel as is indicated in Figure 1.4. This is based on the 1x10°h at the
temperatures of 600°C and 650°C.
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Ennis et al. (2003) also summarised the maximum operating temperature of different
heat resistant steels recently used in the development of new power plant steels, which
is based on a 1x10°h average stress rupture strength of 100MPa. The detailed
information is shown in Figure 1.5. The most advanced high Cr steel is used in the
modern steam power plant with steam temperatures of 600°C and stress of 25-30MPa,
and the super steam power plants which will have operating temperatures up to 650°C
in the future (Ennis et al., 2003).

1.1.3 The significance of creep cavitation damage in engineering

material

In general, creep cavitation damage acts as the critical factor in creep rupture. The creep
fracture is related to the cavity nucleation and cavity growth occurring at the grain
boundary; their growth and linking with an adjacent cavity form cracks which lead to
final rupture. The mechanism of cavity nucleation and cavity growth is independent
during the operation, specifically for cavity growth. However, the coalescence of
cavities starts sooner or later to happen (Sklenicka et al., 2003). Figure 1.6 outlines that
the cavity nucleation and growth are approximately 0.8 times of the creep lifetime. Thus,
researching the creep cavitation damage is essential, specifically predicting the creep
lifetime of components in the power station.

TIME:O — 0.8, 0.8—1.0¢%
NUCLEATION 25 ULTIMATE STATE FINAL
AND CAVITY GROWTH OF DAMAGE FRACTURE
ISOLATED MICROVOLUMES MACROVOLUMES MAIN CRACK
INTERACTIONS INTERACTION GROWTH

LOCAL COALESCENCE OF DAMAGE LONG RANGE COALESCENCE OF DAMAGE

Figure 1.6 The development of the intergranular cavities (Sklenicka et al., 2003).

During recent decades, researchers (Lee et al., 2006; Parker, 2013; Aghajani et al., 2009;
Sklenicka et al., 2010; Shinya et al., 2006) have used traditional techniques to observe
cavitation damage for the high and low Cr steels, for example, Transmission Electron
Microscopy (TEM), Optical Microscopy (OPM) and Scanning Electron Microscopy
(SEM). Observing the creep cavities has determined that they mostly occur at the grain
boundary, and its characteristic is perpendicular to the direction of stress. However, the
resolution and continuity for the cavitation process cannot be caught; hence the creep
cavitation is restricted. Some researchers have focused on the investigation of the
evolution of creep deformation occurring in the grain, which includes hardening, solute
depletion, coarsening, diffusion, and dislocation (Ennis et al., 1997; Hayhurst et al.,
2008; Yin et al., 2006). Currently, no research has paid attention to investigating the
evolution of the process for the cavitation and its characteristic. Presently, using the
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advanced technology of synchrotron X-ray microtomography such as European
Synchrotron Radiation Facility (ESRF) (Sket et al., 2010; Renversade et al., 2014) and
Japan Synchrotron Radiation Research Institute (JSRRI) (Gupta et al., 2013; Gupta et
al., 2015; Schlacher et al., 2012; Schlacher et al., 2015) researchers can catch the high
resolution and continuity of the process for the cavitation. And the 3D visualisation can
observe the process of increasing creep cavity with time. This experimental data can
provide a better survey and foundation to investigate the characteristic of the cavity
nucleation and cavity growth, and then lead to the exact development of creep
cavitation equations for predicting the creep lifetime of components in the power plant.

1.1.4 The existing developed creep damage constitutive equations

Creep deformation and damage are important factors when investigating the evolution
of damage and predicting the lifetime for components in the power station at high stress
and temperature. The experimental creep data is limited due to the long time and high
cost in acquiring this data. Thus, using the conventional empirical method cannot
correctly predict the lifetime of components. Some research institutes have based their
work on experimental techniques or creep damage constitutive equations to investigate
the creep damage behaviour in the structural components, for example, European
Technology Development Ltd (ETD), European Creep Collaborative Committee
(ECCC), Electric Power Research Institute (EPRI), UK Energy Research Centre
(UKERC), UK National Physical Laboratory (UKNPL), UK National Nuclear
Laboratory (UKNNL) UK University of Manchester, UK Imperial College London,
UK The Open University, and The Japanese National Institute for Material Science
(NIMS). However, there still existed deficiencies and limitations for the equations,
which can be listed as follows:

(1) Some developed creep damage constitutive equations are only based on the
experimental data under high stress. These equations are challenging for direct
application in a wide range of stress. This method is not satisfactory because the
creep damage mechanism has changed under different stress levels (Abe et al.,
2008; Evans et al., 1984; Xu, 2016).

(2) The standard equation of the minimum creep strain rate cannot fit very well with
its experimental data in a wide range of stress for high Cr steel, such as power
law, linear power law and hyperbolic sine law (Xu et al., 2017a; Yang, 2018;
Zheng et al., 2020).

(3) The most developed equations were just based on the creep deformation
occurring at the grain and were considered the effects of cavitation damage
arising at the grain boundary in the process of creep fracture (Xu et al., 2019).

(4) The development of a creep damage constitutive equation for low Cr steel was
compiled by Xu (2016). She successfully applied the minimum strain rate
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equation under a wide range of stress for low Cr steel. However, the creep
cavitation damage adopted the typical equation that was proposed at high stress
levels because of the lack of experimental data under low stress levels for low
Cr steel (Xu, 2016; Yang, 2018).

(5) Another creep damage constitutive equation for P91 steel was developed by
Yang (2018). He successfully modified and applied the minimum strain rate
equation under a wide range of stress for P91 steel and developed and applied a
novel creep cavitation damage equation for P91 steel. However, compared with
the current author, the most significant difference is between using the material
and developmental approach.

1.2 Aim and objectives of the study

This research project aimed to develop and apply novel creep damage constitutive
equations for high Cr steel over a wide range of stress. The wide stress range signifies
that the novel equation is suitable for more stress levels than that in traditional equations,
especially under low stresses. These constitutive equations are based on the
mechanisms of creep cavitation damage and suitable for the calibration of the creep
cavitation model at a different stage at rupture time. To achieve this aim, the following
objectives were compiled:

(1) To review the existing creep damage constitutive equations for high Cr steel
and analyse their advantages and disadvantages. The detailed information is
outlined in section 2.6 of Chapter 2.

(2) To collect and analyse the existing and published experimental data for high
Cr steel. The detailed information is outlined in Chapter 4.

(3) To apply and calculate the minimum creep strain rate over a wide range of
stress for P92 steel based on the “novel hyperbolic sine law” and the published
data. The methodology is detailed in section 3.2.1 of Chapter 3, and the results
are displayed in Chapter 5.

(4) To apply and calculate a novel creep cavitation damage equation for high Cr
steels based on cavity nucleation and cavity growth model, based on the
published observation data. The methodology is detailed in section 3.2.2 of
Chapter 3, and the results are displayed in Chapter 6.

(5) Todevelop and apply a creep cavitation rupture modelling for P92 steel based
on the relationship between coefficient U’, stress, minimum strain rate, and
rupture time. The methodology is detailed in section 3.2.3 of Chapter 3, and the
results are displayed in Chapter 7.

28



(6) To develop and calibrate a creep cavitation model at different stages of creep
lifetime for a 316H steel is based on the cavity nucleation and growth model,
and their experimental data is based on the published observation data. The
methodology is detailed in section 3.2.4 of Chapter 3, and the results are
displayed in Chapter 8.

(7) To validate the novel creep damage constitutive equations by comparing the
modelling results with their experimental data and the classical modelling
results for high Cr steel. The results are shown in sections 5.3-5.4 of Chapter 5,
section 6.3 of Chapter 6, sections 7.2-7.5 of Chapter 7, and sections 8.2-8.3 of
Chapter 8.

1.3 Structure of the thesis

This thesis consists of nine chapters:

Chapter 1 introduces the background information in the research area, including
describing the criticalness of cavitation damage and the importance of developing
constitutive equations within the industry, and lists the aim and objectives of the
research project. It also outlines the structure of the whole thesis.

Chapter 2 introduces the creep deformation and creep cavitation damage mechanisms,
and the stress breakdown phenomenon. This chapter reviews the advantages and
disadvantages of the existing predicting model, and presents the existing novel creep
damage constitutive equation and reviews the current state of experimental data.

Chapter 3 introduces the research methodology for the development and application of
creep damage constitutive equations in the project.

Chapter 4 collects and analyses the experimental data for high Cr steel, which includes
the NIMS creep data sheet and the observation of experimental data. It also details
which of the following chapters utilise the experimental data.

Chapter 5 presents the applied and calculated novel minimum creep strain rate for high
Cr steel over a wide range of stress. It also introduces the deficiencies of the classical
constitutive equations through comparing its modelling results.

Chapter 6 introduces the application and calculation of the creep cavitation damage
equation for high Cr steel. Including the theory of cavity area fraction along the grain
boundary, the calibration of cavity growth rate and nucleation rate models according to
the determination of model constant. It also displays the relationship between the cavity
nucleation coefficient and stress under different temperatures.

Chapter 7 presents the development and application of creep cavitation rupture
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modelling for P92 steel and accordingly discusses the relationship between coefficient
U’, stress, rupture time and minimum creep strain rate and determines the material
constants and describes the characteristics of the developed derived equation.

Chapter 8 develops and calibrates a creep cavitation model at different stages of creep
lifetime for 316H steel based on the two sets of creep testing experimental data under
different temperature and stress. It also describes the characteristics of creep cavitation
damage, including the process of W, J, R and R rate with time.

Chapter 9 concludes and lists the main significant contributions of this project and
outlines potential further work to be undertaken.

30



Chapter 2 Literature review

2.1 Introduction

This chapter reviews and analyses the related literature in the area of development and
application of creep damage constitutive equations for high Cr steel. The first step is to
discuss the creep deformation mechanisms and creep rupture to summarise the
advantages and disadvantages of the existing predicting models. Then by gaining an
understanding of the cavitation damage, which is essential and dominant in the creep
behaviour, gives the existing novel equations and the current state of experimental data
for developed creep damage constitution equations in the end. The following lists the
main outline of this chapter:

(1) Understanding the general creep mechanisms, such as diffusion and dislocation.

(2) According to the shapes of creep curves, understanding the creep behaviour for
high Cr steel under different conditions, and its influence factors.

(3) Based on the several different functions to introduce the relationship between
the minimum creep strain rate and applied stress in creep damage constitutive
equation, including the “novel hyperbolic sine law”.

(4) According to the study on the relationship between rupture time and stress,
understanding the stress breakdown phenomena for high Cr steel.

(5) According to the information by traditional 2D technology observing the
fracture surfaces for high Cr steel, understanding the creep fracture mechanism.

(6) Based on the types and equation of cavity nucleation and growth, understanding
the creep cavitation damage for high Cr steel.

(7) Understanding the importance and dominated cavitation damage mechanisms
in creep damage.

(8) Reviewing the existing creep damage constitutive equations and analysing their
advantages and disadvantages.

(9) Summarise the current state of experimental data for developing creep damage
constitution equations.

2.2 Creep mechanisms in steels

Creep of materials is associated with time-dependent, non-reversible deformation,
when steel is under stresses. Stresses can be lower than that within its yield stress over
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a long time. This can occur at any temperature above absolute zero (-273.15°C).
However, what can happen at high temperatures is much more important from a
practical view (Evans and Wilshire, 1985; Nikbin, 2009; Saber, 2011; Kassner, 2015).
Creep is a multiplex process in steel, which involves a few mechanisms, including
diffusional flow, dislocation slip and climb. Not only the mechanism or behaviour may
independently operate with each other, but also more than one mechanism can occur at
the same time in the creep condition.

2.2.1 Diffusion

Diffusion is a process of atom movement between places in the steel and occurs through
the grain and along the grain boundary. This process is dominant at low stress and high
temperature. Three types, including vacancy diffusion, interstitial diffusion and
diffusion at the grain boundary, are shown in Figure 2.1. The first type often occurs
when the atom moves from its position to a space that may be the same size as the atom
itself. The second type happens when the small atom moves into space between two or
more large atoms. The last type occurs at the grain boundary, which is quicker compared
with that in the grain.
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Figure 2.1 General diffusion (Saber, 2011).

2.2.2 Dislocation

The dislocation is dominant in the creep mechanism at high stress and low temperature,
which is also called power law creep. Dislocation can move through gliding in a slide
plane or climbing with the assistance of diffusion. The detailed move type is given
below in Figure 2.2.
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Figure 2.2 General dislocation (Alang, 2018).

2.3 Creep deformation in steel

The different zones of creep may be conveniently represented on a deformation
mechanism map (Figure 2.3). G is the shear modulus for the material, and 7u is the
absolute melting temperature (Cole, 2000). Each zone indicates a main physical
mechanism for controlling flow, although it will be more than one mechanism near the
edge of each area. The creep deformation is divided into two major creep zones:
dislocation creep and diffusion creep. At a high temperature and stress range, the
dislocation creep (including bulk diffusion and core diffusion) dominates the creep
deformation mechanism. At a low temperature and stress range, the diffusion creep
(including bulk diffusion and boundary diffusion) controls the creep deformation
mechanism.
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Figure 2.3 Creep deformation map (Cole, 2000).

2.3.1 Creep curve

Generally, using a creep curve reflects the creep behaviour during creep testing. The
creep curve describes the relationship between the creep strain and over time under
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constant temperature and stress. The creep curve mainly includes three distinct regions:
primary stage, secondary stage, and tertiary stage (Figure 2.4). The primary stage is to
make up elastic and plastic of initial strain, and the creep strain rate decreases with time
until its creep strain rate becomes a constant. During this stage, the process of hardening
work dominates and causes dislocation movements to be limited. In the secondary
location, the creep strain rate keeps a constant value with time before that the rate begins
to increase. This process is also called the steady state stage, which usually accounts
for the longest time of the creep process. Thus, the creep rate in the steady state is
significant for creep behaviour. During this stage, the specimen can be observed as
isolated cavities and oriented cavities; the operations exist of observation and fixed
inspection intervals. In the final stage, the quickly increasing creep strain rate leads to
the component occurring rupture and failure. In this case, the specimen can occur
microcracks, macrocracks and fractures, at which service is limited and needs to be
immediately repaired in point D (Figure 2.4). The creep curve and corresponding
service operations at a constant temperature and stress is displayed in Figure 2.4.
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Figure 2.4 A typical creep curve and corresponding service operations at a constant
temperature and stress (Gorash, 2008).

According to Saber (2011) and shown in Figure 2.5: a) the three creep regions existed
at the same time for cracked bodies. Only a small area of the uncracked ligament, which
is nearing the crack tip, goes through obvious creep deformation in the small scale creep;
b) the creep zone occurs in transition creep. Creep deformation dominates in the elastic
and plastic areas but cannot be called to dominate the whole uncracked ligament; c) the
creep zone happens in extensive creep when the whole uncracked ligament experiences
creep deformation. Compared with the crack size and uncracked ligament size, the size
of the area controlled by creep deformation is significant.
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Figure 2.5 The creep deformation in an element: a) small scale creep; b) transition
creep; ) extensive creep (Saber, 2011; Landes et al., 2004).

2.3.2 Influence factors

Temperature and stress act as two critical factors in creep strain and affects creep
behaviour, which is shown in Figure 2.6. Creep strain increases with temperature
increasing under constant stress, and creep strain increases with pressure increasing at
a constant temperature. However, the creep rupture time and steady state stage both
decrease with temperature and stress increasing.
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Figure 2.6 The effect of temperature and stress in creep strain (Alang, 2018).

Work by Sakthivel et al. (2015) showed that the primary creep areas of creep strain to
be at 600°C, 650°C and 700°C for P92 steel (Figure 2.7). In this stage, the initial creep
strain decreases with the temperature increasing; creep strain increases more quickly at
this period. However, under a lower range of stress at 700°C, the apparent primary
creep region cannot be observed (Sakthivel et al., 2015).
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Figure 2.7 Primary creep region at three different temperatures for P92 steel
(Sakthivel et al., 2015).

The curves of creep strain with time under different stress from 110MPa to 170MPa at
a constant temperature for P92 steel is displayed in Figure 2.8. The rupture time
decreases with the stress increasing. The creep strain exhibits instant strain on loading,
different primary creep, narrow secondary creep zone and dragging final creep region.
Under lower stress levels at 600°C, more extended secondary creep areas can be
observed in the material, which may be due to increasing solution strengthening in the
solid (Sakthivel et al., 2015). Thus, discussing the minimum creep strain rate and
rupture time under a wide range of stress is necessary for the development of creep
damage constitutive equations. The relationship between the minimum creep strain rate
and stress is located in the secondary creep region of the creep curve.
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Figure 2.8 Creep strain with time under different stress at 600°C for P92 steel
(Sakthivel et al., 2015).
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2.3.3 Stress dependence of minimum creep strain rate

Several functions concerning minimum creep strain rate with different stress have been
proposed and applied to predict the lifetime for the components within the power station.
These include power law, linear power law, hyperbolic sine law and “novel hyperbolic
sine law”. All investigation is forced on the secondary stage of creep strain.

2.3.3.1 Power law
The typical power law is displayed as Equation 2.1 (Norton, 1929).

émin = Ao™ (21)
where &, IS the minimum creep strain rate, o is stress, A is creep constant, and 7 is
stress exponent.
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Figure 2.9 The minimum creep strain rate with stress under three different
temperatures for P92 steel (Sakthivel et al., 2015).

The minimum creep strain rate with stress under three different temperatures for P92
steel was researched by Sakthivel et al. (2015), which was based on the above power
law function. The result is shown in Figure 2.9. According to Sakthivel et al. (2015),
the value of A increases approximately 2.2x10%* times with the increasing temperature
from 600°C to 700°C, while the value of n decreases around 2.6 times for P92 steel.
That is based on a narrow range of stress of experimental data. However, some steels
need to operate under a wide range of stress, such as in Figure 2.10 at 650°C for P92
steel. The value of stress exponent n is changed from 10.2 to 4.4 (Samuel et al., 2013).
This method needs to be divided into two stages to achieve the investigation of the
minimum creep strain rate under a wide range of stress.
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Figure 2.10 The minimum creep strain rate with stress at 650°C for P92 steel (Samuel
etal., 2013).

Khayatzadeh et al. (2017a) used the power law equation. They divided three regions to
complete the investigation of the relationship between the minimum creep strain rate
and a wide range of stress, especially in lower stress levels (Figure 2.11).
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Figure 2.11 The minimum creep strain rate with applied stress at 650°C for P92 steel
(Khayatzadeh et al., 2017a).

2.3.3.2 Linear power law

The typical linear power law is shown in Equation 2.2 (Naumenko et al., 2007,
Naumenko et al., 2009a).

Emin = Ad[1 + (Bo)™] (2.2)
where &,,;,, IS minimum creep strain rate, o is stress, 7 is stress exponent, A and B are
creep constants.

The linear power law is only suitable to describe the linear creep range in order to get

a well fitted curve in high and low stress ranges. However, it cannot be used over or
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within transition stress ranges.

2.3.3.3 Hyperbolic sine law
Dyson et al. (1997, 2000) proposed using hyperbolic sine law to discuss the relationship
between minimum creep strain rate and stress. The relationship is given in Equation 2.3.

Emin = Asinh(Bao) (2.3)
where &,,;,, IS minimum creep strain rate, o is stress, Aand B are creep constants.

The hyperbolic sine law can be used to solve the problem for the limitation of the power
law, also suitable on the wide stress levels. However, the hyperbolic sine law cannot be
suited in the over stress ranges, especially for the low stresses. The specific limitation
is shown in Chapter 5 and combined with the relative case.

2.3.3.4 Novel hyperbolic sine law

In order to overcome the limitation of the above three laws and achieve the minimum
creep strain rate under a wide range of stress, the detailed information is indicated in
sections 5.2-5.3. The current author’s supervisor Dr Qiang Xu proposed the “novel
hyperbolic sine law” equation that was successfully applied in a wide range of stress
for low Cr steel by Xu (2016) and was used under a wide range of stress for P91 steel
by Yang (2018). The function exhibits in the below Equation 2.4.

Emin = Asinh(Ba?) (2.4)
where Aand Bare material parameters, o is stress, and q is stress exponent.

The results of the above four equations will be compared with their experimental data
for high Cr steel and discussed in Chapter 5.

Currently, a variety of creep model equations can be used to represent the deformation
behaviour of engineering material at high temperatures. Table 2.1 lists and summarises
constitutive equations by Abe et al. (2008). The table is not exhaustive, but it represents
the range of creep deformation models currently adopted by the European power
generation industry that was recently reviewed by the European Creep Collaboration
Committee (ECCC). Many of the involved composition is derived from a small number
of classical representations of a primary, secondary, and tertiary creep deformation.
Abe et al. (2008) also summarised the classical creep model equations at three creep
stages and which is shown in Table 2.2.
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Table 2.1 The review of creep constitutive equations used in European Creep
Collaborative Committee (ECCC) assessment intercomparisons (Abe et al., 2008;

Zhou, 2011).
Maodel reference Creep equation
Marton, {(Norton, 1929) Efmin = dyexp (—0/AT lg”
Modified Norton E fmin = by expl-0y/ATIG" + ¢y explO/ATIG"
Morton-Bailey g = dyG "
Bartsch E; = eq exp (<04/ATHTF expl-b Gt
{Bartsch, 1995]) + &y expl-0,/AT T explbyglt
Garofalo, (Garofalo, 1965) g = g1 - expl-bytll + £ ;. ¢
Modified Garofalo E; = Enl1 — expl—gy(tityz)")
{Granacher, et al, 2001) + Egmint + Czaltits)f]
BJF & = ny[1 - expl-tP + nyt
{Jones and Bagley, 1996} where t = (@/4,)" exp (-Q/AT)
E i £, —E )
Li-Akulov model £y= *: In|1+—"™ (1 - expl-kt) | +&.t
E Emin
(Li, 1963; Akulov, 1964} + Erlexp (tt) — 1)
Theta g = 8,01 - expl-0,1)] + B;lexplB,t) - 1]
{Evans and Wilshire, 1985) where loglB) = &5 + 5; T+ c;07 + d;aT
Modified Theta £ = 8401 - expl-0:8] + Bt + BlexplByt) — 1]
where B, = Ag"expl-Q/AT)
Graham-Walles g =at' 4 dt + 2
{Graham and Walles 1955) 5l1+eh)™
. . +
Modified Graham-Walles £p= e'MTigh [ ] g™
T+
+ &l0:T1 104 [ﬁH +s}] 2
T+
where @ = &M A0 (i1 + g))CgmD
i W
Rabotnov-Kachanow E= ho W= kyo
{1 - b (1 - wlt
{Kachanowv, 1986) ) ) Gl1 - H)
Dﬂ'.lsun and ME’CIEE“, Ef: -E|:|{1 + ﬂd}Expi—Q.erT:lsmh[ ﬁn{1 — DpH'l — m:l}
{Dyson and McClean, 1998)
T
Baker-Cane model g =At"+ £+ dg, + g lh - ) [I _ Mt - ﬂ]l_.
{Baker and O'Donnell, 2003} where | = £,/8,, £, = £,t, and & = ity
ME‘Eh. E “:SWP, 19’33] Hulll'll-.r = {31 + b1.l|lE- - G1E2:|HEJ'I'IT + d1 + e'1.l|IE- + f1.'rE2 - g1E!

Characteristic strain gla) = elR, ¢/ Repr — WA 7T - 1)
model {Bolton, 2005ak
MHG model, (Grounes, 1969) t. = explTFlE, @) + C) where the Ag, o) function is

{Holmstrom and freely selected from multilinear combinations of
Auerkari, 2004) and € with an optimised value of C
Omega, (Prager, 1995} Ef=Efmin/11 = £ fmin 2t}
g 1 1
Modified O =|—=- - Init, — th + Inlt,})
odified Omega Eg [El EE"] nit, + Inlt,
{Merckling, 2002} + (1 — explmy,th)
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Table 2.2 The classical creep model equations at three creep stages (Abe et al., 2008).

Model equation Source reference

Primary creep

Logarithmic: £ = a logl1 + bt Phillips (1905)
Power: & = at® Graham and Walles (1955]
Exponential: & = al1 - expl-bti) McWVetty (1933)
Sinh: € = a sinh {bt°) Conway and Mullikin {1962}
Secondary creep
Power: & min= do" MNorton {1929)
Exponential: £, , = dexplec)
Sinh: £5min = d sinhleal Madai (1938}
Tertiary creep
Power: g; = ft9 Graham and Walles (1955)
Exponential: g = ﬂexpi—gﬂ'—ﬂk McHenry (1943}
Ef= _a" where @ = —0 Kachanowv (1958]

i1-wld (1-w’

Rabotnov (1963)
Omega: £ = £y explile) Prager (1995)

2.3.4 Stress dependence of rupture time

The function of creep rupture time with stress obeying power law is given as the below
Equation 2.5 (Samuel et al., 2013; Sakthivel et al., 2015).

t, =Ac™" (2.5)
where t, is the creep rupture time, o is stress, A4 is creep constant, and 7 is stress
exponent.
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Figure 2.12 The creep rupture time with stress under three different temperatures for
P92 steel (Sakthivel et al., 2015).

The creep rupture time under different stress was applied by Sakthivel et al. (2015) to
investigate the creep rupture time with stress under three different temperatures for P92
steel (Figure 2.12). Sakthivel et al. (2015) researched and reported, that the value of A
decreases approximately 2.68x10?? times with the increasing temperature from 600°C
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to 700°C, while the value of n also decreases from 15.3 to 6.9 around 2.22 times for
P92 steel. That is based on a narrow range of stress of experimental data. However,
some steels need to operate in a wide range of stress, such as that shown in Figure 2.13
at 650°C for P92 steel. The value of stress exponent n’=n is changed from 9.7 to 3.9.
This method needs to divide two stages to achieve the investigation of the creep rupture

time under a wide range of stress. This result is called a breakdown phenomenon of
creep strength for P92 steel.

P92 Ferritic Steel
g 923K
10* n'= S.Q‘HK:‘ ~—
= "':\\
g c
- =
[ \-\
'%_ 10’ \',\ n'=97
@ N
hY
o e
il N
| 1 A 1 1
60 80 100 120 140 160 180
Stress, MPa

Figure 2.13 The creep lifetime with stress at 650°C for P92 steel (Samuel et al.,
2013).

An increasing amount of experimental data concerning the creep rupture time under
different stress and temperature has been published, such as that shown in Figure 2.14

which displays a common existing breakdown phenomenon under different
temperatures for P92 steel.
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Figure 2.14 The creep rupture time with stress under different temperatures for P92
steel (Petry et al., 2009).
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2.4 Creep fracture in steel

The creep rupture map has been summarised by Rediel (1987) for material at different
stress and temperature, and it is shown in Figure 2.15. According to the stress level, the
fracture can be divided into two mechanisms. The creep fracture can be described as a
trans-granular fracture mechanism at high temperature under high stress levels,
otherwise, it can be called an inter-granular fracture mechanism at high temperature
under low stress levels.
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Figure 2.15 Creep fracture map (Riedel, 1987).

Over the past decades, traditional 2D technology has been used to investigate the
microstructure and analysis of the creep fracture mechanism for high Cr steel. For
example, Transmission Electron Microscopy (TEM), Optical Microscopy (OPM),
Scanning Electron Microscopy (SEM), and Electron Backscatter Diffraction (EBSD).
Optical Microscopy (OPM) and Scanning Electron Microscopy (SEM) are mainly
needed in microstructure examination. Electron Backscatter Diffraction (EBSD) is
performed in the visualization of the substructure. Transmission Electron Microscopy
(TEM) is not used to observe fracture surfaces, because it is difficult to observe
cavitation from fracture surfaces. This technology’s experimental results are displayed
in Figures 2.16-2.18. The creep cavitation damage is a dominant factor in the design
and prediction of a lifetime for components in power plants.

Lee et al. (2006) used Scanning Electron Microscopy (SEM) to research and observe
the fracture surface at 550°C-650°C for P92 steel. Figure 2.16 indicates: a) the trans-
granular fracture mechanism appeared with dimple model under high stress; b) inter-
granular fracture mechanism appeared without a dimple model under low pressure. Lee
et al. (2006) also reported the creep cavities are nucleated in coarse precipitates of laves
phase along grain boundaries.
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Figure 2.16 SEM images show fracture surfaces for P92 steel: a) 150.2h under
270MPa at 550°C; b) 26,783h under 80 MPa at 650°C (Lee et al., 2006).

Parker’s (2013) work was based on traditional Optical Microscopy (OPM) to observe
the fracture surfaces for P92 steel. Here, the inter-granular fracture mechanism
appeared, and the result of creep cavities is displayed as high density in Figure 2.17.

Figure 2.17 OPM image shows fracture surfaces for P92 steel (Parker, 2013).

Aghajani et al. (2009) adopted Scanning Electron Microscopy (SEM) to research and

observe the rupture surface under 120MPa at 550°C for high Cr steel (German Grade
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X20). Figure 2.18 shows creep cavities occurring on the grain boundary perpendicular
to the direction of the applied stress.

Figure 2.18 SEM image shows fracture surfaces for 12% Cr steel, creep cavities on
grain boundary perpendicular to the direction of the applied stress (Aghajani et al.,
2009).

625°C, 80 MPa, 11,328 hours
EBSD IQ map

500 pm

Figure 2.19 EBSD images show fracture model for 9% Cr tempered martensitic steel:
a) 1Q map at the location of primary creep damage; b) IPF map showing an overview
of microstructure in the identical region from the HAZ (Xu et al., 2020).

Xu et al. (2020) reported that using Electron Backscatter Diffraction (EBSD) mapping
analysis documents the microstructure in the Heat Affected Zone (HAZ) and the parent
metal under 80MPa at 625°C for 9% Cr tempered martensitic steel. The HAZ includes

Completely Transformed Zone (CTZ), Partially Transformed Zone (PTZ), and Over
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Tempered Zone (OTZ). Figure 2.19 indicates: a) the EBSD Image Quality (1Q) map at
the general location of primary creep damage caused by cavitation between ~1000 and
~1400pm from the fusion boundary after 11,328h of creep exposure; b) the EBSD
Inverse Pole Figure (IPF) map showing the martensitic microstructure in the same
region, and the location of peak damage was determined in the Partially Transformed
Zone (PTZ).

According to the above experimental results about rupture surfaces for high Cr steel,
the creep cavitation damage is a kinetic phenomenon at the grain boundary, which also
affects its creep deformation. The cavity nucleation rate and cavity growth rate affect
the main factor for fracture model under different stresses.

2.5 Creep cavitation damage in steel

Generally, it is recognized that cavity nucleation, growth, and coalescence cause the
material to fail during creep testing (Gupta et al., 2013). Sklenicka (2003) reported that
cavity nucleation and growth are approximately 0.8 times the creep lifetime. Lin et al.
(2005) reported the damage is like a cavity at low stress, and the voids may be linked
to form a crack at the grain boundary under high stress. This material damage also is
divided into microscopic and macroscopic points. From the microscopic point, material
rupture is the process of microcavities and microcrack nucleation. For the macroscopic
point, the material fracture is caused by cavity coalescence due to the crack’s extension.
The following section introduces the traditional creep cavitation damage.

2.5.1 Cavity nucleation

According to Lin et al. (2005), cavity nucleation often occurs at grain boundaries at low
stress and high temperature, and its creep rate is very low. The schematic is displayed

in Figure 2.20.
Cavities
Stress
Tl ME

Figure 2.20 The schematic display of cavity nucleation (Lin et al., 2005).

There are three methods for the theories of cavity nucleation, including grain boundary
sliding, vacancy condensation at a high stress area and dislocation accumulation. The
detail mechanisms of each cavity nucleation are shown in Figure 2.21: a) indicates that
grain boundary sliding causes cavitation in the ledges, and formation of the void is
located at the top of the boundary or through the tensile grain boundary ledges; b)
displays vacancy condensation leads to cavity nucleation at high stress field; c) shows
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that dislocation accumulates cavity nucleation; d) describes a particle-obstacle in
conjunction with the mechanisms of grain boundary sliding, vacancy condensation and
dislocation accumulation.

tensile ledge ‘
compressive

grain boundary or
interface

cavity

(c) (d)

Figure 2.21 Cavity nucleation mechanism: a) sliding at the grain boundary; b)
vacancy condensation at a high stress area; ¢) dislocation accumulated; d) a particle-
obstacle in conjunction with the mechanisms described in (a—c) (Kassner et al., 2003).

There are three cavity nucleation rate equations. They are summarised by Riedel (1987)
and shown in Equations 2.6, 2.7, and 2.8, respectively.

According to Riedel (1987), Raj and Ashby (1975) proposed Equation 2.6 that is based
on the vacancy condensation:

j = BNy’ (26)
where, J is the cavity nucleation rate, N, is the field density of critical clusters, g is
the rate (per unit time) that the critical group absorbs a single vacancy.

According to Kassner et al. (2003), Dyson (1983) proposed Equation 2.7 that is
dependent on the strain rate and independent of the time:

j=a'¢ (2.7)
where, j isthe cavity nucleation rate per unit grain boundary, «’ is an empirical factor
of proportionality (m2), ¢ is strain rate.

Riedel (1987) proposed that Equation 2.8 is based on the cavity size function, and the
form belongs to the power law:
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where, J is the cavity nucleation rate, 4, and y may depend on stress and strain rate,
t istime.

2.5.2 Cavity growth

Generally, cavity growth can occur at the grain boundary, and is often controlled by
grain boundary diffusion. The creep rate is relatively high. A schematic is displayed in
Figure 2.22.

Cavities

Stress

TIME

Figure 2.22 The schematic display of cavity growth (Lin et al., 2005).

There are two main ways of cavity growth, including unconstrained diffusion and
constrained diffusion. Unconstrained diffusion describes a growth mechanism of an
isolated cavity under external stress. The cavity growth theory was originally proposed
by Hull and Rimmer (1959). The cavity growth rate is derived below:

Jop = — 22 7f (2.9)

vf ~%(J—ZVT’") (2.10)

where, Jg, is the flux, «2 is the atomic volume, k is a Boltzmann constant, 7 is
temperature, f = —oy,. 2, 0y, is the local normal stress on the grain boundary, Dy,
is a diffusion coefficient at the grain boundary, o is the remote or the applied stress to
the grain boundary, 4, isthe cavity separation, y,, is surface energy terms of metal, a

is the cavity radius (Kassner et al., 2003).

By inputting a sintering stress o, = Z"T’" into the above Equations 2.9 and 2.10, the
cavity growth rate is:
da _ 26D gp(o-21M)

dt — 2kTAga
where, & is the grain boundary width.

(2.11)

By integrating between the critical radius and a = %S the relationship between stress
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and rupture time for cavity growth is as follows:

(o= KA (2.12)

= 2y
408Dy b(a—Tm)

Riedel (1987) proposed to improve the relationship between the cavity growth rate and
stress with modifications including the diffusion lengths, stress redistribution, cavity
geometry and the “jacking” effect (atoms deposited on the grain boundary cause
displacement of grains (Kassner et al., 2003)). An improved equation therefore for the
unconstrained cavity growth rate of widely spaced voids is, approximately (Riedel,
1987):

da 28D 450
—_—— 2.13
dt 1.22len(42fm)a2 ( )

The diffusion across the cavity surface and by the grain boundaries form cavity growth
because of the stress gradient. This is shown in Figure 2.23.

f surface “

diffusion
boundary boundary

diffusion diffusion
2a
l o

Figure 2.23 Unconstrained diffusion control cavity growth (Kassner et al., 2003).

—_—

The other way is constrained diffusion. The theory of constrained cavity growth was
originally proposed by Dyson (1976, 1979). Riedel (1987) explained that the
deformation rate can control cavity growth rate in the material surround. The cavity
growth equation is derived below:

_ 2m2d%06Dp[op—(1-w) o]
= e (2.14)

where, V; is the total growth rate of the whole facet, oo is sintering stress of an isolated

cavity, g, = @ o is the area fraction of cavitated grain boundary, w = ()2,
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qw)=-2Inw-3—-w)(1—-w), d isthe grain size, 2is the atomic volume, k isa
Boltzmann constant, 7is temperature, & isthe grain boundary width, D, is a diffusion
coefficient at the grain boundary, o;, approximates to the sintering stress o,, 1 is the
cavity separation.

By creep deformation of the matrix:

-1
Vf _ gg°d3(1+%)002(0'1°°—o-b) (215)

Oe

where, o; is the initial stress, o; is the back stress, o, is the effective stress,

¢ = B(a’)", o5’ = |o;° —or’|.

According to Equations 2.14 and 2.15, the back stress is:

o = (1 — w)ap +—L—0=9)% (2.16)

00
2068Dpq'%e
[kTq(w)PA2d]

1
where, q' = m2(1 +>)z.

The linear cavity growth rate is:

s 208Dp[op—(1-w)ap]
= T kTh@)RZq(w) (217)

By replacing Equation 2.16 with Equation 2.17, the constrained cavity growth rate is:

e e ) L W (2.18)
e e S

where, A(y) is the cavity volume divided by the volume of a sphere with radius R,
h(y)=0.61with g’=12.5, ¢5° isthe applied equivalent stress for axisymmetric loading,
€2 is the equivalent strain rate.

Riedel (1987) reported the cavity growth rate equation and as shown in Equation 2.19,
was based on the cavity size function, and the form belongs to the power law:

R = AR Pt=@ (2.19)
where, R is cavity radius growth rate, 4;, «and g may depend on stress and strain rate,
R is cavity radius.

2.6 The model of predicting creep lifetime

This part reviews the methods of existing classical creep rupture time models for
predicting the creep lifetime concerning components in the power station, and consider
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their advantages and disadvantages.

The classical predicting of the creep rupture time models can be divided into two main
sets, which includes the empirical model and Continuum Damage Mechanics (CDM)
models. The Monkman-Grant (M-G) equation, Omega method and Larson-Miller
method belong to the empirical creep model. These models are dependent on the stress
and temperature to predate creep lifetime. Other models are based on the relationship
between minimum creep strain rate and rupture time (Alang, 2018), such as Kachanov
and Robotnov equation, Dyson equation, Hayhurst equation, Yin equation, and Xu
equation.

2.6.1 Empirical model

Generally, long term creep rupture testing is required to be carried out to predict the
creep rupture time for components in the power plant. The results can show the truthful
condition of the components. However, long term creep rupture testing is costly and
time consuming. Some research has been based on the short term creep testing data to
replace predicting long term creep behaviour accurately.

2.6.1.1 Monkman-Grant equation

The Monkman-Grant (M-G) equation belongs to the empirical model and cannot
depend on the applied stress and temperature. It is based on the relationship between
minimum strain rate and rupture time. It gives the following Equation 2.20 (Monkman
et al., 1956; Sakthivel et al., 2015; Panait, 2010; Sundararajan, 1989; Kvapilova et al.,
2013):

. Cc
Emin = (%)1/m (2-20)

where, &,:, IS the minimum creep rate, t; is the rupture time, m is the constant and
close to unity, Cyer the is Monkman-Grant (M-G) constant. The constant of m and
Cucr are independent of the test temperature and applied stress.

The advantage of this equation is that once the minimum creep strain rate is known, the
long term rupture time of the component can be calculated.

2.6.1.2 Omega method

The omega method is assumed that the whole creep lifetime occurs in the tertiary stage.
It conflicts traditional creep deformation mechanism, but it can be used in some
component. It is shown in the following Equation 2.21 (Prager, 1995; Alang, 2018).

tr= (5 (2.21)

£y = Ac™exp(— %)
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Qo

R’T)

where, &, isthe initial strain rate, Q is a parameter for describing the evolution of creep
strain, A, A,, Qo, Qq, and n are stress coefficients, R’ is the ideal gas constant, T is
temperature, t, IS creep rupture time.

N =Ajo™exp(—

The disadvantage of this method is that the primary and secondary creep stages are
ignored when originating the model; this leads to predicting not being accurate.

2.6.1.3 Larson-Miller method
The Larson-Miller method was based on the relationship between the applied stress and
temperature. It is shown in Equation 2.22 (Larson et al., 1952; Alang, 2018):

LMP =T(C + logt,) (2.22)
where LMP is the Larson-Miller parameter and dependent stress, T is temperature, t,
is creep rupture time, C is a constant.

The disadvantage of this method is that the extrapolation can overestimate the creep
rupture time over the long term because the existing degradation phenomenon occurs
as a precocious fracture in the material.

2.6.2 Continuum Damage Mechanics (CDM) model

Based on the Continuum Damage Mechanics (CDM) model to develop creep damage
constitutive equations have been widely used to describe the creep behaviour and to
describe the tertiary creep damage in steel. This is a branch of continuum mechanics
and is used to describe the damage and rupture process from the microcavities to the
macrocracks in materials (Meng et al., 2019). The method introduced some internal
variables to display the macroscopic behaviour and through an average or smeared out
style to incorporate cavitation (Xu et al., 2019). In the last two decades, the Continuum
Damage Mechanics (CDM) has been widely used in conjunction with the Finite
Element (FE) method to predict the creep crack growth of pipes (Meng et al., 2019).
The following equations and their advantages and disadvantages are reviewed.

2.6.2.1 Kachanov and Robotnov equation

Kachanov first suggested the Kachanov and Robotnov equation in 1958, and then it
was modified and developed by Robotnov in 1969 to describe the creep behaviour in
steel. The method was based on the internal state variable to quantify the strain rate for
the response to stress. It is displayed in Equation 2.23:

¢= g| = (2.23)

00(1-D)
. . o v
5=
%log(1— D)
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where, ¢ is creep strain rate, D is creep damage rate, &, is initial creep strain rate,
D, is initial creep damage rate, o is stress, o, is initial stress, n and v are stress
exponents.

The advantage is that the foundation of Continuum Damage Mechanics (CDM) can be
built and developed into a creep damage constitutive equation. The simplified material
parameter has an obvious benefit for computation, which can be easily put into the finite
element program.

The disadvantage is that the material parameter is too simple in that it ignores the impact
of more than one potential damage mechanism, such as hardening and particle
coarsening.

2.6.2.2 Dyson equation
Dyson (2000) summarised several different creep damage mechanisms for describing
the creep behaviour in steel. These are shown in Table 2.3.

Table 2.3 Creep damage categories, mechanisms, and equations (Dyson, 2000).

Categories  Mechanisms parameter rate Strain rate
Strain- Cavity
 md*N . Ky . c— 2 ginh |20z ]
induced nucleation- Dn=—3 D, = ae €= &St L6o(1—Dp)
Controlled
Cavity ) )
. . . 1-H
growth- T p o L . & = £ysinh %
controlled Dy = (T) ¢ 2D, -0 9
Multiplication
f mobil _ . . & . a(1—H)
of mobile Ddzl—ﬂ Dy =C(1—Dy)?¢ Ez(l—OD )smh[ =
dislocation p d 0
Thermally- Particle- P
_ i . K, . .. o(1—H)
D,=1—— 2 _py = _—
induced coarsening ? P Dp =7 (-Dp) € = &osinh oo(1-Dp)
Depletlon of g, . i — £ sinh [J(I_H)]
solid- De=1-2 D =KD (1-D) (1-Ds) o |
solution

To reflect the evolution of creep strain with time, a group of physical creep damage
equations was adopted. These equations considered the several mechanisms, including
primary strain hardening A, mobile dislocations 2, particle coarsening 2, and creep
cavitation damage 2,, which is displayed below as group Equation 2.24:
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&= (1_£‘l’)d)sinh [—Uo(li;)?_Dn) (2.24)
. h H
H=— (1 — H*
Dy = C(l — Dg)%é

. K
D, =—”(1 — D,)*

where, ¢ is creep strain rate, &, is initial creep strain rate, o is stress, g, is initial
stress, Dy is mobile dislocation, H is primary strain hardening, D, is particle
coarsening, Dy is cavity nucleation parameter, k', H*, C, and K, are material
constants, Ky is cavitation constant and up to equal to 1/3, &7, is uniaxial creep strain
at rupture.

The advantage here is that the creep strain rate equations are based on the above four
mechanisms. These equations should be more accurate for predicting creep rupture time
than the Kachanov and Robotnov equation. What is more, the hyperbolic sine equation
can be more suitable for a wide range of stress and temperature than the power law
function.

The disadvantage is that the cavitation equation just indicates cavity nucleation.
Specifically, it operates the cavity growth rate for zero at the starting of the creep
process; these are not satisfying the cavitation damage mechanism.

2.6.2.3 Kachanov-Robotnov-Hayhurst (KRH) equation

These equations have been developed by Hayhurst in 1996, which was based on the
Kachanov-Robotnov equation, and included uniaxial and multiaxial versions of creep
damage constitutive equations. The uniaxial version is shown in Equation 2.25:

. . Bo(1-H)
& = Asinh [—(1_@(1_&)) (2.25)
i h'
=— (1 - —)e
. __C _ 4
p=70-9)
w=Cé

The multiaxial version is given in Equation 2.26:

l.] Boe(1—-H)
L Asin h[(1 T (2.26)

h'
= _(1 __)se
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¢ = ?c (1-p)*

o = cnSyve
o, ¢

where, 4, 5, ¢, h', H* and A-are material constants in the uniaxial state, # means the
primary creep strain hardening, ¢ is the coarsening of precipitates,  is the cavitation
damage, and up to equal to 1/3 in the uniaxial state, o.is effective stress, &, is effective
creep strain rate, o1 is maximum principal stress ( g1 >0, H=1; o1 <0, N=0), 2 is
multiaxial stress state index.

The advantage is that two groups of the creep strain rate equation are individually based
on the above three mechanisms; these equations should be more accurate for predicting
creep rupture time than the Kachanov and Robotnov equation. These are successfully
applied to describe the creep behaviour for low Cr steel. What is more, the multiaxial
version is suitable for the multiaxial stress state of complex geometry components such
as the notched bar.

The disadvantage is that the above method can only be used to predicate creep lifetime
but cannot be considered for the consistency of creep deformation; this is reported by
Xu et al. (2001, 2004). What is more, the above equations ignore the stress breakdown
phenomenon.

2.6.2.4 Xu equation

Dr Qiang Xu’s equation was based on the multi-axial Kachanov-Robotnov-Hayhurst
(KRH) equation combined with the cavity growth theory to propose a new group of
multiaxial creep damage constitutive equations in 2001. It is given below in Equation
2.27 (Xu, 2001):

. ; l] Boe(1—-H)
& = Asz h[(1 (o) (2.27)

i h'
=_(1 __)ge
. __C _ 4
p=75U0-9)
@ = CNfyé,
Wqg = wf;

30m
fi = 20, /35 exp (b 2" -

1
fo= @0 |12 + 4G -3 2I)

where, 4, 7, ¢, ', H and A are material constants in the uniaxial state, // means the
primary creep strain hardening, ¢ is the coarsening of precipitates, « is the cavitation
damage, o is effective stress, oz is maximum principal stress, &, is effective creep
strain rate, o1 is maximum principal stress (o1 >0, H=1; o1 <0, N=0), » is multiaxial

1]}

3om
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stress state index. f; and £, are functions of stress states, S =012+ 0,2 + 052,

om = 1/3(01 + 03 + 03), and S; = gy — oyy,.

The advantage is that the modelling results can fit very well with the experimental data
for low Cr steel. From the phenomenological aspect, the results can unite the tertiary
stage of creep deformation and creep damage. The model can be more accurate to
predicate the creep deformation and rupture time.

The disadvantage of these equations is that they lack consideration for the stress
breakdown phenomenon.

2.6.2.5 Yin equation
Yinetal. (2006) explored Dyson’s equation to propose a new creep damage constitutive
equation by adding an exponent for creep rate. It is shown in Equation 2.28:

B0 ginh [&] (2.28)

€ = 4-ba(-by) 00(1-Dp)(1-Dn)
. R H_.

H = p 1- m)s

Dy = C(1 — Dy)?é

D, = % (1—-Dy)*

Ds = KSD51/3(1 — Dy)
D, =A'eP'¢

where, 4, B, ¢, ', H, Asand A} are material constants, ¢ is creep strain rate, &, is
initial creep strain rate, o is stress, o, is initial stress, D, is mobile dislocation, H is
primary strain hardening, D, is particle coarsening, D is solute depletion, Dy is
cavity nucleation parameter.

The advantage of the above is that the creep strain rate equation is based on the above
five mechanisms; the equation should be accurate for predicting creep rupture time. The
new equation can accept that the creep cavitation damage can be quickly increased with
increasing the creep strain because of adding the exponent of creep strain.

The disadvantage is that the cavitation damage model has not been further validated by
experimental data for the cavity evolution. The material constant A depends on the
stress as well as the temperature.

Yadav et al. (2016) adopted and modified Yin’s cavitation damage equation into
Orowan’s equations to investigate the cavitation damage mechanism and creep
deformation mechanism for P92 steel, the modified constitutive equation is displayed
in Equation 2.29:
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PPmg (2.29)

&€= M(1-Dp)(1-Dy)

K.
14
Dp = ?(1 - Dp)4

D, = Asé

Based on the above Equation 2.29, the model results at different temperature and
applied stress for P92 steel are shown in Figure 2.24, which considers the influence of
particle coarsening mechanism and cavitation mechanism. The simulated result almost
fitted well with their experimental data especially at the tertiary stage of the creep
program. As a result, they can verify that the particle coarsening mechanism and
cavitation mechanism act as essential factors in creep damage for high Cr steel.
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Figure 2.24 Model results compared against experimental data at different
temperature and applied stress for P92 steel (Yadav et al., 2016).

Yadav et al. (2016) also reported that the applied stress and temperature could affect
the value of material constant A in the creep cavitation damage equation. The values of
material constant A steel under different stress and temperature for P92 are given in
Table 2.4 and shown graphically in Figure 2.25 (Zheng et al., 2020).
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Table 2.4 The values of material constant A (s) under different stress and
temperature for P92 steel (Yadav et al., 2016).

Stress (MPa) 600 °C 650 °C
92 2.19x10°
104 2.92x10°
110 3.81x10°
145 1.93x102
160 4.25%10?
P92
@== G0 " w550 "
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’
380 ;‘
/
)] J
< f.f
280 |
/
230 f
d
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Figure 2.25 The values of material constant A under different stress and temperature
for P92 steel (Zheng et al., 2020).

It is difficult to use the constitutive equation modelling for an accurate prediction as the
life. This is because the trend of parameter A is based on three, and two experimental
points at 600°C and 650°C in Figure 2.25, respectively.

2.7 The current state of experimental data for high Cr steel

The current state of experimental data for high Cr steel is summarised and listed below:

(1) European Creep Collaborative Committee (ECCC) and National Institute for
Materials Science (NIMS) principally publish the creep data sheet. They have
been evaluated and published for high Cr steels, including P/T91, P/T92, CB8
and E911.

(2) Using the traditional 2D technology observe the fracture surfaces for high Cr
steel, such as Optical Microscopy (OPM) and Scanning Electron Microscopy
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(SEM). The experimental observation indicates the cavitation damage
mechanism dominate creep damage in some material.

(3) Using the advanced 3D X-ray microtomography technology can catch the high
resolution and continuity of the process for the cavitation and observe the
process of increasing creep cavity with time. For example, the European
Synchrotron Radiation Facility (ESRF) and the Japan Synchrotron Radiation
Research Institute (JSRRI) have this technology. These experimental data can
be provided with a better survey and foundation to investigate the characteristic
of the cavity nucleation and cavity growth, which exactly develop creep
cavitation equations for achievement the predicting the creep lifetime of
components in the power plant.

2.8 The existing new method for developed creep damage

constitutive equation

The existing new method for developed creep damage constitutive equation is
summarised and listed below:

(1) The “novel hyperbolic sine law” is the newest equation for describing the
minimum creep strain rate over a wide range of stress. It has the best adaptability
because the development is based on the published experimental data under the
widest range of stress at present. The equation was originally proposed by Dr
Qiang Xu and is successfully applied for low Cr steels by Xu (2016), such as
2.25Cr-1Mo and 0.5Cr-0.5Mo0-0.25V steel under a wide range of stress levels
from 10MPa to 300MPa. In addition, the “novel hyperbolic sine law” for P91
steel at 600°C and 625°C was successfully applied by Yang (2018) under a wide
range of stress.

(2) The novel creep cavitation damage equation is the latest method to predict
lifetime for components because the methodology is based on the cavity
nucleation and cavity growth model and it has adopted the advanced 3D x-ray
microtomography technology to produce the cavitation data. The theory is
based on Riedel’s function of cavity size distribution at the grain boundary. The
equation was successfully developed and applied for P91 steel by Yang (2018).
The traditional creep damage equation is based on the creep strain to predict
lifetime for components; this is not accurate.

(3) The relationship between U’ and stress for P91 steel was firstly suggested and
reported a trend curve by Xu (2018a) and Xu et al. (2019). It was proposed that
there exists a relation between U’ and stress for P91 steel (Xu., 2018a; Xu et al.,
2019).
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2.9 Summary

This chapter summarises and reviews the related literature in the field. This includes
the creep deformation and fracture mechanisms, the advantages and disadvantages of
the existing predicting model, the existing novel creep damage constitution equation,
and the current state of experimental data for developed creep damage constitution
equations. Some critical comments, given such as the conventional method, need to be
divided into two or three stages to achieve the investigation of the relationship of
minimum creep strain rate under a wide range of stress. The CDM models include the
cavitation damage mechanism that dominates the factor in the process of creep fracture
occurring at grain, but they are not discussing the condition of the cavitation damage
mechanism that happened in the grain boundary. The most developed equations are
proposed which, based on the high stress levels when extended to the low stress levels,
the model results which are not the same as experimental data, create a stress
breakdown phenomenon. This chapter describes the related information in this area that
can help the author to build a strong foundation and quickly and accurately develop
creep damage constitutive equations.
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Chapter 3 Methodology

3.1 Introduction

This chapter displays the process and method of development and application of creep
damage constitutive equations for high Cr steels based on the mechanisms of cavitation
damage. The process includes: 1) to apply and calculate a “novel hyperbolic sine law”
for minimum creep strain rate under a wide range of stress, the new development
achieves the “novel hyperbolic sine law” equation over a wide range of stress for P92
steel; 2) to apply a new cavitation damage equation for a new high Cr steel, the new
achievement forces on the application of this method for E911 steel; 3) to involve
creating a creep cavitation rupture modelling, the new achievement develops and
applies the modelling under a wide range of stress for P92 steel; 4) to calibrate a creep
cavitation model at different stages of creep lifetime, that the application achieves the
model can be used at any stages of creep lifetime for 316H steel, not just suitable at
rupture time. Each process of this research method is shown in Figure 3.1 (Ghauri et
al., 2005).

Research
question

Impleme-
ntation

4 o

Interpret
data

Figure 3.1 Flowchart of the research method in each process (Ghauri et al., 2005).

Ghauri et al. (2005) suggested the above flowchart idea, after which Sheridan (2010)
also reported them. An (2015) also repeated the same view in her work.
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3.2 The process of this research method

The process of this research method includes four parts and its connection in the
research framework is shown in Figure 3.2.

Topic: develop and apply creep
damage constitutive equation over a
wide range of stress

h )

_ ¥ S
l_ - Predict creep r -
C beh,
reep e lifetime | KRHX |
v ¥

l } i i

Minimum creep Based on cavity Conventional Develop a novel
strain rate: including growth and eq (7.2); M-G hvperbolic sine law
Power law, Linear nucleation under a (U with stress) and
law, Hyperbolic sine stress and at rupture derived an equation
law, A novel time develop a creep : related with sine law
. e Over a wide o f
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Figure 3.2 The connection of the objectives in the research framework.

3.2.1 The operation of the application and calculation for a novel

minimum creep strain rate equation under a wide range of stress

The methodology for applying and calculating a novel minimum creep strain rate under
a wide range of stress is:
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(1) Selecting experimental data for describing the relationship between the
minimum creep strain rate and stress under a wide range of stress such as stress
range from 70MPa to 200MPa at 600°C for P91 and stress range from 120MPa
to 250MPa at 600°C for P92 steel. The corresponding details are given in section
4.2.1 and section 4.3.5.

(2) Analysing and coupling the above experimental data with the classical
constitutive equations such as power law, linear power law and hyperbolic sine
law. The corresponding results are displayed in section 5.2.

(3) Studying a case to understand the method that according to the content of a
published article by Xu et al. (2017a), and independently to modify and apply
the novel minimum creep strain rate equation under a wide range of stress for
P91 steel. The operational process is to continuously adjust the values of
material parameters A and B in Equation 5.1 to achieve the curve results that
can fit very well with the overall experimental points. This step is a review and
study process, and the relevant detailed results are shown in section 5.3.

(4) Implementing a case based on the above method to apply the novel minimum
creep strain rate equation under a wide range of stress for P92 steel at different
high temperatures. The operational process is to continuously adjust the values
of material parameters A and B in Equation 5.1 to achieve the curve results that
can fit very well with the overall experimental points. The relevant results are
given in section 5.3.

(5) Comparing and discussing the results produced by the “novel hyperbolic sine
law” with its works by traditional constitution equations and experimental data.
The corresponding results are shown in section 5.4.

3.2.2 The operation of the application and calculation for new

cavitation damage equation

The methodology for applying and calculating a new cavitation damage equation is:

(1) Selecting the x-ray microtomography cavitation data. This data should include
the relationship between the number of cavity and radius, and also publish the
rupture time such as for P91 and E911 steels. The corresponding details are in
section 4.3.1.

(2) Studying a case to know the operational way according to the content of a
published article by Xu et al. (2017a), and independently to apply and calculate
the new cavitation damage equation for P91 steel. The working process is to
determine five material constants A1, Az, o, f, and y in Equation 6.1, which
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©)

(4)

depend on stress, and continuously repairing the values of A, A>to achieve the
curve results can fit almost experimental points. And to summarise the existing
approach and to develop a new way to accomplish the determination for five
material constants. This step is a review and study process, and the relevant
detailed information is shown in section 6.2 and section 6.3.1.

Implementing a case based on the above develop a new method to apply and
calculate the new cavitation damage equation for E911 steel. The working
process is determinate five material constants Az, A2, «, £, and y in Equation 6.1,
and continuously repairing the values of A1, A>to achieve the curve results can
fit almost experimental points. The relevant detail information is displayed in
section 6.2 and section 6.3.2.

Comparing and discussing the result of the new cavitation damage equation
with its experimental data. The corresponding results are shown in section 6.3.2.

3.2.3 The process to develop and apply a creep cavitation rupture

modelling for P92 steel

The methodology for developing and applying a creep cavitation rupture modelling is:

1)

)

(3)

(4)

()

Selecting experimental data for describing the relationship between the creep
rupture time and stress such as P91and P92 steels at different temperatures. The
corresponding details are in section 4.2.2.

Analysing the above experimental data and couples with Equation 6.12 to
calculate the values of coefficient U’ under different stresses for P91 and P92
steels. This calculation for P91 steel is the reviewing and studying process. The
relevant detailed results are displayed in section 6.3.

Developing a new function for describing the relationship between coefficient
U’ and stress that data based on the above values for P92 steel. The operational
process is to adjust the material constants to achieve the curve results
continuously can fit very well with the overall experimental data. The relevant
results are given in section 7.2.

Rewriting a new equation for describing the relationship between stress and
rupture time are based on the developed new function and material constants in
the above step (3) to couple with Equation 6.12. The relevant results are
indicated in section 7.3.

Adopting the M-G equation to research the relationship between minimum
strain rate with rupture time. The working process is to continuously adjust the
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(6)

(7)

1)

()

(3)

(4)

material parameters M and C to achieve the curve results, which can fit well
with the overall experimental points. The corresponding results are shown in
section 7.4.

Rewriting a new equation for describing the relationship between coefficient
U’ and minimum strain rate is based on the M-G equation and material
parameters in the above step (5) to couple with Equation 6.12. The relevant
results are shown in section 7.5.

Comparing and discussing the results of a creep cavitation rupture modelling
for P92 steel with their experimental data. The corresponding results are in
sections 7.2-7.5.

3.2.4 The process to develop and calibrate a creep cavitation model at

different stages of creep lifetime for 316H steel

The methodology for developing and calibrating a creep cavitation model at different
stages of creep lifetime for 316H steel is:

Selecting experimental cavitation data for describing the relationship between
the number of cavity and radius at different stages of a lifetime for 316H steel.
The corresponding details are in section 4.4.4.

Experimental data is analysed and combined with the theory of section 6.2 and
the method of section 6.3.2 to apply novel cavitation damage equations at
different stages of creep lifetime for 316H steel. The working process is to
determine five material constants at various stages of creep lifetime respectively,
and continuously repair the values of Az, Az to achieve the curve results can fit
almost every stage’s experimental points. The relevant detailed information
displays in section 8.2 and section 8.3.

Comparing and discussing the results is produced by a creep cavitation model
at different stages of creep lifetime for 316H with their experimental data. The
corresponding results are in sections 8.2-8.3.

The characteristics of the creep cavitation damage for 316H is based on the
values of material constants of Az, A2 at rupture time, including the process of
W, J, R and R rate with time, are discussed. The relevant information and results
are displayed in section 8.4.
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3.3 Summary

This chapter summarises the process of the research method, lists each process of four
parts, respectively, and points out where they have been introduced in detail in the
following chapters. This chapter also can help the reader more quickly and efficiently
to understand the contents in the subsequent chapters. The new developments for the
method in this chapter are as follows: 1) achieving the third application of the “novel
hyperbolic sine law” equation over a wide range of stress for P92 steel; 2) achieving
the second application of cavitation damage method for E911 steel; 3) achieving the
first development and application of a creep cavitation rupture modelling under a wide
range of stress for P92 steel; 4) achieving the creep cavitation model can be used at any
stages of creep lifetime for 316H steel, not just suitable at rupture time. This current
study is the first attempt at the development and use of this method.
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Chapter 4 Collection and analysis of the
experimental data for high Cr steel

4.1 Introduction

To achieve the development of creep damage constitutive equations for high Cr steel
over a wide range of stress, the collection and analysis of the experimental data for high
Cr steel should be solved first. The following four aspects should be satisfied with the
collection of experimental data:

(1) For applying and calculating a novel minimum creep strain rate equation under
a wide range of stress, the detailed experimental data of the minimum creep
strain rate under a wide range of stress needs to be available, which include
more detailed data under low stress levels (the related method is shown in
section 3.3.1 and related results are included in Chapter 5).

(2) For applying and calculating a new cavitation damage equation, the
experimental data is based on the x-ray microtomography cavitation data which
includes the relationship between the number of cavity and radium, and also the
published rupture time (the related method is shown in section 3.3.2 and related
results are included in Chapter 6).

(3) For developing and applying a creep cavitation rupture modelling, the
experimental data of the creep rupture time is available under a wide range of
stress (the related method is shown in section 3.3.3 and related results are
included in Chapter 7).

(4) For developing and calibrating a creep cavitation model at different stages of
creep lifetime, the experimental data of the cavity size distribution with growth
time is included (the related method is shown in section 3.3.4 and related results
are included in Chapter 8).

The x-ray microtomography cavitation data used in this research project is based on a
synchrotron radiation experiment. The data was carried out on the beamline of the
Spring-8, the synchrotron radiation facility in Japan. Due to the linear absorption
coefficient of aluminium and steel, the x-ray energy was set at 20 keV (Kobayashia et
al., 2014). The synchrotron radiation facility is displayed in Figure 4.1.
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Figure 4.1 Synchrotron radiation facility (Kobayashia et al., 2014).

4.2 The experimental data of creep test for high Cr steel based
on the NIMS data sheet

4.2.1 Minimum creep strain rate under different stress at 600°C and

650°C for P91 and P92 steels

The experimental data of minimum creep strain rate under different applied stresses
were adopted from NIMS creep data sheet. The reason for choosing this data is that the
minimum creep strain rate is under a wide range of stress which includes more detailed
data under low stress levels. Another reason is that the NIMS data sheet is also
published and includes the related experimental data of the creep rupture times under
different stress (section 4.2.2); that part will be investigated in Chapter 7. Thus, the
characteristics of this choosing of experimental data are the wide stress levels and
simultaneously include specific data such as minimum creep strain rate, stress, and
rupture time. The modelling method is shown in section 3.3.1. The results of the power
law, linear power law, conventional hyperbolic sine law and “novel hyperbolic sine law”
will be compared with their experimental data, with detailed information outlined in
Chapter 5. This part, including experimental data of two materials at two temperatures,
is summarised and shown in the Appendix (Tables 1-3).
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4.2.2 Creep rupture times under different stress at 600°C, 625°C and

650°C for P91 and P92 steels

The experimental data of creep rupture times under different applied stresses were taken
from NIMS creep data sheet to develop creep cavitation modelling. The reason for
choosing this data is that the creep rupture times are under a wide range of stress, the
NIMS data sheet, including the related experimental data of the minimum creep strain
rate under different applied stresses (section 4.2.1). This will also be investigated in
Chapter 5. Thus, the characteristics of this choosing of experimental data are the wide
stress levels which simultaneously include specific data such as minimum creep strain
rate, stress, and rupture time. The modelling method is shown in section 3.3.3. The
detailed modelling results will be shown in section 6.4 and Chapter 7. This part, also
including experimental data of two materials at two temperatures, which were
summarised are shown in the Appendix (Tables 4-8).

The sample and type separately for the tube and MIJT at 600°C for P92 steel are shown

in Figure 4.2

T'=600°C, S= 120 MPa, #,= 653634 h

A 'a.u,’ﬁs; NJ; Jw"v\;
T=600°C, §= |70Ml’a l,, 65 363.4]\

2)

| J L1
1O pnnn 25 pn

Figure 4.2 Specimen ruptured at 600°C for P92 (9Cr-1.8W-0.5Mo0-V-Nb) steel tube,
MJT: 1) Profiles; 2) Microstructures (NIMS, 2018).

The sample and type separately for the pipe and MJP at 650°C for P92 steel are shown
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in Figure 4.3.
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Figure 4.3 Specimen ruptured at 650°C for P92 (9Cr—1.8W-0.5Mo0—V-Nb) steel pipe,
MJP: 1) Profiles; 2) Microstructures (NIMS, 2018).

4.3 The experimental observation of cavitation damage in

high Cr steel

This section outlines the collected experimental observation with cavitation
characterisation to apply the novel cavitation damage equation and to predict creep
rupture time.

4.3.1 The observation of cavitation damage for P91 and E911 steels

The conditions of creep testing are shown in Table 4.1 for P91 (9-1%CrMoVNDb) and
E911 (9-11%CrMoWVND) (Sket et al., 2010; Renversade et al., 2014). The
tomographic reconstruction of damage and its microstructures are shown in Figures 4.4
and 4.5, respectively. The reason for choosing this data is that there is a known
relationship between the number of cavity and radium, and also there is published
rupture time. This data is available and the necessary condition to apply and calculate
a new cavitation damage equation is outlined in section 6.3. The applied method is
outlined in section 3.3.2. However, the NIMS data sheet (section 4.2.1 and section 4.2.2)
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cannot be produced and published for the relative experimental data.

Table 4.1 Creep testing conditions summary (Sket et al., 2010; Renversade et al.,

2014).
Temperature Axial Stress Internal Rupture time
Material (°C) (MPa) Pressure (MPa) (h)
E911 575 61.8 17.5 26000
600 48.9 17.7 37800
P91 575 52.6 23.6 10200
firiringgs
Axial load
(8543N - 61.8MPa)

1)

2)

Figure 4.4 The E911 steel after 26000h: 1) Tomographic reconstruction of void
spatial distribution; 2) Microstructures (Sket et al., 2010).
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Figure 4.5 The P91 steel after 10200h and the E911 steel after 37800h: 1)
Tomographic reconstruction of void spatial distribution; 2) Microstructures (a) P91,
(b) E911 (Renversade et al., 2014; Gupta et al., 2015).
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The size distribution of non-coalesced voids for P91 and E911 are shown in Figures 4.6
and 4.7, respectively.

MNo. of voids

10"

0 2 4 6 8 10 12
Voids equivalent radius, R_ [pm]

Figure 4.6 The size distribution of non-coalesced voids at 575°C for E911(Sket et al.,
2010).

aP91 oE911

Number of cavities

2 4 6 8 10
Equivalent Diameter (um)

Figure 4.7 The size distribution of non-coalesced voids for P91 and E911 steels
(Renversade et al., 2014; Gupta et al., 2015).

4.3.2 The observation of cavitation damage for CBS steel

A set of 3D cavity data for CB8 (10.86% Cr) at rupture under different stresses of 120-
180MPa are available, as experimental data produced by X-ray microtomography.
Gupta et al. (2013, 2015) reported the synchrotron microtomography could realise this

with steels with high absorption to X-ray. The special SR-uCT can make imaging in
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3D of cavities directly. A scanned sample of CB8 steel is shown in Figure 4.8. The
variation of overall number density, volume fraction and void size with different
stresses are shown in Figure 4.9. The reason for choosing this data is that there has been
shown to be a relationship between the density and number of rupture times under
different stresses. This data is available and the necessary conditions to display the trend
of cavity nucleation rate coefficient A, under different stresses is outlined in section 6.5.
However, the above experimental data for P91 and E911 steels (section 4.3.1) is just
published under an individual stress, not under several different stresses; this therefore
for not satisfy the research in section 6.5.

600°C/ 180MPa/2825 hours 600°C/ 165MPa/6779 hours

600°C/ 135MPa/29466 Hours

600°C/ 120MPa/51406 Hours
. .

Figure 4.8 3D visualisation plots of microtomography data sets extracted from
samples CB8 at 600°C in different stress range 120-180MPa, each data set extracted
via a 2D slice (Gupta et al., 2015).
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Figure 4.9 The variation of overall number density, volume fraction and void size
with over stress levels from 120MPa to 180MPa at 600°C for CB8 steel (Gupta et al.,
2013, 2015).

4.3.3 The observation of cavitation damage for MARBN steel

A set of 3D cavity data for MARBN-heat 1 cross welds (Martensitic Boron—Nitrogen
strengthened steel) under different stress from 70 MPa to 130MPa are available. The
cavity data used was obtained via synchrotron X-ray microtomography and Electron
Backscatter Diffraction (EBSD) method. The creep tested samples, and 3D micro-CT
image of creep tested cross welds are shown in Figure 4.10, and their density number
is summarised in Table 4.2. The reason for choosing this data is that it is another data
set that shows the relationship between the density and number of rupture times under
different stresses. This data is available and the necessary conditions for it to display
the trend of cavity nucleation rate coefficient A2 under different stresses is outlined in
section 6.5. The reason it has been chosen is the same as that above in section 4.3.2, but
the above set data of CB8 steel is a study method case; this data set of MARBN steel is
an application case.

Table 4.2 The density of cavities under different stress for MARBN (Schlacher et al.,

2015)
Stress (MPa) The density of cavities (10°um3)
70 3.03
80 6.95
100 7.33
130 2.95
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Figure 4.10 1) samples; 2) 3D visualisation volume of microtomography data sets
extracted from MARBN creep tested cross weld specimen in different stress ranges of
70-130MPa. EBSD maps of local regions (Schlacher et al., 2015; Gupta et al., 2015).

4.3.4 The observation of cavitation damage for 316H steel

There are two sets of creep test data for type-316H austenitic stainless steel, which
experimental data is used by Small-Angle Neutron Scattering (SANS) techniques. A
plastic 8% pre-strain controlled set of specimens, along with another group of samples
that were not subjected to the pre-strain were collected under different stresses and
temperatures. According to Jazaeri et al. (2019), the above two separate processes
aimed to examine the effects of pre-strain on the creep damage formation and represent
its current and future operation in the power plant. The creep test specimen is shown in
Table 4.3, and each set of creep curves for creep test conditions and cavity size
distribution are shown in Figure 4.11 and Figure 4.12. The reason for choosing this data
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is that there has been shown to be a relationship between the number of cavity and
radium, and also the data on time at different stages of creep lifetime, not only in the
rupture time, has been published. This data is available and significant in the
development and calibration of a creep cavitation model at different stages of creep
lifetime and is outlined in Chapter 8. The applicated method is detailed in section 3.3.4.
However, Sket et al. (2010) and Renversade et al. (2014) (section 4.3.1) did not produce
and publish this relative experimental data, they just published data occurring at rupture
time.

Table 4.3 The specimen ID number and creep strain under different conditions
(Jazaeri et al., 2019).

s Temperature
Condition )
(°C) Stress (MPa) ID number  Creep strain (%)
after 8% pre-strain 550 320 5d1 0
9d1 0.54
10d1 1.05
6d1 2.34
2d1 4.21
3d1 6.77 (rupture)
no pre-strain 675 150 14d1 33
13d1 5.7
12d1 14.8
11d1 47.5 (rupture)
10 50
g | 815307, 320MPa 45 | bBIETSC, 150MPa NAATIRES
. 0
7 31, 677HCSE 36
- ! F
£t £
£ s / E 25
E' ﬁ A
W o4 A1 22108 8
a g P
= 15 i, HARCE, -
g ’ v =
2 10
5 1341 '.|5.
1 Hﬂ*ﬁ-ﬁ? 1A% CE
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Figure 4.11 Creep curves for creep test conditions: a) 550°C under 320MPa (after 8%
pre-strain); b) 675°C under 150MPa (no pre-strain) (Jazaeri et al., 2019).
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Figure 4.12 Cavity size distribution: a) 550°C under 320MPa (after 8% pre-strain); b)
675°C under 150MPa (no pre-strain) (Jazaeri et al., 2019).

4.3.5 The observation of cavitation damage for P92 steel

There is one set of experimental data referenced from Panait’s thesis (2010a) in which
data is provided by SZMF, Germany. It has been summarised and shown in the
Appendix (Tables 9 and 10). This data is used to describe the deficiencies of the
classical constitutive equations and to apply a “novel hyperbolic sine law” for
discussing the relationship between minimum strain rate and different stresses, of which
detailed information is supplied in section 5.2.

For the verification of the science and rationality for the author’s results, there is another
set of experimental data extracted by reading the published graph under various applied
stress levels at 600°C and 650°C for P92 steels by Yin et al. (2006). The graphs from
this are displayed in Figures 4.13 and 4.14, respectively. This is the reason for choosing
this data. Figure 4.13 shows the relationship between the strain and time to calculate
the relationship between the minimum strain rate and time. This minimum strain rate
occurs in the second creep stage in creep deformation and damage, the relevant data
used in section 5.2. The data in Figure 4.14 was adopted in section 6.4 to calculate the
value of coefficient U’ under different stress levels.
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Figure 4.13 Examples of experimental data and CDM predicted creep curves for P92
steel present as broken and solid lines respectively under different stress: (a) 600°C;
(b) 650°C (Yin et al., 2006).
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Figure 4.14 Experimental creep rupture data and CDM modelling lines (Yin et al.,

2006).
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4.4 Summary

This chapter has listed and summarised the collection of the experimental data for high
Cr steel under different stresses and temperatures. It then outlines why the data was
chosen and where they were utilised in the following chapters, which includes NIMS
creep data and experimental observation data of cavitation damage. For example, the
reason for choosing E911 steel is to show the relationship between the number of cavity
and radium and the published rupture time. This data is available and the necessary
conditions to apply and calculate a new cavitation damage equation is outlined in
section 6.3. However, the NIMS data sheet (section 4.2.1 and section 4.2.2) cannot be
produced and published for these relative experimental data. How to use this data to
develop and then apply developed creep damage constitutive equations is outlined in
the following relative chapters. This chapter cannot only build a good foundation for
the next chapters but also aids in confidently developing creep damage constitutive
equations based on the experimental data.
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Chapter 5 Minimum creep strain rate and
applied stress equation for high Cr steel over a
wide range of stress

5.1 Introduction

The minimum creep strain rate and stress equation is critical in respect to the research
of rupture criteria and creep deformation and damage. This chapter introduces the
deficiencies of the classical constitutive equations which are used to describe the
relationship between the minimum creep strain rate and stress. The chapter also presents
the application of a novel minimum creep strain rate equation under a wide range of
stress. The specific strategies to research the relationship between minimum creep
strain rate and stress in order to achieve the application of the “novel hyperbolic sine
law” can be demonstrated below:

(1) To investigate the deficiencies related to the existing functions.

(2) To apply a new minimum creep strain rate equation (Xu et al. 2017a) under a
wide range of stress.

(3) To compare the predicted results with their experimental data.
The experimental data for this chapter includes:

(1) Creep test one: P91 (9Cr-1Mo-V-Nb), the temperature at 600°C, stress range
from 70MPa to 200MPa, minimum creep strain rate between 1x107’h?and
1.5x10°3ht (NIMS, 2014).

(2) Creep test two: P92 (9Cr-1.8W-0.5Mo—V-Nb): 1) the temperature at 600°C,
stress range from 120MPa to 180MPa, minimum creep strain rate between
3.7x107h1 and 1.22x10°h™; 2) the temperature at 650°C, stress range from
70MPa to 140MPa, minimum creep strain rate between 7.9x107h? and
1.44x10*n! (Panait, 2010a).

(3) Creep test three: ASME Grade 92 (9Cr-1.8W-0.5Mo-V-Nb) steel: 1) the
temperature at 600°C, stress range from 120MPa to 250MPa, minimum creep
strain rate between 1.81x10°h™ and 9.96x10?h; 2) the temperature at 650°C,
stress range from 50MPa to 160MPa, minimum creep rate between 1.5x10°h!
and 5.6x10h™ (NIMS, 2018; Zheng et al., 2020).
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5.2 Investigation of classical constitutive equations for

minimum creep strain rate

The existing experimental data of minimum creep strain rate, and stress for P92 (9Cr—
1.8W-0.5Mo0-V-Nb) steel are summarised and shown in Figure 5.1. A part of the
specific data about minimum creep strain rate for P92 (9Cr-1.8W-0.5Mo-V-NDb) steel
was adopted from the NIMS (2018) creep data sheet with the remaining being based on
Panait’s thesis (2010a) whose experimental data was provided by Salzgitter
Mannesmann Forschung GmbH (SZMF) (Panait, 2010a). The remaining portion of the
relevant empirical data was extracted from the published graph.

NIMS (600°C) NIMS (650°C) A Panait (600°C)
Panait (650°C) Yin (600°C) mYin (650°C)
1.00E+01

1.00E+00

1.00E-01

1.00E-02

1.00E-03 -
1.00E-04 n

1.00E-05 A

Minimum strain rate (1/h)

1.00E-06 A
1.00E-07

1.00E-08
30 300

Stress (MPa)

Figure 5.1 Experimental data of minimum creep strain rate and stress summarised at
600°C and 650°C for P92 steel (circle points referenced by NIMS (2018), triangle
points referenced by Panait’s thesis (2010a), square points referenced by Yin (2010a))
(Zheng et al., 2020).

The conventional minimum creep strain rate and street equations were summarised and
proposed in Table 5.1 (Gorash, 2008). The power law and Norton power law are the
same types, though they can be written in two forms. These are shown respectively as
the current author referenced Panait’s values (2010a) who had used the second form.

Table 5.1 The typical constitutive equations between minimum creep strain rate and
stress (Gorash, 2008).

5 —_ n
Emin = Ao

Power law (Norton, 1929)
or Norton power law (Panait, 2010a) Emin = A(Uio)n

Linear+power law (Naumenko et al., 2007;

Emin = Ad[1 + (Bo)™
Naumenko et al., 2009) min [1+(Bo)]
Hyperbolic sine law (Dyson et al., 1997; Dyson, | .
2000) Emin = Asinh(Bo)
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5.2.1 Investigation of power law

Power law usually assumes that the moving of crystal dislocations is formed by a
systematic mode in a stress field and that the steady-state creep is controlled by the
dislocation mechanism. The power law is widely used in the analysis of the property of
many metals and heat resistant steels. Power law is often used in the high stress and
over stress creep level, but Norton power law represents a steady-state creep. To reflect
the relationship between the minimum creep strain rate and stress, some past research
has been based on the Norton power law to study the steady-state creep, such as Panait
(2010a) who adopted this law to discuss the stress exponent n at low and high stresses
at 600°C and 650°C respectively. Displaying the deficiencies of the power law and
Norton power law, a group of three sets of experimental data under different stress
ranges were utilised in this investigation at 600°C for high Cr steel. The values of these
material parameters are shown in Table 5.2. Another group was the two sets of
experimental data under different stress ranges that were utilised in this investigation at
650°C for high Cr steel. The values of these material parameters are shown in Table
5.3.

Table 5.2 Material parameters based on power law and Norton power law at 600°C
for high Cr steel.

o A
P91 (power law) (Gorash, 2008) <110MPa 2.5x10°MPath? 1
=>110MPa 2.5x103'MPath? 12
P92 (Norton power law) <160MPa 1.19x107h' 6
(o9 = 100 MPa) (Panait, 2010a) =>160MPa 5.18x100h? 18
P92 (power law) 1x103°MPath? 16.2

The values of material parameters for creep test one P91 steel were taken from Gorash’s
thesis (2008) who had adopted power law and distinguished low and high stress ranges
from discussing the values of A and n respectively. The modelling result with the
material parameters are reproduced and shown in Figure 5.2.1. The values of material
parameters for creep test two P92 steel was referenced by Panait’s thesis (2010a) who
had used Norton power law and distinguished low and high stress range to research the
values of A and n respectively. The modelling result with the material parameters
reproduced are shown in Figure 5.2.2. The reason for using Norton power law is that
Panait (2010a) used the experimental data under the steady-state creep condition. For
creep test three P92 steel, the creep parameters A and n are unknown. The current author,
which based the work on the power law, did not distinguish the stress range to calibrate
the values of material parameters A and n at 600°C for P92 steel. The values can be
displayed in the bottom set of data in Table 5.2, and the modelling result is shown in
Figure 5.2.3.
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Figure 5.2 The modelling results compared with experimental data at 600 °C: 1) P91
is based on power law (Xu et al., 2017a; Gorash, 2008); 2) P92 is based on Norton
power law (Panait, 2010a); 3) P92 is based on power law.



Figure 5.2 shows the comparison of the power law and Norton power law with their
experimental data at 600°C for P91, P92 steels, respectively. Figure 5.2.1 reveals that
the minimum creep strain rate predicted by the power law fit well with the experimental
data under high stresses (>110MPa). However, the minimum creep strain rate is higher
than that of the experimental data at low pressures (<110MPa). As Figure 5.2.2 displays,
the minimum creep strain rate predicted by the Norton power law is fitted well with the
experimental data at low stresses (<160MPa). However, the minimum creep strain rate
is higher than that of the experimental data at high stresses (>160MPa). As Figure 5.2.3
indicates, the minimum creep strain rate predicted by the power law almost fits with
their experimental data at high stresses. However, the minimum creep strain rate is
lower than that of the experimental data at low stresses.

Table 5.3 Material parameters based on Norton power law and power law at 650°C
for high Cr steel.

o] A
P92 (Norton power law) <110MPa 9.78x10°h? 6
(6, = 100 MPa) (Panait, 2010)  >110MPa 1.07x10°°h™ 18
P92 (power law) 8.8x103MPatht 9.6

The values of material parameters for creep test two P92 steel was referenced by
Panait’s thesis (2010a) who used Norton power law and distinguished low and high
stress ranges to research the values of A and n respectively. The modelling result with
the material parameters reproduced and shown in Figure 5.3.1. The reason for using
Norton power law is that Panait (2010a) used the experimental data under the steady-
state creep condition. For creep test three P92 steel, the creep parameters A and n are
unknown. The current author, who based the work on the power law, did not distinguish
the stress range to calibrate the values of material parameters A and n at 650°C for P92
steel. The values are displayed in the bottom set of data in Table 5.3 and the modelling
result is shown in Figure 5.3.2.
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Figure 5.3 The modelling results compared with experimental data at 650°C: 1) P92 is
based on Norton power law (Panait, 2010a); 2) P92 is based on power law.

Figure 5.3 shows the comparison of the Norton power law and power law with their
experimental data at 650°C for P92 steel. As Figure 5.3.1 displays, the minimum creep
strain rate predicted by the Norton power law is almost the same as the experimental
data under low stress levels (<110MPa). However, the minimum creep strain rate is
higher than that of the experimental data at high stresses (>110MPa). As Figure 5.3.2
indicates, the minimum creep strain rate predicted by the power law almost fits with
their experimental data at the intermediate stress level. However, the minimum creep
strain rate is lower than that of the experimental data at low and high stresses.

5.2.2 Investigation of linear + power law

It is well-known that the diffusion and dislocation mechanism can control creep
deformation during the intermediate stress level, and that the ground boundary sliding
can also be inspected at this stress level. However, to decide which creep mechanism
plays a significant factor is very difficult, the superimposition of diffusion and
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dislocation mechanism can produce a transparent creep damage process to extend the
power law, some research is based on the linear power law, such as Gorash (2008) who
adopted this law to discuss the values of material parameters A and B at 600°C.
According to Gorash (2008), this constitutive equation joins the power law with a
diffusion mechanism. To display the deficiencies of the linear power law, two materials
under different stress range were utilised in this investigation at 600°C for high Cr steel.
The values of these material parameters are shown in Table 5.4.

Table 5.4 Material parameters based on linear power law at 600°C for high Cr steel.

A (MPatht)  B(MPal) n
P91 (linear power law) (Xu et 2.5x10°° 1x1072 11
al.,2017; Gorash, 2008)
P92 (linear power law) 1.5x10 1x107? 16

The values of material parameters for creep test one P91 steel was taken from Gorash’s
thesis (2008) who adopted linear power law to discuss the values of A, B and n. A
researcher of our current group subsequently reproduced and published the modelling
result in a journal paper (Xu et al., 2017a). The modelling product with the material
parameters, which are reproduced independently by the author, are shown in Figure
5.4.1. This process is reviewing and studying progress. For creep test three P92 steel,
the creep parameters A, B and n are unknown. The current author based it on the linear
power law to calibrate the values of material parameters A, B and n at 600°C for P92
steel. The values are displayed in the bottom set of data in Table 5.4, and the modelling
result is shown in Figure 5.4.2.
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Figure 5.4 The predicted results of linear power law compared with their experimental
data at 600°C: 1) P91 (Xu et al.,2017a; Gorash, 2008); 2) P92.

Figure 5.4 indicates the comparison of the linear power law with their experimental
data at 600°C for P91 and P92 steels. As Figure 5.4.1 displays, the minimum creep
strain rate produced by the linear power law is a good fit with the experimental data at
high stresses. However, the minimum creep strain rate is higher than that of the
experimental data at low stresses. As Figure 5.4.2 reveals, the minimum creep strain
rate produced by the linear power law almost fits with the experimental data at the high
stresses. However, the minimum creep strain rate is lower than that of the experimental
data at low stresses.

5.2.3 Investigation of the hyperbolic sine law

According to this study, the climb and glide of dislocations control the grain boundary
sliding rate within the grain. This rate is approximately a constant fraction of the total
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creep strain rate. The dislocation mechanism is described by the power law relationship
generally, but some researchers propose the climb and glide occur in parallel rather than
as a sequential process such as in Dyson and Osgerby. These parallel processes cause
the creep strain rate to have a hyperbolic sine with the applied stress, rather than the
conventional power law. Gorash (2008) used the hyperbolic sine law to investigate the
values of material parameters A and B at 600°C for P91 steel. To display the deficiencies
of the conventional hyperbolic sine law, three sets of experimental data under different
stress ranges were utilised in this investigation at 600°C for high Cr steel. The values
of these material parameters are shown in Table 5.5. A further group was the two sets
of experimental data under different stress ranges that were utilised in this investigation
at 650°C for high Cr steel. The values of these material parameters are shown in Table
5.6.

Table 5.5 Material parameters based on conventional hyperbolic sine law at 600°C for

high Cr steel.
A(h?) B (MPa?)
P91 (hyperbolic sine law) (Xu et
al.,2017; Gorash, 2008) 4.5x10® 5x102
P92 (hyperbolic sine law) 1x10° 5.4x10?
P92 (hyperbolic sine law) 1.4x107° 8.4x10?

The values of material parameters for creep test one P91 steel was taken from Gorash’s
thesis (2008), who adopted conventional hyperbolic sine law to discuss the values of A
and B. A researcher of our research group subsequently reproduced and published the
modelling result in a journal paper (Xu et al.,2017a). The modelling product with the
material parameters are reproduced independently by the current author and are shown
in Figure 5.5.1. This process is a review and study of progress. For creep test two P92
steel, the creep parameters A and B are unknown. The current author based on the
conventional hyperbolic sine law calibrated the values of material parameters A and B
for P92 steel. The modelling result is shown in Figure 5.5.2. For creep test three P92
steel, the creep parameters A and B are unknown. The author again based the
conventional hyperbolic sine law to calibrate the values of material parameters A and B
at 600°C for P92 steel. The values are displayed in the bottom set of data in Table 5.5,
and the modelling result is shown in Figure 5.5.3.
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Figure 5.5 The predicted results of hyperbolic sine law compared with experimental
data at 600°C: 1) P91 (Xu et al.,2017a; Gorash, 2008); 2) P92 (experimental data
referenced by Panait’s thesis (2010a)); 3) P92.
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Figure 5.5 displays the comparison of conventional hyperbolic sine law with the
experimental data at 600°C for P91 and P92 steels. As Figure 5.5.1 indicates, the
minimum creep strain rate is produced by the hyperbolic sine law which fits the
experimental data under high stress levels. However, the minimum creep strain rate is
higher than that of the experimental data at low stresses. As Figure 5.5.2 reveals, the
minimum creep strain rate produced by hyperbolic sine law almost fits with the
experimental data at a low stress range. However, the minimum creep strain rate is
lower than that of the experimental data at high stresses. As Figure 5.5.3 displays, the
minimum creep strain rate is produced by hyperbolic sine law which fits with the
experimental data at an over stress range. However, the minimum creep strain rate is
higher than that of the experimental data at the intermediate stress level.

Table 5.6 Material parameters based on conventional hyperbolic law at 650°C for

high Cr steel.
A (h?) B (MPa?)
P92 (hyperbolic sine law) 5x10° 8x107?
P92 (hyperbolic sine law) 1.4x107 9.6x102

For creep test two P92 steel, the creep parameters A and B are unknown. The current
author based the work on the conventional hyperbolic sine law to calibrate the values
of material parameters A and B for P92 steel. The modelling result is shown in Figure
5.6.1. For creep test three P92 steel, the creep parameters A and B are unknown. The
author again used the conventional hyperbolic sine law to calibrate the values of
material parameters A and B at 650°C for P92 steel. The values are displayed in the
bottom set of data in Table 5.6, and the modelling result is shown in Figure 5.6.2.
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Figure 5.6 The predicted results of hyperbolic sine law compared with their
experimental data at 650°C: 1) P92 (experimental data referenced by Panait’s thesis
(2010a)); 2) P92.

Figure 5.6 displays the comparison of conventional hyperbolic sine law with their
experimental data at 650°C for P92 steel. As Figure 5.6.1 reveals, the minimum creep
strain rate is produced by hyperbolic sine law which almost fits with the experimental
data at a low stress range. However, the minimum creep strain rate is higher than that
of the experimental data at high stress levels. As Figure 5.6.2 reveals, the minimum
creep strain rate produced by hyperbolic sine law almost fits with the experimental data
at intermediate stress level. However, the minimum creep strain rate is lower than that
of the experimental data at the ends of low and high stresses.

5.3 Applied a novel minimum creep strain rate equation

According to the investigation of the classical constitutive equations for minimum
creep strain rate, the hyperbolic sine law has indicated an almost fit with their
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experimental data at over stress range. However, the minimum creep strain rate is
higher than that of the experimental data at intermediate stress level at 600°C for P92
steel. The hyperbolic sine law displayed a good fit with its experimental data at
intermediate stress level. However, the minimum creep strain rate is lower than that of
the experiment data at the ends of low and high stresses at 650°C for P92 steel. Xu et
al. (2007a) propose that this phenomenon may be due to lacking consideration of the
breaking mechanisms of change; this mechanism affects microstructural changes at
different stress level (Zheng et al., 2020). Thus, the characteristic of the novel minimum
creep strain rate equation is to weaken the effects of stress level on the minimum creep
strain rate.

A “novel hyperbolic sine law” has reported by Xu et al. (2017a) and applied in Xu
(2016), Xu et al., (2017a) and Zheng et al., (2020) where it is given in Equation 5.1:

Emin = Asinh(Ba?) (5.1)
where A and B are material parameters, and g is stress exponent.

The “novel hyperbolic sine law” was successfully applied to either low or high Cr steels.
The materials and their parameters are listed in Table 5.7.

Table 5.7 Materials and parameters (Zheng et al., 2020).

Parameters A Parameters B
Material (h™) (MPa™?) q
0-5Cr-0-5Mo0-0-25V 4.12x10® 2.51x10* 2
2-25Cr-1Mo 5.57x10”7 2.4x10* 2
Po1 6.1x107 2.14x10* 2

Application of the “novel hyperbolic sine law” and three sets of experimental data under
different stress ranges are utilised in this investigation at 600°C for high Cr steel. The
values of these material parameters are shown in Table 5.8. Another group is the two
sets of experimental data under different stress range that were utilized in this
investigation at 650°C for high Cr steels. The values of these material parameters are
shown in Table 5.9.

Table 5.8 Material parameters based on the “novel hyperbolic sine law” at 600°C
under 50-200MPa for P91 steel, and under 90-260MPa for P92 steel.

A(h?) B (MPa?)

P91 (novel hyperbolic sine law) 6.5x108 2.7x10™*

P92 (novel hyperbolic sine law)  3.65x10® 1.96x10*

P92 (novel hyperbolic sine law) 1.12x10° 2.47x10%

N N N[O

The current author calibrated the values of material parameters for creep test one P91
steel, and the modelling result was reproduced independently by the author and shown
in Figure 5.7.1. This process is reviewing and studying progress. For creep test two P92,
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the creep parameters A, B and q are unknown. The author again based the “novel
hyperbolic sine law” to calibrate the values of material parameters A, B and g for P92
steel. The modelling result is displayed in Figure 5.7.2. For creep test three P92, the
creep parameters A, B and g are unknown. The author again based the “novel hyperbolic
sine law” to calibrate the values of material parameters A, B and g at 600°C for P92
steel. The values are displayed in the bottom set of data in Table 5.8, and the modelling
result are shown in Figure 5.7.3.
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Figure 5.7 The modelling results of the “novel hyperbolic sine law” compared with
their experimental data at 600°C: 1) P91 (Xu et al., 2017; Gorash, 2008); 2) P92
(experimental data referenced by Panait’s thesis (2010a)); 3) P92.



Figure 5.7 shows the comparison of the “novel hyperbolic sine law” with their
experimental data at 600°C for P91 and P92 steels. As Figure 5.7.1 indicates, the
minimum creep strain rate is produced by the “novel hyperbolic sine law” which fits
well with the experimental data over stresses. As Figure 5.7.2 displays, the minimum
creep strain rate is expected by the “novel hyperbolic sine law” which is a good fit with
the experimental data at a limited stress range. Figure 5.7.3 reveals the minimum creep
strain rate is made by the “novel hyperbolic sine law” which fits well with the
experimental data at over stress range, and as a result, a favourable agreement was an
achievement.

Table 5.9 Material parameters based on the “novel hyperbolic sine law” at 650°C
under 30-180MPa for high Cr steel.

A(h?) B (MPa?) q
P92 (novel hyperbolic sine law) 3.2x107 3.58x10* 2
P92 (novel hyperbolic sine law) 1x107 4.95x10* 2

For creep test two P92 steel, the creep parameters A, B and n are unknown. The current
author based the “novel hyperbolic sine law” to calibrate the values of material
parameters A, B and n for P92 steel. The modelling result is shown in Figure 5.8.1. For
creep test three P92 steel, the creep parameters A, B and n are unknown. The author
again based the “novel hyperbolic sine law” to calibrate the values of material
parameters A, B and n at 650°C for P92 steel. The values are displayed in the bottom
set of data in Table 5.9, and the modelling result are shown in Figure 5.8.2.
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Figure 5.8. The modelling results of “novel hyperbolic sine law” compared with their
experimental data at 650°C: 1) P92 (experimental data referenced by Panait’s thesis
(2010a)); 2) P92.

Figure 5.8 shows the comparison of “novel hyperbolic sine law” with their experimental
data at 650°C for P92 steel. As Figure 5.8.1 indicates, the minimum creep strain rate is
made by the “novel hyperbolic sine law” which is a good fit with the experimental data
at a limited stress range. As Figure 5.8.2 reveals, the minimum creep strain rate is
produced by the “novel hyperbolic sine law” which fits well with the experimental data
over a wide range of stress, and as a result, a favourable agreement was an achievement.

5.4 Comparison and discussion of predicted results of

different functions with experimental data
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5.4.1 Comparison and discussion of predicted results of different

functions with experimental data for P91 steel

For creep test one P91 steel, the calibrated material parameters are indicated in Table
5.10. The modelling results produced by a conventional power law, linear power law,
sine law and the “novel hyperbolic sine law” are shown in Figure 5.9.

Table 5.10 The functions of minimum creep strain rate with calibrated material

parameters at 600°C for P91 steel.

A B q o

Power law (Xu et 2.5x10° MPath? 1 <110MPa
al.,2017a; Gorash,
2008)

2.5x103 MPath? 12 =110MPa
Linear+Power law (Xu
et al.,2017a; Gorash, 2.5x10° MPath? 1x102 MPa! 11
2008)
Hyperbolic sine law
(Xu et al.,20173; 4.5x10% h'! 5x102 MPa!
Gorash, 2008)
Novel hyperbolic sine
law 6.5x10® ht 2.7x10* MPa! 2
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Figure 5.9 The comparison between the different functions of minimum creep strain
rate and applied stress at 600°C for P91 steel.
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Figure 5.9 displays the comparison of the above four functions, and as can be seen, the
curve of prediction by “novel hyperbolic sine law” fits very well with the experimental
data and as a result, a favourable agreement was achieved.

5.4.2 Comparison and discussion of predicted results of different
functions with experimental data for P92 steel (experimental data

referenced by Panait’s thesis (2010a))

For creep test two P92 steel at 600°C, the calibrated material parameters are displayed
in Table 5.11. The modelling results produced by a Norton power law, hyperbolic sine
law and the “novel hyperbolic sine law” are indicated in Figure 5.10.

Table 5.11 The functions of minimum creep strain rate with calibrated material
parameters at 600°C for P92 steel (experimental data referenced by Panait’s thesis

(2010a)).
A (h?) B (MPa™) n q o (MPa)

Norton power law (Panait,
2010a) 1.19x107 6 <160

5.18x101° 18 =160
Hyperbolic sine law 1x10°° 5.4x102
Novel hyperbolic sine law 3.65x10%  1.96x10* 2

P92

Experiment data Norton power law
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Figure 5.10 The comparison between the different functions of minimum creep strain
rate and applied stress at 600°C for P92 steel (experimental data referenced by
Panait’s thesis (2010a)).

Figure 5.10 shows the comparison of the above three functions, which as can be seen,
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the curve of prediction by “novel hyperbolic sine law” fits very well with experimental
data and therefore achieves a favourable agreement.

For creep test two P92 steel at 650°C, the calibrated material parameters are
summarised in Table 5.12. The modelling results produced by a Norton power law,
conventional hyperbolic sine law and the “novel hyperbolic sine law” are given in
Figure 5.11.

Table 5.12 The functions of minimum creep strain rate with calibrated material
parameters at 650°C for P92 steel (experimental data referenced by Panait’s thesis

(2010a)).
A (h) B (MPal) n q o (MPa)
Norton power law (Panait,
2010a) 9.78x10°® 6 <110
1.07x10°® 18 >110
Hyperbolic sine law 5x107° 8x107?
Novel hyperbolic sine law 3.2x107 3.58x10* 2
P92
Experiment data Norton power law
hyperbalic sine law Novel sine law
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Figure 5.11 The comparison between the different functions of minimum creep strain
rate and applied stress at 650°C for P92 steel (experimental data referenced by
Panait’s thesis (2010a)).

Figure 5.11 shows the comparison of the above three functions, which as can be seen,

the curve of prediction by “novel hyperbolic sine law” fits very well with its
experimental data and therefore achieves a favourable agreement.
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5.4.3 Comparison and discussion of predicted results of different

functions with experimental data for P92 steel

For creep test three P92 steel at 600°C, the calibrated material parameters are displayed
in Table 5.13. The modelling results produced by a power law, linear power law,
conventional hyperbolic sine law and the “novel hyperbolic sine law” are indicated in
Figure 5.12.

Table 5.13 The functions of minimum creep strain rate with calibrated material
parameters at 600°C for P92 steel (Zheng et al., 2020).

A B n q

Power law 1x10%° MPath? 16.2
Linear+Power law 1.5x10° MPath? 1x102 MPa™? 16
Hyperbolic sine law 1.4x10° h? 8.4x102 MPa™!
Novel hyperbolic sine
law 1.12x10° ht 2.47x10* MPal 2

Experiment data P 9 2 — Power law

hyperbolic Sine law m— Novel hyperbolic sine law

Linear+power law
1.00E+02

1.00E+01

1.00E+00 /
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Figure 5.12 The comparison between the different functions for minimum creep strain
rate and applied stress at 600°C for P92 steel (Zheng et al., 2020).

Figure 5.12 shows the comparison of the above four functions, which as can be seen,
the curve of prediction by “novel hyperbolic sine law” fits very well with experimental
data and therefore achieves a favourable agreement.

For creep test three P92 steel at 650°C, the calibrated material parameters are
summarised in Table 5.14. The modelling results predicted by a power law,
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conventional hyperbolic sine law and the “novel hyperbolic sine law” are displayed in
Figure 5.13.

Table 5.14 The functions of minimum creep strain rate with calibrated material
parameters at 650°C for P92 steel (Zheng et al., 2020).

A B n q
Power law 8.8x10% MPath? 9.6
Hyperbolic sine law 1.4x107 h? 9.6x102 MPa!
Novel hyperbolic sine
law 1x10° ht 4.95x10% MPa 2

P92
Experiment data — Power law
1.00E+02 hyperbolic Sine law = Novel hyperbolic sine law

1.00E+01
1.00E+00
1.00E-01
/
1.00E-02
1.00E-03 -
o
-

1.00E-04 -

1.00E-05 .____———"'
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Minimum strain rate {1/h)
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Figure 5.13 The comparison between the different functions for minimum creep strain
rate and applied stress at 650°C for P92 steel (Zheng et al., 2020).

Figure 5.13 shows the comparison of the above three functions, which as can be seen,
the curve of prediction by “novel hyperbolic sine law” fits very well with experimental
data and therefore achieves a favourable agreement.

5.5 Summary

According to discussing the deficiencies of the classical constitutive equations, it is
based on the three sets of experimental creep data, including power law, linear power
law and hyperbolic sine law. The limitations of power law and linear power law cannot
be fitted very well with its experimental data under a wide range of stress. Their stress
needs to be divided into two or three stages to investigate them in these two equations.
For the hyperbolic sine law, it also cannot fit very well with its experimental data under
low stresses and medium stresses such as in Figure 5.12 and Figure 5.13. In other words,
the degree of bending of the predicted curve is not enough in these curves. This
disadvantage can be solved by adding an exponent “q” and so forming the “novel
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hyperbolic sine law”. The new development is that a “novel hyperbolic sine law” is
successfully applied and calculated over a wide range of stress for P92 steel, such as at
600°C, 625°C and 650°C for P91 and P92 steels, respectively. The equation is the
newest law, and the collected experimental data is in the widest stress range from NIMS
data; hence, it is evidence that the “novel hyperbolic sine law” is the best adaptability.
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Chapter 6 Creep cavitation damage equation
and rupture for high Cr steel

6.1 Introduction

This chapter describes the application and calculation of a new cavitation damage
equation based on the cavity area fraction along the grain boundary. This is the main
objective of the chapter. The methodology for the calibration of the cavity nucleation
and cavity growth models is based on the x-ray microtomography cavitation data. This
method, which was reported by Xu et al. (2017a), was a successful development and
application for P91 steel in a prediction of the creep lifetime model. This chapter is
focused on the application of such methodology to the other materials, for example,
E911, P92 and MARBN, to which the x-ray microtomography cavitation data has been
available. To achieve and evidence their viability, the current author understands the
methodology and repeats the research on them for P91 and CB8 individually. Thus, this
chapter also includes the author studying and repeating results produced by Xu et al.
(2017a).

The process for this chapter is summarised as five parts:
(1) To understand the basic theory of cavitation damage functions.

(2) To research and know the methodology of application concerning a new
cavitation damage equation for P91 steel at rupture time and to summarise the
existing approach and to develop a new way to determine the material constants.

(3) Based on the appropriate methodology to calibrate the cavitation damage curve
for E911 accordingly to set a new way to determine the values of five material
constants.

(4) Based on the NIMS experimental data under different stress and different
temperatures at creep rupture time for P91 and P92 steels to calculate the value
of material coefficient U’ in the cavity area fraction equation and discuss its
relationship with stresses.

(5) To apply the published number of cavity density under different stress for high
Cr steel (namely CB8 and MARBN) and to discuss and display the trend of
cavity nucleation rate coefficient A, with stress.

The experimental data for this chapter includes:

(1) P91 (9Cr—1Mo-V-Nb) steel: the temperature at 575°C, creep time at 1.02x10%h,
the minimum and maximum cavity diameter of 1.2um and 4.8um at rupture

104



time (Renversade et al., 2014).

(2) E911 steel: the temperature at 600°C, creep time at 3.78x10*h, the minimum
and maximum cavity diameter of 1.2um and 9.5um at rupture time (Renversade
etal., 2014; Xu et al., 2018b; Zheng et al., 2020).

(3) P91 (9Cr-1Mo—V-Nb) steel: the temperature at 600°C, stress range from
70MPa to 160MPa, lifetime from 9.71x10%h to 8.0736x10%h; the temperature at
625°C, stress range from 90MPa to 140MPa, lifetime from 9.9x10h to
2.1372x10%h (NIMS, 2014).

(4) ASME Grade 92 (9Cr-1.8W-0.5Mo0-V-Nb) steels: 1) the temperature at 600°C,
stress range from 120MPa to 250MPa, lifetime from 5.1 h to 6.53634x10* h;
the temperature at 625°C, stress range from 100MPa to 160MPa, lifetime from
2.134x10%h to 3.35185x10%; the temperature at 650°C, stress range from
60MPa to 160MPa, lifetime from 1.05x10%h to 9.28452x10*h (NIMS, 2018); 2)
the temperature at 600°C, stress range from 110MPa to 185MPa, lifetime from
1x10%h to 2x10°h; the temperature at 650°C, stress range from 60MPa to
115MPa, lifetime from 1x10%h to 2x10°h, according to that reported in Yin et
al. (2006) (Xu et al., 2018b; Zheng et al., 2020).

(5) CB8 (10.86%Cr): the temperature at 600°C, stress range from 120MPa to
180MPa, lifetime from 2.8x10%h to 5.1406x10%h, cavity number density
between 3.75x10°um ™3 and 1.0625x10°um 3 (Gupta et al., 2013; Gupta et al.,
2015).

(6) MARBN-heat 1 cross-welds (Martensitic Boron—Nitrogen strengthened steel):
the temperature at 650°C, stress range from 70MPa to 130MPa, lifetime from
3.433x10°%h to 1.72x10%h, cavity number density between 2.95x10°um and
3.03x10°um3 (Schlacher, 2015; Zheng et al., 2020).

6.2 Function for cavity area fraction and the cavity size

distribution

Riedel (1987) present the generic theory of cavity area fraction along the grain
boundary. The function of cavity size distribution is shown in Equation 6.1.a. Some
authors developed and applied it in their work such as Xu et al. (2017a), Renversade et
al. (2014), and Sket et al. (2010):

1—q RB*1 )(aﬂ/)/(l—a)

N(R,t) = 52 RPLa+ (1- e (6.1.a)

where A1, Az, o, B, and y are material constants, which depend on stress. N(R,t) is the
number of cavitation.
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The growth rates of the cavity radius and nucleation rate are shown in Equation 6.2 and
Equation 6.3 respectively (Xu et al., 2017a; Renversade et al., 2014; Riedel, 1987; Sket
etal., 2010):

R=ARPt@ (6.2)

= Aty (6.3)
where the R is the non-stationary growth rate of the cavity radius, and J* is the
nucleation rate of the cavity.

The above Equations 6.2 and 6.3 can be used to calculate any experimental data for the
cavity nucleation and cavity growth models theoretically. The function of cavity size
distribution is a function about creep time when the cavity size distribution at creep
rupture time tr is shown as:

A 1-a RPH
N(R, tf) = A—jRBtfaﬂ/ (1 — ﬁAltf—l_a (6.1.b)

where ¢, 8, and y can use for the determination of the parameter’s values in the cavity
nucleation and cavity growth models.

>(a+y)/(1—a)

In this part, the values of ¢, 8, and y can be discussed and determined. The value of j is
close to 2 in the literature (Xu et al., 2017a; Renversade et al., 2014; Riedel, 1987; Sket
et al., 2010), which can agree with the constrained diffusional mechanism and controls
cavity growth. Renversade et al. (2014) describes f~ 2.1 + 0.3 for P91 and E911, while
Sket et al. (2010) reports £ = 2. In this chapter, the value of § = 2 is adopted. In the
literature (Riedel, 1987; Sket et al., 2010), the exponent (a + y)/(1 — a) = 200 and
the value of o and y suggests ~1 in the actual case. When a=1, Equation 6.1.b rewrites
to Equation 6.4.

Az
Ag

RPt*Yexp (— = RBH)

N(R' tf) - 1+ Ay

(6.4)

The value of y= 1 indicates the characteristic of the continuum cavity nucleation with
cavity constrained growth (Xu et al., 2017a; Sket et al., 2010). Xu et al. (2017a)
discussed and confirmed the value of y by comparing the prediction shape with the
experimental data for P91steel. When y = 1, the Equation 6.4 rewrites to Equation 6.5.a.

C RB+1
N(R,t;) = CiRPexp (- 217) (6.5.a)
where Cy, C is a material parameter, C; = %tflﬂ’ and C, = %.
1 1

The above Equation 6.5.a is declared in the literature and shown in Equation 6.5.b (Xu
etal., 2017a; Sket et al., 2010):
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CZRB+1)
1+p

f(R) = C,RPexp (- (6.5.b)

6.3 The calibration of cavity growth rate and nucleation rate

models for P91 and E911 steels

The following part is compared to the prediction curve with the experimental data by
confirming the values of a=1, =2, y=1. It indicates that the actual experimental data
is much denser, and only limited numbers can be obtained from the graph for
comparison.

6.3.1 Determination of model constants for P91 steel

This part describes that the values of A1, Az, C and to for the sample of P91 steel can be
calculated, which is based on two different methods. The forward approach is
summarised by the current author, which is based on Xu’s published journal paper (Xu
etal., 2017a). The second method has been independently devised by the current author
to find numerical answers. The author individually researched the two methods for P91
steel based on the same experimental data and then successfully using the second
method to another material for E911 steel.

6.3.1.1 The forward method

In this method, the time for the measurable minimum cavity size must be assumed by
a series of trial and error methods. The process for this part of work is taken from Xu
et al. (2017a, 2019) and Yang (2018):

Firstly, assuming the value of to, if tc=41.367h, R1=0.6pum and t=10200h, R>=2.4um,
respectively.

Secondly, integrating the above Equation 6.2 produced:

§R3 = Ant + C (6.6)

Equation 6.6 twice, deleting C is shown as:

A — R%_R%
1 3(Intg—Inty)

with the values of to, Ry, tr, and R calculated the value of A1=8.2358x10 um?/In(h).

(6.6.2)

Thirdly, the above Equation 6.6 is used with the values of A1, Rz, and tf to calculate the
value of C=-2.9938um?.

Finally, A: is substituted into the above Equation 6.4 with the leftmost point on the
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histogram (R1=0.6um, N (R, tf) =3800) giving:

N(Rl’tf)Al

2 = R12tg?exp (—2R1%/34;) (6.7.2)
or with the rightmost point on the histogram (R2=2.4um, N (R, tf) =1) giving:
A, NRatp)d (6.7.b)

- Rp2tg?exp (—2R2°%/344)
the value of A,=9.95x10°um>h=2.

Thus, the gradation of calculation is the value of to, A1, C and A>. In this method, only
one point from the histogram is taken for the determination of the constants. It is
reported that it is difficult to judge the best value for to when it is around 41 hours,
hence there is a small degree of inaccuracy and uncertainty. Figure 6.1 displays the
prediction curve by using Equation 6.4, which fits well with the experimental data.

® N (experiment) N(R, t) Yang
1.00E+04
1.00E+03
w
8
S 1.00E+02
B
=
1.00E+01
1.00E+00 ®
1 2 3 4 5 6 7 8 9
Equivalent Diameter(um)

Figure 6.1 The probability density function of cavity equivalent radius for P91 steel
by the forward method. Dots: experimental data from Renversade et al. (2014).

According to the values of to, A1, C and Az, the curve can be extended to include the
condition of the minimum diameter. The time is occurring before to. The following
Figure 6.2 displays the prediction curve, which includes the shape of the minimum
diameter.
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Figure 6.2 The prediction curve by the forward method for P91 steel, including the
condition of the minimum diameter. Dots: experimental data from Renversade et al.
(2014).

6.3.1.2 The second method

This method, which is called the backward method, is directly taken by two points from
the histogram, and the values of A; and Az can be used to solve the two simultaneous in
Equations 6.4. The process for this part of the work is from Zheng et al. (2020):

The first step is to choose the leftmost and rightmost points for calculation and
illustration, it is t=10200h, respectively, R1=0.6pum, N (R, tf) =3800 and R=2.4pm, N
(Rz, tf) =1.

The second step is to use Equation 6.4 with above choosing two points; the equations
concerning the values of A; and Az, which are shown as:

_ —-2R13+2R5°
_ N(Rq,tr)Aq
42 = R1%tp2exp (—2R1%/34;) (6.7.2)
or
Ay = — B2t (6.7.b)

Ry2tg?exp (—2R23/341)

The values of two points are substituted into Equation 6.8 to calculate the value of A=
8.2358x10tum?/In(h) and Equation 6.7.a or Equation 6.7.b with the value of A; used
to calculate the value of Ay= 9.95x10°um>h",
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The third step is to use the integrating Equation 6.6 with the values of A{, Rz, and t to
calculate the value of C=-2.9938um?.

The final step is to use the integrating Equation 6.6 with the values of integration
constant C, Ry and A; to calculate the value of to=41.367h.

Thus, the gradation of calculation is the value of A1, A2, C and to. Figure 6.3 displays
the prediction curve by using Equation 6.4 which fits well with the experimental data.

PO1

® N (experiment) — MR, t) My

Number of cavities

Figure 6.3 The probability density function of cavity equivalent radius for P91 steel
by the backward method. Dots: experimental data from Renversade et al. (2014).

Figures 6.1 and 6.3 show that the curves fit going through the first and last point because
these curves are based on these two points to calculate the values of A1 and A; et al.
This is not a constraint of the algorithm. For example, the line in Figure 6.8 is not going
through the first and last point but it also has got a nice curve. This curve fits better than
other curves that are based on another two points for P91 steel. It is not to say that
method gives too much weight to those two points. The method is that any two points
can be chosen, and the curve can go through these two points. However, whether the
curve goes through or near to any of the remaining points is the question. In other words,
the trend of the curve is the same as its experimental data and almost all points are
approaching the curve; this curve is based on these two points. The operation method
applies throughout the rest of the material in this thesis, for example, E911 and 316H
steels.

According to the values of A1, A2, C and to, the curve can be extended to include the
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state of the minimum diameter. The time occurs before to. The following Figure 6.4
displays the prediction curve, including the state of the minimum diameter.

P91
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Figure 6.4 The prediction curve, including the condition of the minimum diameter by

the backward method for P91 steel. Dots: experimental data from Renversade et al.
(2014).
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Figure 6.5 The comparison of the accuracy of the two methods for P91 steel. Dots:
experimental data from Renversade et al. (2014).

In Figure 6.5, the comparison of the two methods shows that both ways can produce
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accurate results and the difference between them is very small to the naked eye. The
backward method is better than the forward approach due to its directness for
determining A; and A..

To achieve the predicted curve fitting better with the experimental data than its original
curve, the current author put values on the errors from the input points, including plus
10%, minus 10%, 2" minus 10%, and 3™ minus 10%. The injecting values are shown
in Table 6.1 and its prediction curves are shown in Figure 6.6, respectively.

Table 6.1 The injecting values for P91 steel.
Injecting condition ~ Aj(um¥In(h)) A, (um>h?)

Original value 8.24x101 9.95x10°
Plus 10% 9.06x10* 1.09x10™*
Minus 10% 7.41x101 8.96x10°
2" minus 10% 6.67x101 8.06x10°
3 minus 10% 6x10* 7.2x10°
P91
® N (experiment) (R, 1t) My m— n|us 10%
m— minus 10% 2nd minus 10% 3rd minus 10%
1.00E+04
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Figure 6.6 Injecting plus 10%, minus10%, 2" minus 10%, and 3 minus 10% of the
errors from the input points for P91 steel. Dots: experimental data from Renversade et
al. (2014).

According to Figure 6.6, when minus 10% of the errors is from the input points, the
predicted curve will become a better fit with the experimental data than its original
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curve, but it cannot fit the middle diameter levels. The current author when adding
minus 10% as fixed values to the second injection, caused the predicted curve to fit
better with the experimental data than its first minus 10%. When the author continued
to inject the third minus 10%, the curve did not fit well with the experimental data.
Thus, the injecting is useful and the predicted curve of 2" minus 10% is the best fit
with the experimental data. The values of C and to can be calculated, respectively, C=-
1.55um?® and t=11.36528h in the 2" minus 10%. Then the curve can be extended to
the condition of the minimum diameter, which occurs before to. Figure 6.7 displays the
prediction curve, which includes the shape of the minimum diameter and its comparison
with the original curve.

P91

N (experiment) N(R, t) N(R, t) 2nd minus 10%
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Figure 6.7 The new prediction curves based on injecting 2"@ minus 10% of the errors
from the input points and including the condition of minimum diameter for P91 steel.
Dots: experimental data from Renversade et al. (2014).

Figure 6.7 shows that the prediction curve, including the condition of minimum
diameter, fits better with the experimental data than its original curve when 2" minus
10% of the errors from the input points is added.

According to the exercise for P91 steel, knowing the process for the applied cavitation

damage equation and how to calculate the values of A; and A, based on the forward
method require the development of a new calculated method.
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6.3.2 Determination of model constant for E911

This part describes that the values of A1, A2, C and to for the sample of E911 steel are
calculated based on the second (backward) method. The second method has been
independently devised to find the numerical answers by the author, which is from the
production of a journal paper (Zheng et al., 2020). It directly took two points from the
histogram, and the values of A; and A, can be used to solve the two simultaneous
Equations 6.4. The process for this part of the work is:

Firstly, choosing two points for calculation and illustration, it is t=37800h, respectively,
Ri=1.2um, N (R, tr) =195 and R;=4.75um, N (Rz, t;) =1.

Secondly, using the above Equation 6.8 with the values of two points solve the value
of A1= 8.76pm?/In(h), then according to Equation 6.7.a or Equation 6.7.b with the value
of A; calculate the value of A= 9.47x10"um=>h2,

Thirdly, using the integrating Equation 6.6 with the values of A1, Rz, and t calculate the
value of C=-56.607um?.

Finally, using the integrating Equation 6.6 with the values of integration constant C, Ry
and A calculate the value of to=645.62h.

Thus, the gradation of calculation is the value of A1, A2, C and to. As the values of A;
and Az can be calculated to C; and C, another method is used by Equation 6.5.b to
solve the value of C1=154In(h)/um® and C,=0.228In(h)/um?®. Figure 6.8 displays the
predicted curves by using Equation 6.1.b, Equation 6.4 and Equation 6.5.b, all of which
fit well with the experimental data, respectively, especially under a diameter bigger
than the value 2.4pum. The remaining experimental points under small diameter values
cannot be located in the curve. To solve this deficiency, the current author conducted
the values of optimisation to get a new curve, which is shown in Figure 6.10.

Figure 6.8 clearly shows that the three equations can produce accurate results. The
difference between the three curves is small to the naked eye. Thus, it reversely
conforms to the values of a=1, =2 and y=1.

Due to the values of A1, Ay, C and to, the curve can be extended to include the condition

of the minimum diameter. The time occurs before to. Figure 6.9 displays the prediction
curves, which includes the shape of the minimum diameter.
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Figure 6.8 No notice of a difference of the predicted probability density function of
cavity equivalent radius for E911. Dots: experimental data from Renversade et al.
(2014); curves produced by Equations 6.1.b, 6.4 and 6.5.b (Xu et al., 2018b; Zheng et

al., 2020).
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Figure 6.9 No notice of a difference of the predicted probability density function of
cavity equivalent radius including the condition of the minimum diameter for E911.
Dots: experimental data from Renversade et al. (2014); curves produced by Equations
6.1.b, 6.4 and 6.5.b.

In Figures 6.8 and 6.9, the curves did not fit well with the experimental data under small
diameters. To achieve a good fitting curve and values of optimisation, there are two
methods: the least square solution and radial basis function. The method of least square

solution was chosen, due to its state of belonging to the linear. The reason is that all the
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data and factors, which includes important predicted data, are available and satisfied in
this case. The specific operation is to obtain a set of values, which are the minimum
sum of square errors between the predicted data and the experimental data. After many
calculations such as increasing the value of f=2.4 and updating of the relative new
values of A1, A at the same time, it has set fixed values to add minus 1%, 2%, 3%, 4%
until the sum of square errors is the smallest in the set of minus 3%. The sets of values
are shown in Table 6.2 and the comparison of the two prediction curves is shown in
Figure 6.10.

Table 6.2 The values of the material parameter for E911.
After optimisation

Material parameter Values
values
A1 (um®/In(h)) 8.76 13.67
A, (um3h?) 9.47x107 1x10°
a 1 1
B 2 2.472
v 1 1
C -56.607 -79.7
to (h) 645.62 341.189
C; (In(h)/pm®) 154 104.52
C; (In(h)/pum?®) 0.228 0.146
E911
Experiment data N(R,t) new N(R,t)
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Figure 6.10 The predicted density function of cavity equivalent radius for E911. Dots:
experimental data from Renversade et al. (2014); curves produced by Equation 6.1.b
based on the original value and after the optimisation value, respectively.
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Table 6.3 Comparison of material coefficients for P91 and E911 steels (Zheng et al.,

2020).
Axial Internal . . Parameters
.. Temperature lifetime Parameters
Material C) stress  stress (h) A1 Ao ( m'3h'2)
(MPa)  (MPa) (um¥in(h)) 2 *
Po1 575 52.6 23.6 10200 8.24x101 9.95x10"
E911 600 48.9 17.7 37800 8.76 9.47x107

Based on the x-ray microtomography experimental data, the cavity nucleation and
cavity growth models for P91 and E911 steels have been calibrated. The comparison of
these coefficients for P91 and E911 steels is shown in Table 6.3. The E911 has a much
higher growth rate and a much slower nucleation rate than P91 steel.

6.4 The trend of creep lifetime coefficient U’ with stress levels

for P91 and P92

Riedel (1987) propose a generic mathematical formula for the creep cavitation damage.
This formula is based on creep cavity nucleation, growth, and coalescence. Xu et al.
(2017a) for the first derived a specific mathematical equation for a given nucleation
rate model and growth rate model. The current author individually repeats the research
method for P91 steel and successfully applied this method to another material for P92
steel. This method is based on the above Equations 6.1, 6.2 and 6.3. From this, the
cavity area fraction w can be obtained and is shown in Equation 6.9 (Xu et al., 201743,
2019; Zheng et al., 2020).

w = [TR*N(R,t)dR (6.9)

Substituting the value of a=1, =2, and y=1 into Equation 6.9, the cavity area fraction
w rewrites to the below:

2 2
w=n><§><3§ X US X A3 X Ay X t2 (6.10)

2 2
If U' = nx%x 35 X U° X A3 X A,
w=U"Xxt? (6.11)
when w attains a critical value, this occurs at rupture time. The w rewrites to ws, and the
t rewrites to t.

wp = U’ X t? (6.12)

In discussing the relationship of U’ with the stress, the value of ws needs to be
determined first. According to Riedel (1987), the critical value ws can be assumed to be
the rt/4. In this chapter, this value was adopted.
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6.4.1 The value of coefficient U’ for P91 steel

The experiment is based on the NIMS creep data sheet at creep rupture time under
different stress levels and temperatures for P91 steel. The value of U’ was calculated
and is displayed in Tables 6.4 and 6.5.

Table 6.4 The value of U’ at 600°C for P91 steel (Xu et al., 2017a; Yang, 2018).

Stress (MPa) Rupture time (h) U' (h?)
70 80736.8 1.20489x10°%°
100 34141 6.7381x1010
110 21206.3 1.74647x10°°
120 12858.6 4.7501x10°
140 3414.7 6.73573x10°®
160 971.2 8.32669x107

Table 6.5 The value of U’ at 625°C for P91 steel (Xu et al., 2017a; Yang, 2018).

Stress (MPa)  Rupture time (h) U'(h?)
90 21372.4 1.71943x10°°
100 9895.4 8.0209x107°
120 1657.9 2.85741x1077
140 399 4.93337x10°®
PO1

U' (P91 at 600°C)  =#=U'(P91 at 625°C)
1.00E-03
1.00E-04
1.00E-05

1.00E-06

U, h?

1.00E-07
1.00E-08
1.00E-09

1.00E-10
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Stress, MPa

Figure 6.11 The trend of the values of U’ under different stress and temperature for
P91 steel (Xu et al., 2017a; Yang, 2018).

Figure 6.11 shows an apparent trend concerning creep rupture time coefficient U’ with
different stress for P91 steel. In addition, it can provide much more stable scientific
findings.
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6.4.2 The value of coefficient U’ for P92 steel

The experiment is based on the NIMS creep data sheet at creep rupture time under
different stress levels and temperatures for P92 steel. The value of U’ was calculated
and is summarised in Tables 6.6, 6.7 and 6.8.

Table 6.6 The value of U’ at 600°C for P92 steel (Xu et al., 2018b; Zheng et al.,

2020).

Stress (MPa)  Rupture time (h) U' (h?)
120 65363.4 1.84x10%0
130 39539.9 5.02x101°
140 25944.6 1.17x107°
160 8219.9 1.16x10®
180 1740.7 2.59x107
190 613.4 2.09x10°®
210 112.6 6.19x10°
230 19.9 1.98x10°3
250 5.1 3.02x102

Table 6.7 The value of U’ at 625°C for P92 steel (Zheng et al., 2020).

Stress (MPa) Rupture time (h) U' (h?)
100 33518.5 6.9907x10°
110 17530 2.5558x107°
130 3886.1 5.2007x10°8
140 1458.2 3.69365x1077
160 2134 1.72465%x10°

Table 6.8 The value of U’ at 650°C for P92 steel (Xu et al., 2018b; Zheng et al.,

2020).

Stress (MPa) Rupture time (h) U' (h?)
60 92845.2 9.11x10*
70 50871.2 3.03x101%°
80 21717.1 1.67x107°
90 10001.9 7.85x107°
100 3738.7 5.62x10°
110 1689.1 2.75x107
130 194 2.09x10°
140 66 1.8x10*
160 10.5 7.12x10°3
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Figure 6.12 The trend of the values of U’ under different stress and temperature for
P92 steel (Zheng et al., 2020).

Figure 6.12 shows an apparent trend concerning creep rupture time coefficient U’ with
different stress for P92 steel. This can provide more stable scientific findings.

The current author wanted to verify the scientific and rationale of the trend. The relevant
data were collected by reading the published graph under different stress levels at 600°C
and 650°C for P92 steel as in Yin (2006). The value of U’ was calculated and
summarised in Tables 6.9 and 6.10. The trend is shown in Figure 6.13.

Table 6.9 The value of U’ at 600°C for P92 steel (Zheng et al., 2020).

Stress (MPa)  Rupture time (h) U' (h?)
110 200000 1.9635x101!
115 95000 8.70247x101!
120 65000 1.85893x107%°
135 30000 8.72665%x1071°
150 10000 7.85398x107°
170 3000 8.72665x108
185 1000 7.85398x1077

Table 6.10 The value of U’ at 650°C for P92 steel (Zheng et al., 2020).

Stress (MPa)  Rupture time (h) U'(h?)
60 200000 1.9635x10!
65 95000 8.70247x1011
70 65000 1.85893x10%°
80 30000 8.72665x101°
90 10000 7.85398x107°
105 3000 8.72665x10®
115 1000 7.85398x1077
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Figure 6.13 The trend of the values of U’ under different stress and temperature for
P92 steel (Xu et al., 2018b; Zheng et al., 2020).
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Figure 6.14 Comparison of U’ with experimental data (NIMS, 2018; Yin, 2006) for
P92 steel (Xu et al., 2018b; Zheng et al., 2020).

In Figure 6.14, although experimental data is based on NIMS (2018) and Yin (2006),
respectively, the two groups of trend results are the same at 600°C and 650°C. Hence,
it provides a scientifically sound and novel method for a predicted lifetime. The detailed
prediction method is introduced in Chapter 7.
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6.5 The trend of cavity nucleation rate coefficient 4> under

different stress for CB8 and MARBN

If assuming the cavity nucleation rate coefficient A, is dependent on the stress in
Equation 6.3; simplification is simply no incubation time. Integrating Equation 6.3 with
y=1 shows (Xu et al., 2017a; Zheng et al., 2020):

] =5 At? (6.13)

where J is the number density of cavities.

To investigate the dependence between coefficient A;and stress, the set of 3D cavitation
data are available and referenced by X-ray microtomography technology. Xu et al.
(2017a) found experimental data on the number density of cavities at failure for CB8
and researched their relationship. The current author individually repeats this to
investigate the relationship and successful application of this method to another
material for MARBN.

6.5.1 The value of 4, for CB8

The number density of cavities at failure for CB8 under over stress levels from 120MPa
to 180MPa are available (Gupta et al., 2015). The relevant data is extracted from
reading the published graph and table. Using the experimental data, the calculated value
of A2 under different stress is summarised in Table 6.11 and its trend is shown in Figure
6.15.

Table 6.11 The number of cavities at failure and the individual value of A, under
different stress for CB8.

Stress Lifetime  The number density of cavities

(MPa) (h) (105um’) A, (um3h2)
120 51406 1.0625 8.04139x10°1°
135 29466 0.6376 1.46871x10°
150 15316 0.475 4.04979x10°°
165 6779 0.45 1.95844x10®
180 2825 0.375 9.39776x10®
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Figure 6.15 The trend of cavity nucleation rate coefficient A2 under different stress for
CB8 (Xu et al., 2017a; Yang, 2018).

From Figure 6.15, A2 only reduces slightly with stress under below 150MPa.

6.5.2 The value of 4, for MARBN

Fortunately, another set of 3D cavity experimental data was found by the current author.
The number density of cavities for MARBN-heat 1 cross-welds under different stress
from 70MPa to 130MPa at rupture time is available (Schlacher, 2015; Gupta et al.,
2015). The relevant data was extracted from reading the published graph and table. The
experimental data was used to calculate the value of A; under different stress levels and
is summarised in Table 6.12 with its trend shown in Figure 6.16.

Table 6.12 The number of cavities at rupture time and the individual value of Az under
different stress for MARBN (Zheng et al., 2020).

Stress o . . 5 3 314-2
(MPa) Lifetime (h)  The number density of cavities (10°um3) A, (um™h™)
70 17200 3.03 2.05x108
80 12981 6.95 8.25x108
100 8682 7.33 1.94x107
130 3433 2.95 5.01x107
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Figure 6.16 The trend of cavity nucleation rate coefficient A2 under different stress for
MARBN (Zheng et al., 2020).

6.6 Summary

In this chapter, further application of the creep cavitation damage equation on more
steel is achieved. The theory is based on the creep fracture model at the grain boundary.
A scientifically sound method is based on cavity growth and cavity nucleation.
Therefore, the current author is only the second person to apply the creep cavitation
damage equation and experimental data produced by the 3D X-ray microtomography
technology. The simple method which allows lifetime prediction was proposed for
example that the traditional creep damage equation is based on the creep strain; this
method is not accurate. The detailed prediction method is introduced in Chapter 7.
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Chapter 7 Creep rupture modelling for P92 steel

7.1 Introduction

Creep cavitation at grain boundary is a significant rupture mechanism for P92 steel.
This chapter describes the methodology of creep lifetime modelling based on creep
cavitation at the grain boundary. The derived equation is generally applicable to a wide
range of stress, and it does not depend on creep strain or creep strain rate. The
relationship between U’ and stress for P91 steel was first reported as a trend curve by
Xu (2018a)and Xu et al. (2019). The current author confirms a “novel hyperbolic sine
law” equation and applies it for P92 steel at 600°C and 650°C respectively. The creep
data was again from NIMS (2018).

The outline for the research in this chapter is as follows:

(1) The relationship between coefficient U’ and stress to develop the modelling and
determine the material parameters is determined.

(2) The relationship between stress and rupture time to develop the modelling and
determine the relative material parameters A1, and Bs is determined.

(3) The relationship between minimum strain rate with rupture time to calculate the
material parameters is outlined.

(4) The relationship between coefficient U’ and minimum strain rate is determined.

Therefore, the main objective is to develop and apply a creep cavitation rupture
modelling for P92 steel in this chapter.

The experiment data for this chapter includes:

(1) ASME Grade 92 (9Cr-1.8W-0.5Mo-V-Nb) steels: 1) the temperature at 600°C,
stress range from 120MPa to 250MPa, minimum creep rate between 1.81E-5h
tand 9.96E-1h, lifetime from 5.1h to 65363.4h; 2) the temperature at 650°C,
stress range from 60MPa to 160MPa, minimum creep rate between 2.93E-5h
and 5.6E-1h, lifetime from 10.5h to 92845.2h (NIMS, 2018; Zheng et al.,
2020).

7.2 The relationship between coefficient U’ and stress

The value of coefficient U’ was calculated in section 7.2. The experimental data is
based on the NIMS creep data sheet at creep rupture time under different stress levels
and temperature. This section reports the relationship between coefficient U’ over a
wide range of stress status, especially for low stress levels.
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The current author proposes a “novel hyperbolic sine law” that is the same format as
that in Equation 5.1. Equation 5.1 is discussed in terms of the relationship between the
minimum creep strain rate and stress, but this equation now investigates the relationship
between the coefficient U’ and stress. The equation is shown below:

where A; and B: are material parameters, and q is stress exponent.

The “novel hyperbolic sine law” successfully applied to P92 steel at 600°C and 650°C,
and the values of these material parameters are summarised in Tables 7.1 and 7.2,
respectively.

Table 7.1 Material parameters based on the “novel hyperbolic sine law” at 600°C for

P92 steel.
Material
Az (h? B: (MPa?
parameter 1 () 1 ) g
Value 1.55%x1012 4.00x10* 2

The current author calibrated the values of material parameters at 600°C for P92 steel
and the corresponding modelling result is shown in Figure 7.1.

P92(600°C)
U'(wf) U'(sine)
1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.00E-06
1.00E-07
1.00E-08
1.00E-09
1.00E-10
1.00E-11
1.00E-12
5.00E+01 5.00E+02
Stress, MPa

h?

Figure 7.1 The predicted curve of the “novel hyperbolic sine law” compared with
experimental data at 600°C for P92 steel (the relationship between U’ and stress,
U’(wf) is experimental data).

The comparison of “novel hyperbolic sine law” with their experimental data at 600°C
for P92 steel is shown in Figure 7.1. The coefficient U’ predicted by the “novel
hyperbolic sine law” fits very well with the experimental data under a wide range of
stress, and therefore a favourable agreement was achieved with our expected results.
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Table 7.2 Material parameters based on the “novel hyperbolic sine law” at 650°C for

P92 steel.
Material
Az (h?2 B; (MPa?
parameter 1 (07 1 ( ) g
Value 1.10x101 8.75x10* 2

The current author again calibrated the values of material parameters at 600°C for P92
steel and the resulting modelling obtained is shown in Figure 7.2.

P92(650°C)

U'(wf) U'(sine)

1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
=) 1.00E-06
1.00E-07
1.00E-08
1.00E-09
1.00E-10
1.00E-11
3.00E+01 3.00E+02
Stress, MPa

,h?

Figure 7.2 The predicted curve of the “novel hyperbolic sine law” compared with
experimental data at 650 °C for P92 steel (the relationship between U’ and stress,
U’ (wf) is experimental data).

Figure 7.2 shows the comparison of “novel hyperbolic sine law” with their experimental
data at 650°C for P92 steel. The coefficient U’ predicted by the “novel hyperbolic sine
law” fits well with the experimental data under a wide range of stress, and therefore a
favourable agreement was again achieved.

7.3 The relationship between stress and lifetime

According to Samuel et al. (2013) and Sakthivel et al. (2015), the relationship between
stress and lifetime are shown in the following Equation 7.2:

tr=Ac™" (7.2)
where A is material parameters, and n is stress exponent.

Almost all researchers now believe that the above Equation 7.2 can show the
relationship between stress and lifetime. which is based on the function of the power
law. The current author used this method to determine the values of A and stress
exponent n at 600°C for P92 steel, which is shown in Table 7.3.
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Table 7.3 Material parameters at 600°C for P92 steel.

Material .
parameter
Value 1x10%6 14.72

The current author again calibrated the values of material parameters at 600°C for P92
steel and the modelling result is shown in Figure 7.3.

PS2(600°C)
Experiment time t
3.00E+02
2.50E+02
2.00E+02

1.50E+02

Stress (MPa)

1.00E+02

5.00E+01
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06
Time (h)

Figure 7.3 The predicted curve of the traditional Equation 7.2 compared with
experimental data at 600°C for P92 steel (the relationship between rupture time and
stress). Dots: experimental data from NIMS (2018).

In Figure 7.3, the above Equation 7.2 cannot be fitted well against the experimental
data at 600°C for P92 steel, and primarily, the trend cannot be satisfied under low
stresses and over long time periods.

Samuel et al. (2013) reported the values of stress exponent n in two regions at 650°C
for P92 steel (as shown in Figure 2.13 in Chapter 2). The current author also used the
above method to determine the values of A which are summarised in Table 7.4.

Table 7.4 Material parameters at 650°C for P92 steel.

Material
parameter A n o (MPa)
Value 7x10%! 3.9 <80

6.80x10? 9.7 >80

The current author calibrated the values of A and adopted the values of n from Samuel
et al. (2013) into two regions at 650°C for P92 steel and the modelling result is shown
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in Figure 7.4.

P92(650°C)

Experiment time(h) t

1.00E+06
1.00E+05
1.00E+04

1.00E+03

Time (h)

1.00E+02
1.00E+01

1.00E+00
20 40 60 80 100 120 140 160 180 200

Stress (MPa)

Figure 7.4 The prediction of the traditional Equation 7.2 compared with experimental
data at 650°C for P92 steel (the relationship between rupture time and stress). Dots:
experimental data from NIMS (2018).

In Figure 7.4, Equation 7.2 also cannot be fitted well against the experimental data at
two regions at 650°C for P92 steel. Mainly, the trend cannot be satisfied under low
stresses and over long time periods.

The above Equation 7.2 also cannot accurately be used to show the relationship between
stress and lifetime in Figure 7.3 and Figure 7.4. Thus, the current author based
Equation 6.12 and Equation 7.1 together to get a “novel hyperbolic sine law”, and the
resulting Equation 7.3 to show its relationship, which is as follows:

wp =U' x tf (6.12)
U' = A;sinh(B,09) (7.1)
tr = (W;/(Aysinh(B;0))@ (7.3)

When the current author used the “novel hyperbolic sine law” with the values of Ay,
B: and g which are shown in Table 7.1 at 600°C for P92 steel, the modelling result
obtained is displayed in Figure 7.5. The results showing a comparison of the two
equations is displayed in Figure 7.6.
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Figure 7.5 The predicted curve of the “novel hyperbolic sine law” at 600°C for P92
steel (the relationship between rupture time and stress). Dots: experimental data from
NIMS (2018).

P92(600°C)
® Experiment time  set(sine) t

3.00E+02

2.50E+02 =0
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Time (h)

Stress (MPa)

Figure 7.6 The predicted curves compared with experimental data at 600°C for P92
steel.

Figure 7.6 shows curves fitting with the experimental data generated by Equation 7.2
and Equation 7.3, respectively. The “novel hyperbolic sine law” Equation 7.3 can
therefore work very well with the experimental data at 600°C for P92 steel, and
importantly, the trend can satisfy under low stress and over long time periods.

The current author also used the “novel hyperbolic sine law” with the values of Ay, By

and g shown in Table 7.2 at 650°C for P92 steel, the modelling result is displayed in
Figure 7.7 and a comparison of the two equations’ results are shown in Figure 7.8.
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Figure 7.7 The predicted curve of the “novel hyperbolic sine law” compared with
experimental data at 650°C for P92 steel (the relationship between rupture time and
stress). Dots: experimental data from NIMS (2018).
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Figure 7.8 The predicted curves compared with experimental data at 650°C for P92
steel.

Figure 7.8 shows curves fitting with the experimental data formed by Equation 7.2 and
Equation 7.3, respectively. The “novel hyperbolic sine law” (Equation 7.3) works very
well with the experimental data at 650°C for P92 steel, and importantly, the trend can
satisfy under low stresses and over long time periods. Equation 7.2 cannot be fitted well
against the experimental data even if is divided into two regions.
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7.4 The relationship between minimum strain rate and

lifetime

The relationship between minimum strain rate and rupture time is reported by the
Monkman-Grant (M-G) equation as reported in Monkman et al. (1956), Sakthivel et al.
(2015), Panait (2010a), Sundararajan (1989), and Kvapilova et al. (2013):

. Cc
Emin = (%) 1/m (7-4)

where &, 1S the minimum creep rate, tr is the rupture time, m is the constant and
close to unity, Cycr the is Monkman-Grant (M-G) constant. The constant of m and
Cucr are independent of the test temperature and applied stress.

The above Equation 7.4 is based on the empirical model. The current author used the
equation to determine the values of m and Cycr at 600°C for P92 steel, and it gives
the data listed in Table 7.5. The modelling result is shown in Figure 7.9.

Table 7.5 Material parameters based on the Monkman-Grant (M-G) equation at
600°C for P92 steel.
Material
parameter
Value 8.2 8.227x10%

MGR m

P92(600°C)
Experiment time M-G equation (t sine)
1.00E+06
1.00E+05
1.00E+04

1.00E+03

Time (h)

1.00E+02
1.00E+01

1.00E+00
1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01

Minimum strain rate (1/h)

Figure 7.9 The predicted curve of the M-G equation compared with experimental data
at 600°C for P92 steel (the relationship between the minimum strain rate and rupture
time).

Figure 7.9 shows that the is Monkman-Grant (M-G) equation fits well with the
experimental data at 600°C for P92 steel. Importantly, the trend can be satisfied under
the condition of low stresses and over long time periods. In addition, the confirmation
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of the Monkman-Grant (M-G) equation means it is also suitable for our modelling.

When the current author used Equation 7.4 to determine the values of mand Cy;z for
P92 steel at 650°C, the values obtained are given in Table 7.6, and the modelling result
is displayed in Figure 7.10.

Table 7.6 Material parameters based on the Monkman-Grant (M-G) equation at
650°C for P92 steel.
Material
parameter
Value 6.02 9.24x10%1

MGR m

P92(650°C)
Experiment time(h) M-G equation (t sine)
1.00E+06
1.00E+05
1.00E+04

1.00E+03

Time (h)

1.00E+02
1.00E+01

1.00E+00
1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01

Minimum strain rate (1/h)

Figure 7.10 The predicted curve of the M-G equation compared with experimental
data at 650°C for P92 steel (the relationship between minimum strain rate and rupture
time).

Figure 7.10 shows that the Monkman-Grant (M-G) equation fits well with the
experimental data at 650°C for P92 steel. Importantly, the trend can be satisfied under
the condition of low stresses and over long time periods. In addition, the confirmation
of the Monkman-Grant (M-G) equation means that it is suitable for our modelling.

7.5 The relationship between coefficient U’ and minimum

strain rate

In order to research the relationship between coefficient U’ and minimum strain rate,
the current author based Equation 6.12 and Equation 7.4 together to get a new Equation
7.5 in order to show its relationship. This gives as follows:

wr = U’ X t} (6.12)
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. C
Emin = (%)1/m (7-4)
. C
Emin = (M—GR(g) 1/m (7-5)
(Wgjuntz

When the current author used the new equation with the values of Cy;zx and m shown
in Tables 7.5 and 7.6 at 600°C and 650°C for P92 steel, respectively, the modelling
results obtained are displayed in Figures 7.11 and 7.12.
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Figure 7.11. The predicted curve of the new equation compared with experimental
data at 600°C for P92 steel (the relationship between U’ and minimum strain rate).
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Figure 7.12 The predicted curve of the new equation compared with experimental
data at 650°C for P92 steel (the relationship between U’ and minimum strain rate).

Figures 7.11 and 7.12 show that the curves produced from Equation 7.5 can both fit

well with its experimental data at 600°C and 650°C for P92 steel. In addition, its
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confirmation of the relationship between coefficient U’ and minimum creep rate exists
as the linear connection, and that this can verify that the values of Cyczr and U’ are
accurate in the previous equation.

7.6 Summary

This chapter introduces the discussion on the relationship between coefficient U’, stress,
rupture time, and minimum strain rate and the described methodology used for
developing creep rupture modelling. The creep cavitation rupture modelling was based
on the NIMS (2018) data sheet at 600°C and 650°C for P92 steel, respectively. The
achievement of the derived Equation 7.3 confirmed that an equation related to sine law
and applied at a wide range of stress was the next objective to develop a creep cavitation
equation in Chapter 6. Predicting the component lifetime under low stress and over a
long time period was more accurate than the traditional Equation 7.2, and it also
confirmed that the rupture modelling along the grain boundary is dependent on applied
stress and tested temperature, not on the creep strain rate.
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Chapter 8 Calibration of creep cavitation model
for 316H steel

8.1 Introduction

316H steel has been widely used in the power generation industry during the past ten
years. The creep rupture of 316H steel is considered a major problem within the
industry. A series of 3D cavitation data set for 316H steel was generated and published
within the past two years, but no one has yet developed a creep cavitation model for
this steel. The current author has successfully applied a creep cavitation equation on
E911 steel (as outlined in Chapter 6). In order to achieve the development of a creep
cavitation model for this steel and then observe the changing coefficients of cavity
growth and cavity nucleation over time, the current author uses the empirical values of
exponent «, f, and y to calibrate the curve. These values have not investigated or
published before, meaning that the curves do not fit well with their corresponding
experimental points in this chapter. According to the conclusion of E911 steel, these
curves can be optimised by decreasing the value of . Thus, this chapter aims to develop
a creep cavitation model for 316H steel. A creep cavitation model was calibrated for
316H steel at 675°C under 150MPa and 550°C under 320MPa, respectively. The second
set of experimental data was subjected to a plastic 8% pre-strain. Jazaeri et al. (2019)
reported that using two sets of experimental data is aimed to examine the effects of pre-
strain on the creep damage formation and represented its current and future operation
in the power plant. Two sets of experimental data were achieved for the development
of the creep cavitation model and to further apply the creep cavitation equation for other
high Cr steel. The effects of pre-strain on the creep damage formation were not
considered in this chapter.

The process of work for this chapter is based on two parts as follows:

(1) The cavity nucleation and cavity growth model used to develop a creep
cavitation model at different stages of creep lifetime.

(2) The values of material parameters at rupture time used to research the process
of W, J, R, R rate with time.

Thus, the main objective is to develop and calibrate a creep cavitation model at different
stages of creep lifetime for 316H steel.

The experimental data for this chapter includes:
(1) The temperature at 675°C, creep time 381h, stress 150MPa (Jazaeri et al., 2019).

(2) The temperature at 550°C, creep time 1287h, stress 320MPa, after 8% pre-strain
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(Jazaeri et al., 2019).

8.2 The calculation of model constant at 675°C

This part, based on a theory outlined in section 6.2 and the method described in section
6.3, aimed to develop a creep cavitation model at different stages of creep lifetime,
including settings at 18% lifetime, 30% lifetime, 67.5% lifetime, and rupture time.
There is no published data covering, for example, 85% lifetime or anywhere else very
close to the rupture time; it is important to have results at times periods close to the
failure. If there are further data available, the model can be updated. The account
percent cannot easily be controlled because of unknown rupture time during the testing.
The creep strain contains primary, secondary and tertiary regimes.

8.2.1 Determination of model constant at rupture time

The specimen ID number and rupture time are 11d1 and 381h, respectively. Equation
6.1 is combined with the backward method and used to calculate the values of A; and
Az, where the exponent (e +7vy)/(1—«a) = 200, a=1, =2, y=1. In achieving the
predicted curve that can fit all experimental points, the values of A; and A, are
continuously modified until it appears as the best curve in Figure 8.1 at present. The
values of A1, Az, C, and to are shown in Table 8.1. The experimental data and the
prediction curve of the cavitation model are shown in Figure 8.1, where the extracted
curve includes the condition of minimum diameters.

Table 8.1 The constant at rupture time.
Model constant A; (nm¥/In(h)) A (nm3h?) ¢ (nmd) to (h)
Value 4x10° 1.15x10*  116853.8 2.0548x107"3
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Figure 8.1 The predicted probability density function of cavity equivalent radius at
rupture time for 316H, including the condition of the minimum diameter. Dots:
experimental data from Jazaeri et al. (2019).

Figure 8.1 shows the calibration of the creep cavitation model for 316H steel at rupture
time, in which the prediction curve is not fitting well against the experimental data.
However, the trend of the curve is identical to the experiment. This result is acceptable
both in the initial stage to develop a cavitation model for 316H steel and before the
optimisation stage.

8.2.2 Determination of model constant at 67.5% lifetime

The specimen ID number and time are 12d1 and 257h, respectively. Equation 6.1is
combined with the backward method is used to calculate the values of A1 and A2, where
the exponent (a +y)/(1 — a) = 200, o=1, =2, y=1. In achieving the predicted curve
that can fit all experimental points, the values of A1 and A are continuously modified
until it appears to be the best curve in Figure 8.2 at present. The values of A; and A; are
shown in Table 8.2. The experimental data and the prediction curve of the cavitation
model are shown in Figure 8.2, where the extracted curve includes the condition of
minimum diameters.

Table 8.2 The constant at 67.5% lifetime.
Model constant A; (nm¥/In(h)) A, (nm>h?)
Value 3.9x103 2.3x10%4
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Figure 8.2 The predicted probability density function of cavity equivalent radius at
67.5% lifetime for 316H, including the condition of the minimum diameter. Dots:
experimental data from Jazaeri et al. (2019).

Figure 8.2 shows the calibration of the creep cavitation model for 316H steel at 67.5%
lifetime, in which the prediction curve is not fitting well against the experimental data.
However, the trend of the curve is identical to the experimental data. This result is
satisfying both in the initial stage to develop a cavitation model for 316H steel and
before the optimisation stage.

8.2.3 Determination of model constant at 30% lifetime

The specimen ID number and time are 13d1 and 114h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.3 at present. The values of A; and
A are shown in Table 8.3. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.3, where the extracted curve includes the
condition of minimum diameters.

Table 8.3 The constant at 30% lifetime.
Model constant A; (nm¥/In(h)) A, (nm3h2)
Value 3.95x103 1.15x10%3
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Figure 8.3 The predicted probability density function of cavity equivalent radius at
30% lifetime for 316H, including the condition of the minimum diameter. Dots:
experimental data from Jazaeri et al. (2019).

Figure 8.3 shows the calibration of the creep cavitation model for 316H steel at 30%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

8.2.4 Determination of model constant at 18% lifetime

The specimen ID number and time are 14d1 and 69h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.4 at present. The values of A; and
A are shown in Table 8.4. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.4, where the extracted curve includes the
condition of minimum diameters.

Table 8.4 The constant at 18% lifetime.
Model constant A; (nm¥/In(h)) A, (nm=3h2)
Value 1.42x10° 3.15x1013
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Figure 8.4 The predicted probability density function of cavity equivalent radius at
18% lifetime for 316H, including the condition of the minimum diameter. Dots:
experimental data from Jazaeri et al. (2019).

Figure 8.4 shows the calibration of the creep cavitation model for 316H steel at 18%
lifetime, in which the prediction curve is not fitting very well against the experimental
data. However, the trend of the curve is identical to the experimental data. This result
is satisfying both in the initial stage to develop a cavitation model for 316H steel and
before the optimisation stage.

Thus, a creep cavitation model was developed for 316H at 675°C under 150MPa. The
creep cavitation model at different stages of creep lifetime is shown in Figure 8.5.
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Figure 8.5 The prediction curve of the creep cavitation model and their experimental
data at different stages of creep lifetime under 150MPa.

Figure 8.5 shows the calibration of the creep cavitation model for 316H steel at different
stages of creep lifetime under 150MPa, in which the prediction curves are not fitting
very well against the experimental data at different stages. However, the trend of the
curve is identical to the experimental data. This result is satisfying both in the initial
stage to develop a cavitation model for 316H steel and before the optimisation stage.
An unaffected observation in the trend of coefficient Az, A2 is changed with time.

The model constants for the creep cavitation model are summarised in Table 8.5 and its
trend of A; and A, with time is shown in Figure 8.6.

Table 8.5 The model constants under 150MPa.

Sample ID time (h) time/lifetime (%) (nm?’?lln(h)) A; (nm3h?)
14D1 69 18% 1.42x103 3.15x10%3
13D1 114 30% 3.95x103 1.15x10%3
12D1 257 67.50% 3.9x10° 2.3x1013
11D1 381 100% 4x10° 1.15x10%
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Figure 8.6 The trend of the coefficient: 1) Az; 2) A2 with time under 150MPa.

From Table 8.5 and Figure 8.6, the model indicates that the cavity growth rate is
increasing by 181.69% while the nucleation rate is decreasing 96.35% during the
lifetime. The parameter of the first point is significantly affected because some original
voids have been brought into the sample during the production process, and as a result,
the accuracy of the first point in the calculated parameters can be affected by these
voids. This is one reason for the great change in the first parameter in Figure 8.6. The
non-coalesced voids is another reason for changing the coefficient values. The
application of the developed cavitation model indicates the characteristics of creep
lifetime.

Based on Equation 6.11 with the values of A1 and Az. The change of U over a lifetime
is shown in Figure 8.7.
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Figure 8.7. The trend of U over lifetime under 150MPa.

The creep cavitation lifetime coefficient U' is decreasing 89.75% from 30% lifetime to
rupture time in Figure 8.7. The change of U' over a lifetime is useful.

8.3 The calculation of model constant at 550°C (after 8% pre-

strain)

This section, based on the theory outlined in section 6.2 and a method described in
section 6.3, seeks to develop a creep cavitation model at different stages of creep
lifetime, including stages at 1% lifetime, 10% lifetime, 22% lifetime, 55% lifetime, 90%
lifetime and rupture time. The creep strain contains primary, secondary and tertiary
regimes.

8.3.1 Determination of model constant at rupture time (after 8% pre-

strain)

The specimen ID number and rupture time are 3d1 and 1287h, respectively. Equation
6.1 is combined with the backward method and used to calculate the values of A; and
Az, where the exponent (e +vy)/(1—a) = 200, a=1, =2, y=1. In achieving the
predicted curve that can fit all experimental points, the values of A; and A, are
continuously modified until it appears the best curve in Figure 8.8 at present. The values
of Ar and A; are shown in Table 8.6. The experimental data and the prediction curve of
the cavitation model are shown in Figure 8.8, where the extracted curve includes the
condition of minimum diameters.
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Table 8.6 The constant at rupture time (after 8% pre-strain).

Model constant A (nm¥In(h)) A, (nm3h?) C to (h)
Value 2.4x10° 7.8x10°% 15859.70839  1.99955x10%
316H
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Figure 8.8 The predicted probability density function of cavity equivalent radius at
rupture time for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.8 shows the calibration of the creep cavitation model for 316H steel at rupture
time, in which the prediction curve is not fitting very well against the experimental data.
However, the trend of the curve is identical to the experimental data. This result is
satisfying both in the initial stage to develop a cavitation model for 316H steel and
before the optimisation stage.

8.3.2 Determination of model constant at 90% lifetime

The specimen ID number and time are 2d1 and 1158h, respectively. Equation 6.1is
combined with the backward method and used to calculate the values of A; and A,
where the exponent (¢ +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A; and A, are continuously
modified until it appears the best curve in Figure 8.9 at present. The values of A; and
A, are shown in Table 8.7. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.9, where the extracted curve includes the
condition of minimum diameters.

Table 8.7 The constant at 90% lifetime (after 8% pre-strain).

Model constant A; (nm¥/In(h)) A, (nm=3h2)
Value 2.25x10? 8.40x10™"°
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Figure 8.9 The predicted probability density function of cavity equivalent radius at
90% lifetime for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.9 shows the calibration of the creep cavitation model for 316H steel at 90%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

8.3.3 Determination of model constant at 55% lifetime

The specimen ID number and time are 6d1 and 708h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +7vy)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.10 at present. The values of A; and
A, are shown in Table 8.8. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.10, where the extracted curve includes the
condition of minimum diameters.

Table 8.8 The constant at 55% lifetime (after 8% pre-strain).
Model constant A; (nm®¥/In(h)) A, (nm=3h2)
Value 2.6x102 7.6x10"%°
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Figure 8.10 The predicted probability density function of cavity equivalent radius at
55% lifetime for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.10 shows the calibration of the creep cavitation model for 316H steel at 55%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

8.3.4 Determination of model constant at 22% lifetime

The specimen ID number and time are 10d1 and 283h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.11 at present. The values of A; and
A are shown in Table 8.9. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.11, where the extracted curve includes the
condition of minimum diameters.

Table 8.9 The constant at 22% lifetime (after 8% pre-strain).
Model constant A; (nm®¥/In(h)) A, (nm3h2)
Value 2.2x10% 3x10
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Figure 8.11 The predicted probability density function of cavity equivalent radius at
22% lifetime for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.11 shows the calibration of the creep cavitation model for 316H steel at 22%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

8.3.5 Determination of model constant at 10% lifetime

The specimen ID number and time are 9d1 and 129h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.12 at present. The values of A; and
A are shown in Table 8.10. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.12, where the extracted curve includes the
condition of minimum diameters.

Table 8.10 The constant at 10% lifetime (after 8% pre-strain).
Model constant A; (nm¥/In(h)) A; (nm3h?)
Value 2.2x10% 1.6x10"3
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Figure 8.12 The predicted probability density function of cavity equivalent radius at
10% lifetime for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.12 shows the calibration of the creep cavitation model for 316H steel at 10%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

8.3.6 Determination of model constant at 1% lifetime

The specimen ID number and time are 5d1 and 13h, respectively. Equation 6.1 is
combined with the backward method and used to calculate the values of A; and Ao,
where the exponent (a +y)/(1 — @) = 200, a=1, =2, y=1. In achieving the predicted
curve that can fit all experimental points, the values of A1 and Az are continuously
modified until it appears the best curve in Figure 8.13 at present. The values of A; and
A are shown in Table 8.11. The experimental data and the prediction curve of the
cavitation model are shown in Figure 8.13, where the extracted curve includes the
condition of minimum diameters.

Table 8.11 The constant at 1% lifetime (after 8% pre-strain).
Model constant A, (nm?¥/In(h)) A, (nm3h2)
Value 2.2x10? 8x1012
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Figure 8.13 The predicted probability density function of cavity equivalent radius at
1% lifetime for 316H (after 8% pre-strain), including the condition of the minimum
diameter. Dots: experimental data from Jazaeri et al. (2019).

Figure 8.13 shows the calibration of the creep cavitation model for 316H steel at 1%
rupture time, in which the prediction curve is not fitting very well against the
experimental data. However, the trend of the curve is identical to the experimental data.
This result is satisfying both in the initial stage to develop a cavitation model for 316H
steel and before the optimisation stage.

Thus, a creep cavitation model was developed for 316H steel at 550°C under 320MPa.
The creep cavitation model at different stages of creep lifetime is shown in Figure 8.14.

Figure 8.14 shows the calibration of the creep cavitation model for 316H steel at
different stages of creep lifetime under 320MPa, in which the prediction curves are not
fitting very well against its experimental data at different stages. However, the trend of
the curve is identical to the experimental data. This result is satisfying both in the initial
stage to develop a cavitation model for 316H steel and before the optimisation stage.
An unaffected observation to the trend of coefficient A1, Az is changed with time.
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Figure 8.14 The prediction curve of the creep cavitation model and its experimental
data at different stages of creep lifetime under 320MPa (after 8% pre-strain).

The model constants for the creep cavitation model are summarised in Table 8.12 and
its trend of A1 and Az with time is shown in Figure 8.15.

Table 8.12 The constants under 320MPa.
A1

Sample ID time (h) time/lifetime (%) (nm?/In(h) A; (nm3h?)
5d1 13 1% 2.2x10? 8x1071?
9d1 129 10% 2.2x10? 1.6x1013
10d1 283 22% 2.2x10? 3x1014
6d1 708 55.00% 2.6x10? 7.6x10
2d1 1158 90.00% 2.25x10? 8.4x10P
3d1 1287 100% 2.4x10? 7.8x10°
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Figure 8.15 The trend of coefficient: 1) As; 2) A2 with time under 320MPa.

From Table 8.12 and Figure 8.15, the model shows that the cavity growth rate is
increasing by 9.09% while the nucleation rate is decreasing 99.9% during the lifetime.
The parameter of the first point is significantly affected because some original voids
have been brought into the sample during the production process. The accuracy of the
first point in the calculated parameters can be affected by these original voids. This is
one reason for the great change in the first parameter in Figure 8.15. The non-coalesced
voids are another reason for changing the coefficient values. The application of the
developed cavitation model indicates the characteristics of creep lifetime.

Based on Equation 6.11 with the values of A; and Az, the change of U’ over a lifetime
is shown in Figure 8.16.
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Figure 8.16 The trend of U’ over lifetime under 320MPa.

The creep cavitation lifetime coefficient U' is decreasing 69.06% from 22% lifetime to
rupture time in Figure 8.16. The change of U’ over a lifetime is useful.

8.4 The characteristics of cavitation and creep damage

This section is to investigate the process of W, J, R and R rate with time at 675°C under
150MPa and 550°C under 320MPa for 316H steel. The research is based on the values
of material parameters at rupture time.

8.4.1 The process of W with time

According to Equation 6.12 in Chapter 6 and rupture time under 150MPa and 320MPa
for 316H steel, the value of U’ can be calculated. The result produced by W and time
are shown in Figure 8.17, respectively.
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Figure 8.17 The result produced by W with time for 316H steel: 1) at 675°C under
150MPa; 2) at 550°C under 320MPa.

Figure 8.17 shows the relationship between W and time for 316H steel; the two sets for
the value of W, increasing with time, will be up to 7.85x10! at the rupture time. The
value of a theory is equal to the z/4, which is also satisfying the research for coefficient
U’

8.4.2 The process of cavity density J with time

This part, based on Equation 6.13 in Chapter 6, is combined with the values of A; at
rupture time. The relationship between cavity density and time can be produced and is
shown in Figure 8.18.
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Figure 8.18 The result produced by J with time for 316H steel: 1) at 675°C under
150MPa; 2) at 550°C under 320MPa.

Figure 8.18 shows the relationship between J and time for 316H steel: 1) displays the
value of J, increasing with time, this will be up to 8.35x102° nm™ at the rupture time;
2) indicates the value of J, increasing with time, this will be up to 6.46x10° nm™ at the
rupture time. The increasing trend is the same with two sets of data, but the values are
different at the end.

8.4.3 The process of radius R with time

There are two methods to research the relationship between radius and time,
respectively. One method is based on the values of A1 and C at rupture time utilising
Equation 6.6 in Chapter 6. The second route is based on the following equations which
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gives:

R = Ry + AtR (8.1)
R =A,RPt=@ (6.2)
where Ro is an initial value, and =2, o=1.

The relationship between radius R and time can be produced and is shown in the
following Figure 8.19.
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Figure 8.19 The results produced by radius R with time for 316H steel: 1) at 675°C
under 150MPa; 2) at 550°C under 320MPa.

Figure 8.19 indicates the relationship between radius R and time for 316H steel, the
yellow points are based on the first method and 1) the value of radius is 7.5x10'nm at
rupture time, and 2) the value of radius is 3.75x10'nm at rupture time. According to the
two methods compared, the blue points are based on the second method and 1) the value
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of radius is 7.442x10'nm at rupture time, and 2) the value of the radius is 3.732x10'nm
at rupture time. The values produced are approximately equal by both methods, and
both trends of the results are similar. The increasing trend is the same for two sets of
data, but the values are different at the end.

8.4.4 The process of radius rate R with time

According to Equation 6.2 in Chapter 6 and the value of A; at rupture time, the
relationship between radius rate R and time can be produced and is shown in Figure
8.20.
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Figure 8.20 The result produced by radius rate with time for 316H steel: 1) at 675°C
under 150MPa; 2) at 550°C under 320MPa.

The relationship between radius rate and time for 316H steel is shown in Figure 8.19:
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1) the value of radius rate decreases from 3.46x10® nm/h to 1.9x103nm/h with time,
the radius rate decreases rapidly at the beginning of 22 hours, but radius rate decreases
slowly during the remaining time; 2) the value of radius rate decreases from 8.54x10%
nm/h to 1.34x10*nm/h with time. The radius rate decreases rapidly with time at the
beginning of 55 hours while the radius rate decreases slowly during the remaining time.
The decreasing trend is the same for the two sets of data, but the values are different at
the end.

8.5 Summary

This chapter was successful in developing the creep cavitation model and researching
the characteristics of creep cavitation damage, which includes the process of W, J, R
and R rate with time. The new development in this chapter was achieved by developing
and calibrating a creep cavitation model at different stages of creep lifetime for 316H
steel and completed by the further application of the novel creep cavitation equation in
Chapter 6. This development confirmed that the creep cavitation damage equation is
not only applied at creep rupture time but is also suitable at creep during any time. The
experimental data was based on two sets of creep tested under different temperature
and stress levels. The model reveals that the nucleation rate is decreasing while the
cavity growth rate is increasing slightly during the lifetime. The application of the
developed cavitation model shows the characteristics of creep lifetime.
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Chapter 9 Conclusions and future work

9.1 Contributions and conclusions

This thesis has successfully developed and applied creep damage constitutive equations
over a wide range of stress levels for high Cr steel. This was based on cavity nucleation
and cavity growth models, and the creep cavitation fraction along with the grain
boundary concept and model. According to the previous chapters, the significant
contributions of this research are now summarised in the following section.

Firstly, the most accurate modelling of the minimum creep strain rate and a wide range
of stress level at 600°C and 650°C for P92 steel were obtained. This is achieved by the
application of the “novel hyperbolic sine law. This work has demonstrated that the
typical power law, linear power law and the conventional sine law were inadequate for
this task; they need to divide two or three stages to reflect the condition of minimum
creep strain rate with different stress levels.

Secondly, a novel creep cavitation damage mechanism based creep rupture time model
was developed for E911 steel, where the most accurate and representative cavitation
data produced by 3D x-ray microtomography technology were used. The accurate
cavitation data and the cavitation process based theoretical framework, as reported
above, made this work as the most advanced and accurate (in comparison with other
empirical based).

Thirdly, the creep cavitation rupture modelling has been developed based on the NIMS
(2018) data sheet at 600°C and 650°C for P92 steel. This includes developing and
confirming the “novel hyperbolic sine law” to discuss the relationship between the
creep rupture time coefficient U’ and a wide range of stress, and from this accurately
predict lifetime for components, especially in the low stress and over long time period.
The modelling confirmed that the cavitation damage along the grain boundary is not
dependent on the creep strain rate; instead, it is dependent on applied stress and the
tested temperature. This limitation of the “novel hyperbolic sine law” means it is not
suitable in the higher stresses, but it is suitable in the lower stresses.

Finally, the knowledge of the evolution of the cavitation process at 550°C and 675°C
for 316H steel were obtained. This achieves further application of the novel creep
cavitation equation outlined in Chapter 6 and confirms that the creep cavitation damage
equation is not only applied at creep rupture time but is also suitable at any creep time.
The limitation of this model is the coefficient values can be changed by some original
voids being brought into the sample during the production process and also by non-
coalesced voids. The cavitation model has successfully been applied to the calibration
and has shown the characteristics of creep lifetime for 316H steel at different stages of
creep lifetime.
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So far, the thesis has only covered three high Cr steel materials, including P92, E911
and 316H steels.

It is expected that the methodology developed can be applied to any other high
temperature multi-grain alloys. They will include the existing low and high Cr steels
(Figure 1.5) and the newly developed power plant steels, such as T/P122, 304, AlS1321
and AISI347. The potential application is huge.

9.2 Future work

According to the current research findings of the PhD project, the author proposes
below several areas that can be improved with further work in the future:

(1) The creep damage constitutive equations could be developed in the multi-axial
stress state. The development could be expanded from the version of un-axial
to multi-axial stress. In addition, the equations could be applied to finite element
analysis software.

(2) The software of optimisation could be developed for the creep cavitation
damage equation for high Cr steel, such as P91, E911 and 316H steels. The
available central part is to optimise the material parameters and constants in
operation.

(3) Suggested use of a series of £ values. The optimisation of the creep cavitation
damage equation for 316H steel can be completed by hand.

(4) The creep cavitation damage equation could be developed by thinking about the
effect of the void coalescence. The development could decrease the error
between the prediction curve and its experimental data in a large diameter at
rupture.

(5) The creep damage constitute equations could be developed for other low or high
Cr steels. This requires more experimental data to be gathered by the 3D x-ray
microtomography technology and based on the cavitation damage evolution
with creep rupture.

(6) The creep cavitation modelling approach should be generic to use for any other
mechanisms of cavitation damage, for example, fatigue fracture and in

combination with creep fracture.

(7) The effect of stress state on cavitation should be researched in the future.
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Appendix A - Tables of selecting creep

experimental data

Table 1 Experimental data of minimum creep strain rate under different stresses at
600°C for P91 (9Cr—1Mo—V—Nb) steel (NIMS, 2014).
Temperature (°C) Stress (MPa) Minimum creep rate (1/h)

70 9.6x10®
80 1.3x107
600 100 4x107
110 8.1x107
120 1.5x10°®
140 7.7x10°®
160 4.2x10°
200 1.4x1073

Table 2 Experimental data of minimum creep strain rate under different stresses at
600°C for P92 (9Cr—1.8W—-0.5Mo—V-Nb) steel (NIMS, 2018).
Temperature (°C) Stress (MPa)  Minimum creep rate (1/h)

120 1.81x10°
130 2.57x10°
140 6.12x10°
160 2.25x10*
600 180 1.81x10°3
190 6.54x10°3
210 4.4x107?
230 2.67x10"
250 9.96x10"
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Table 3 Experimental data of minimum creep strain rate under different stresses at
650°C for P92 (9Cr—1.8W—-0.5Mo—V-Nb) steel (NIMS, 2018).
Temperature (°C)  Stress (MPa)  Minimum creep rate (1/h)

50 1.5x10°
60 2.93x10°
70 6x10°
650 80 1.32x10*
90 3.17x10*
100 7.73x10*
110 2.01x10°
130 2.33x107?
140 8x1072
160 5.6x10!

Table 4 Experimental data of rupture time under different stress at 600°C for P91 steel

(NIMS, 2014).
Temperature (°C)  Stress (MPa) Rupture time (h)

70 80736.8
100 34141

600 110 21206.3
120 12858.6
140 3414.7
160 971.2

Table 5 Experimental data of rupture time under different stress at 625°C for P91 steel

(NIMS, 2014).
Temperature (°C)  Stress (MPa) Rupture time (h)
90 21372.4
625 100 9895.4
120 1657.9
140 399
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Table 6 Experimental data of rupture time under different stress at 600°C for P92 steel

(NIMS, 2018).
Temperature (°C)  Stress (MPa) Rupture time (h)

120 65363.4
130 39539.9
140 25944.6
160 8219.9

600 180 1740.7
190 613.4
210 112.6
230 19.9
250 5.1

Table 7 Experimental data of rupture time under different stress at 625°C for P92 steel

(NIMS, 2018).
Temperature (°C) Stress (MPa) Rupture time (h)
100 33518.5
110 17530
625 130 3886.1
140 1458.2
160 213.4

Table 8 Experimental data of rupture time under different stress at 650°C for P92 steel

(NIMS, 2018).
Temperature (°C)  Stress (MPa) Rupture time (h)

60 92845.2
70 50871.2
80 217171

650 90 10001.9
100 3738.7
110 1689.1
130 194
140 66
160 10.5
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Table 9 Creep specimens tested at 600°C for P92 steel (Panait, 2010a).

Temperature (°C) Stress (MPa) Minimum creep rate (1/h)
120 3.7x107
600 140 8.37x107
160 2.05x10°
180 1.22x10°

Table 10 Creep specimens tested at 650°C for P92 steel (Panait, 2010a).

Temperature (°C) Stress (MPa) Minimum creep rate (1/h)
70 7.9x107
650 90 3.97x10°®
110 1.28x107°
140 1.44x10*
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