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Abstract
Due to increasing electrical energy power supply, thermal efficiency and the
desire to reduce CO2 emissions, creep-resistant high chromium steels are
becoming widely developed and applied for components of electric power
plants under high pressure at high temperature. The limited design factors such
as strain histories, damage evolution and lifetime are important factors when
creating the components of a power plant. Obtaining a long-term (100,000h,
over 11 years) creep data is time consuming and costly, hence long-term creep
data is very limited, and the extrapolation using the conventional empirical
methods may not be reliable due to limited data (Chen et al., 2011; Shrestha et
al., 2013; Ghosh et al., 2013). To design against failures, creep damage
constitutive equations have the advantage of traceability from the physics
based constitutive equation to the fundamental microstructural and damage
behaviour. Thus, creep modelling constitutive equations for materials of the
critical components of, for example, power plants and other safety critical
systems, are a key issue in the research of materials.
In the past decade, a range of creep damage constitutive equations have been
developed to describe creep damage behaviour for high chromium steel,
however, some models are only based on creep deformation (creep
microstructural degradation) and are not really concerned with cavitation
damage, which is a dominant factor in creep rupture; most of them are
proposed based on high stress levels of high chromium steel and extended to
a low stress level, the modelling results fail to explore the phenomenon of stress
breakdown. Besides, the cavitation damage equations were developed on
experimental data of pure metal and super alloy, the fundamental nature of the
evolution of creep cavitation damage is still unclear and necessary to solve for
high chromium steel. Thus, the aim of this research project was to develop a
novel creep damage constitutive equation for high chromium steel based on the
mechanism of cavitation damage under a wide range of stress levels.
This research made contributions to the specialised knowledge on the following
three aspects. Firstly, a modified hyperbolic sine law, which describes the
relationship between minimum creep strain and applied stress, was applied to
2

high chromium steel. Through which we found that the modelling results fitted
better with published experimental data by NIMS in comparison with
conventional functions such as power law, hyperbolic sine law and linear power
law. The other two aspects of innovation in the development of creep damage
constitutive equation had been achieved. Secondly, using the quantitatively
analysed results of the cavity size distribution along grain boundary by the
superior 3D technology of X-ray micro-tomography, a novel creep cavitation
damage equation was developed and applied to describe the evolution of cavity
along grain boundary in the creep process for high chromium steel. Thirdly, the
novel creep damage constitutive equations, that coupled appropriate creep
deformation mechanisms with the new cavitation damage equation, were
successfully applied to high chromium steel under a wide range of stress level
according to comparisons made between the modelling results of novel creep
damage constitutive equations, classic uniaxial KRH constitutive equations and
experimental data for P91 steel at 600℃ and also applied to P91 steel at 625℃.
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Chapter 1 Introduction of research project
1.1 Background of research field
1.1.1 Increasing electric energy power supply and thermal
efficiency and reducing of CO2 emissions
The World Nuclear Organization reported that there will be a great increase of
energy demand in the world in the future, especially in electricity. The world
electricity consumption by region (Figure 1.1) indicates clearly that the
electricity demand doubled between 1990 and 2011 and estimates an 81%
growth between 2011 and 2035 (from 19,004 TWh to 34,454 TWh) in current
policies scenario, and 69% (to 32,150 TWh) in the central new policies scenario
(World Nuclear Organization, updated June 2017). The growth of electricity is
over double in both cases.

Figure 1.1 The world electricity computation by region from 1980-2030 (World
Nuclear Organization, Updated June 2017).
In the case of International Energy Outlook 2016 (IEO2016), coal continues to
be the single largest fuel used so far for the electricity generation. The coal24

fired electricity generation, which accounted for 40% of the total world electricity
generation in 2012, is even predicted to decrease to 29% of its current total in
2040, but the coal-generation still remains the dominating type of energy as
shown in Figure 1.2(U.S. Energy Information Administration, 2016).

Figure 1.2 World net electricity generation by fuel, 2012-2014(trillion kilowatthours) (U.S. Energy Information Administration, 2016)
Burning fossil fuels, which produces CO2 is one of most important factors
contributing to humans influencing climate change and increasing the earth’s
temperature (European Commission, 2017). The International Energy Agency’s
(IEA) world energy outlook special report on ‘Energy and Climate Change’ was
published in June 2015, it outlines a strategy to limit global warming to an
average of no more than 2°C by Paris Climate Agreement (International Energy
Agency, 2015). The report recommends a series of measures including
increasing energy efficiency, reducing the use of inefficient coal-fired power
plants and phasing out fossil fuels subsidies.
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1.1.2 Creep resistant strength of high chromium steel
To increase the energy efficiency of coal-fired power plants and reduction of
CO2 emissions, it leads to the development and application of high chromium
creep-resistant steels (contains 9-12wt% chromium element, chemical
compositions and production details in appendix A (Strang, A.,2000; Ennis, P.
J., Czyrska-Filemonowicz, A., 2003) for the components of electricity power
plant as shown in Figure1.3 (Masuyama, 2006), according to Abson et al. (2007)
and Figure1.4 (Masuyama, 2016).

Figure 1.3 The development of 9-12%Cr steels (Masuyama, 2006) (Abson et
al., 2007).
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Figure 1.4 The development and application of the high chromium creepresistant steels for the components of electricity power plant (Masuyama,
2016).
9-12% Cr steel are characterised by excellent mechanical properties and
thermal properties such as being able to be subjected to high temperatures and
stress conditions. Subsequently, these steels are extensively used in industrial
power plants. The modified 9Cr1Mo steel exhibits better tensile and creep
properties than the plain 9Cr1Mo steel through the addition of Vanadium and
niobium. Furthermore, most of the Cr-Mo steels from low to high content of
Chromium, and steadily improved creep rupture strength, have been used to
construct new advanced fossil-fired steam power plants with higher efficiency
and are a strong candidate structural material of 4th generation reactors as
shown in Figure1.4, such as the primary circuit of the Very High Temperature
Reactor (VHTR) and the Steam Generator of the Sodium Fast Reactor (SFR)
(Kim et al., 2011) (Massé & Lejeail, 2012, 2013). It has been found that an
increase in pressure and operating temperate from subcritical 180
bar(18MPa)/530–540°C to ultra-supercritical values of 300 bar(30MPa) and
600°C, has resulted in an increase of efficiency from 30–35% to 42–47%, which
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is equivalent to a 30% reduction in specific CO2 emissions (Hald, 2008). The
creep rupture strength at 600℃ (lifetime around 106 ℎ) of P91 steel as shown in
Figure1.4 is satisfied with expected service life (up to 60 years) (Kim et al., 2011;
Shrestha et al., 2013) of a component in related industry such as power
generation.
High chromium steel has been used successfully under super critical steam
conditions at 600°C. Steam power stations are now in operation at pressures
of 25-30MPa (Ennis and Czyrska-Filemonowicz, 2003), and lifetime
specifications of 105 h are the target for turbine components at pressures of
100MPa (Klueh, R.L. & Harries, D.R., 2001), and super critical steam of power
plants in future generations are to be operated at 650°C (Maruyama et al.,
2001).

Figure 1.5 Structural material of 9Cr-1Mo steel in applications of power plant
(Kim et al., 2011).
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1.2 The importance of cavitation damage in engineering
materials
Generally, creep cavitation is the most important factor of creep fracture, and is
caused by the nucleation of cavities followed by growth and interlinkage, thus
leading to failure (Gooch, 1982) (Eggeler, 1989) (Worswick, 2001) (Kassner &
Hayes, 2003) (Sklenička, 2003) (Westwood et al., 2004) (Dobrzański, 2006)
(Shrestha et al., 2013) (Gupta et al., 2013). The nucleation and growth of
cavities usually account for 80% of the creep life time and governing the creep
rupture can last up to 20% of its life time (Sklenička, 2003). Understanding the
behaviour of cavitation is essential both scenically and technically, especially in
regards to the residual lifetime of design components for a power plant.
In recent years, through experimental observation using traditional techniques,
such as OP (optical microscopy), TEM (transmission electron microscopy),
SEM (scanning electron microscopy) on pure metal(Cu)(Cane & Greenwood,
1975), super alloys (Ni-Cr alloy with Ti and Al) (Dyson, 1983), low chromium
steel (1Cr-0.5Mo steels) (Needham, 1983), and high chromium steel (9-12% Cr
steels) (Wu & Sandström, 1995) (Sklenička, 2003), it has been found that creep
cavities are observed mostly on the grain boundaries, which are perpendicular
to the direction of the applied stress. However, these investigations are limited
by their resolution and the continuity of the cavitation process is not adequately
captured. Hayhurst (D.R.), Lin and Hayhurst (R.J) (2008) claimed that creep
deformation resistance and fracture mode of engineering materials was due to
the kinetic phenomenon of grain boundary cavity formation under arbitrary
stress state which depends critically on the cavity nucleation rate and growth
rate. Thus, it is visible that creep cavitation takes a large role in the failure of
components of engineering materials.
At present, there has been significant focus on the effects that alloy elements
(W, Ta, Mo, N, B and Co) have on the creep resistance of high chromium steel
for components of a power plant and elucidated the evolution of creep
deformation

(microstructure

degradation),

such

as

strain

hardening,

precipitation coarsening, and mobile dislocation (Ennis et al., 1997) (CzyrskaFilemonowicz et al., 2006) (Hald, 2008) (Panait et al., 2010) (Sawada et al.
29

2011). However, there is not a similar emphasis on the evolution process of
cavitation and there is an absence of quantitative analysis into creep cavitation
characterization.
In

recent

years,

the

advanced

technology

of

synchrotron

X-ray

microtomography (e.g. ESRF, Spring-8) has overcome the problem of
connectivity with high-resolution (1𝜇𝑚) and was applied to study the fracture
behaviour of high chromium steel and characterized 3D visualization of the
creep voids with increasing creep exposure times. The application of X-ray
microtomography has provided better measures for us to explore the
characterisation of nucleation, growth and the coalescence process of
cavitation. Consequently, allowing the community as a whole to better
understand the underlying cavitation characteristics as a function of applied
stress and creep exposure time, and further develop a more accurate creep
cavitation behaviour equation for the modelling the evolution of creep damage
and predicting the lifetime of high chromium steel.
1.3 The importance of developing a constitutive equation
In high pressure and elevated temperature conditions, creep deformation and
rupture are important factors in determining design factors such as strain
histories, damage evolution and lifetimes for components of power plants
(Mustata & Hayhurst, 2005). Obtaining long term creep data is time consuming
and costly, hence creep data is very limited, and the extrapolation using the
conventional empirical methods may not be reliable due to limited data,
because of the method of extrapolation overestimated the lifetime of materials
(Chen et al., 2011; Shrestha et al., 2013; Ghosh et al., 2013). To design against
failures, creep damage constitutive equations require complex analyses such
as the Continuum Damage Mechanics (CDM) method that has the advantage
of providing traceability from the physics based constitutive equation to the
fundamental microstructural behaviour (Hayhurst et al., 1984).
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Figure 1.6 The assessment by a creep modelling constitutive equations for
materials of the components of power plant (Feuillette et al., 2010).
Assessment by creep modelling constitutive equations for materials of the
components of power plants is a key issue in the research of materials, as
shown in Figure 1.6 (Feuillette et al., 2010). A wide range of creep model
equations are used for the creep deformation behaviour of engineering
materials. The development of more accurate models is an important research
project for researchers in this field. Based on the range of creep deformation
models that have employed within the power generation sector in Europe, as
reviewed by the European Creep Collaborative Committee (Holdsworth &
Merckling, 2003) (ECCC, 2005). Better alloy development and application
through improved understanding and modelling of microstructural evolution and
its relationship to mechanical properties is one of the major objectives of the
project of improved materials for boilers and steam turbines as described by
the UK Energy Research Centre (UKERC), and Department of Trade and
Industry (DTI) (DTI, 2005). To develop and improve theories and practical
methods for enhancing the process, and ensuring the safety of C&I systems, is
the main goal of nuclear research for Health and Safety Executive (HSE), UK
as of 2012 (ONR, HSE, 2012). In 2013, a report by the Nuclear Energy
University Programs (NEUP) in the United States department of energy, a
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constitutive model for creep damage in modified 9Cr-1Mo steels had been
found and concluded (NEUP, 2013).
1.4 Existing creep damage constitutive equations for high
chromium steel
In the past decade, a range of creep damage constitutive equations had been
developed to describe creep damage behaviour for high chromium steel (Dyson,
2000; Gaffard et al., 2005; Yin and Faulkner, 2006; Semba, Dyson and Mclean,
2008; Pétry and Lindet, 2009; Basirat, 2012; Massé and Lejeail, 2012; Chen et
al, 2011, Christopher et al., 2013), however, the main limitations of those
equations can be summarized as below:
1) Some models (Pétry and Lindet, 2009; Oruganti et al., 2011; Ghosh et
al., Christopher et al., 2013) are only based on creep deformation (creep
microstructural degradation) and is not really concerned with the
cavitation damage, which is dominant in creep rupture process;

2) Most of these constitutive equations (Yin and Faulkner, 2008; Chen et
al., 2011; Basirat et al., 2012; Massé and Lejeail, 2012) proposed are
based on high stress level of high chromium steel. Yang extended and
modified equation which is based on classical constitutive equation that
lower stress range, yet the modelling results could not explore the
phenomenon of stress breakdown (Yang, Xu & Lu, 2013). The creep
damage mechanisms change under different stress level, and the prior
extension of application confirmed the necessity of developing a creep
damage constitutive equation for a wide range of stress levels, it cannot
be directly achieved by the simple extension from high stress level;

3) The traditional function (power law, hyperbolic sine law, even later
modified linear power law) of minimum creep strain rate and stress did
not fit well with the experimental data for high chromium steel in a wide
range of stress, thus a modified function between minimum creep strain
rates based on already published experimental data of high chromium
steel, is needed.
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4) The cavitation damage equation based on the Dyson’s equation was
developed on the experimental data of super alloy and only considered
cavities nucleate continuous, however, the process of cavitation growth
is still unclear, in terms of high chromium steel at a lower stress level.
The fundamental nature of the evolution of creep cavitation is still
necessary to explore, and the recent rapid development of synchrony Xray microtomography technology provides some hope.

5) Development of a creep damage constitutive equation for P91 steel has
been conducted by An (An, 2015), however, there is a big difference
between the results of modelling and experimental data, the predicted
lifetime is one time than experimental data for P91 steel under 70MPa
under 600℃. The cavitation damage equation in An’s model is same with
the traditional one based on phenomenology to describing the evolution
of cavities, it is short of the quantified cavitation characteristics. There is
no new contributions to the description of cavitation damage, and
selection of material parameters is ambiguous. Thus, the developed
creep damage constitutive equation could not convince readers.

6) Another creep damage constitutive equation for low chromium steel was
developed by Qihua Xu (Xu, 2016). Xu successfully applied the modified
function between minimum creep strain rate and stress to low chromium
steel, however, the creep cavitation damage was still using the typical
equation that proposed high stress level due to limitations on the
experimental data for low chromium steel under lower stress level (Xu,
2016).
A conference paper (Xu et al., 2013) and a modified version for an academic
journal (Xu et al., 2017), published by the leader author Dr. Qiang Xu,
summarized partially the main limitations of some existing equations and
suggested further work based on preliminary introduction and literature review
for the development of creep damage constitutive equations for high chromium
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steel under a wide range of stress levels. This research includes development
of constitutive equations for high chromium steel under a wide range of stresses.
1.5 Aims and objectives of this project
The aim of this research project was to develop a novel creep damage
constitutive equation for high chromium steel under a wide range of stress
levels. The constitutive equation should be coupled with the creep deformation
mechanisms and cavitation damage which in turn will propose a new
constitutive equation that more accurately describes the evolution of the
cavitation process during creep exposer.
To achieve the aim of this project, the following objectives will be carried out:
1) To critically review the existing creep damage constitutive equations for
high chromium steel and evaluate the advantages and limitations. The
lead author’s paper provides a preliminary review of some constitutive
equations (Xu, Lu and Wang, 2013), this research will focus more on the
derivations of the developed cavitation damage equation and analyse
the advantage and limitations pertaining to the existing constitutive
equations. Aside from the background and knowledge in the process,
the author will highlight the expectations of novel creep damage
constitutive equations for high chromium steel;

2) To develop or modify a novel function for minimum creep strain rate and
stress based on the current published experimental data on high
chromium steel;

3) To understand the creep damage (cavitation) mechanism for high
chromium steel and develop a new creep damage equation for high
chromium steel based on current experimental observation data;

4) To

identity

the

appropriate

creep

deformation

(microstructural

degradation) for high chromium steel based on the mature theories of
creep deformation equations and the experimental observation of
microstructural degradation;
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5) To couple the novel creep cavitation damage equation with the
appropriate creep deformation to further develop a new creep damage
constitutive equation;

6) To identify material parameters for high chromium steel at a constant
temperature;

7) To validate the development of novel creep damage constitutive
equations through comparing the modelling results with the experimental
data of high chromium steel and the modelling results of classic models.
1.6 Structure of this dissertation
Chapter 1 introduces background information on the research field, and
explains the importance of cavitation damage in engineering materials and
developing a constitutive equation for creep deformation and rupture, and
designing and predicting safety lifetime for components of a power plant. The
aim and objectives of this research project have been presented above.
Chapter 2 makes contribution to build fundamental knowledge of the
development of constitutive equations, introduces and summarises typical
functions of minimum creep strain rate and stress, the stress breakdown
phenomenon, creep fracture model, creep cavitation and deformation
mechanisms. This is followed by exploring the expectations of developing a
novel constitutive equations that are based on the current limited creep damage
constitutive equations. Finally, the current state of experimental data on high
chromium steel.
Chapter 3 collects creep test experimental data on: high chromium steel (NIMS):
minimum creep strain rate under different stress levels for modified function of
creep minimum strain rate and applied stress, creep curves and rupture lifetime,
all of which shall be used to compare the modelling results of the novel
constitutive equations with experimental creep curves and lifetime. The
observation of experimental data evolution of cavitation characterization of high
chromium steel for quantitative analysis of the evolution of cavitation with creep
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exposure time collects for developing a novel cavitation damage equation to
more accurately describe the evolution of cavitation in creep process for creep
damage constitutive equations.
Chapter 4 introduces a novel modified hyperbolic sine law for the relationship
between minimum creep strain rate and stress for low chromium steel; and
applies the modified hyperbolic sine law for the relationship between minimum
creep strain rate and stress to high chromium steel, and compares the
modelling results of the modified function with the conventional functions.
Chapter 5: 1) provides a quantifiable analysis of experimental data; 2)
understands the underlying mechanisms of cavitation damage; 3) develops
architecture evolutions of cavitation damage characterisation as a function of
applied stress and creep; 4) makes a fraction criterion of cavity area on grain
boundary for the novel creep cavitation damage equation and compares the
fraction criterion of novel creep damage equation with the conventional one.
Chapter 6: 1) couples the equations of creep deformation mechanisms with
novel cavitation damage equations for novel developed creep damage
constitutive equations; 2) identifies material parameters for the equation; 3)
compares the modelling results with experimental data on high chromium steel;
4) compares the modelling results with classic uniaxial KRH constitutive
equations and experimental data for P91 steel at 600℃.
Chapter 7 summarises the key significant contributions of this research:1)
applies the modified hyperbolic sine law for high chromium steel; 2) develops a
novel creep cavitation damage equation for high chromium steel based on the
quantitative analysed results of the cavity size distribution along grain boundary
using the superior 3D technology of X-ray micro-tomography; 3) validates the
novel constitutive equations by comparing with classic ‘KRH’ equations and
experimental data for high chromium.
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Chapter 2 Literature on the development of
constitutive equations
This chapter will collect literature related to this field and analyse the challenges
involved in the development of creep damage constitutive equations based on
phenomenological and physical observation:
Section 2.1: to understand the shapes of creep curves used in describing creep
behaviour of engineering materials that change under different operating
conditions, especially for high chromium steel;
Section 2.2: to introduce the typical function of minimum creep strain rate and
applied stress for the creep damage constitutive equation;
Section 2.3: to understand stress breakdown phenomena existing in high
chromium steel under different stress levels;
Section 2.4: to understand how creep fracture mechanisms change from ductile
fracture to brittle fracture; and the creep fracture mechanisms for high
chromium steel;
Section 2.5: to understand the dominant cavitation damage mechanism under
different stress levels for high chromium steel;
Section 2.6: to introduce the traditional cavitation damage equation;
Section2.7: to consider suitable creep deformation (microstructural degradation)
damage mechanisms for coupling into constitutive equation for high chromium
steel based on the mature theories of creep deformation in engineering
materials;
Section 2.8: to review current creep damage constitutive equations and analyse
the advantages and disadvantages related to current creep damage
constitutive equations and suggest the development of novel constitutive
equations, especially for the cavitation damage equation in high chromium steel;
Section 2.9: to introduce typical creep facture criterions for current constitutive
equations;
Section 2.10: to understand the current state of experimental data sets of high
chromium steel for the development of constitutive equations.
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2.1 The typical shapes of creep curves for describing the
creep behaviour of a material
During the process of creep testing, creep (strain, elongation) is the timedependent deformation defined as the observation of the strain at different time
points under constant load at elevated temperatures in most application of
engineering materials. The elevated temperature is usually defined as a value
great than 0.4 times the absolute melting temperature of the material (Ashby &
Jones, 1996). Typically, the creep curve for strain responds over time under
constant stress and at a constant temperature, which reflects the creep
behaviour of a material.

𝜀̇𝑠𝑠 =

∆𝜀
∆𝑡

∆𝜀

∆𝑡

Figure 2.1 The typical creep curve for engineering materials under constant
stress and temperature (French, 1993).
The characteristic of a creep curve consists of three regions in Figure
2.1(French, 1993): primary stage (AB), secondary stage (BC) and tertiary stage
(CD):
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(1) OA: initial strain, instantaneous response includes elastic and plastic, while
a constant stress is applied to a specimen;
(2) AB: during the primary stage, the creep strain rate decreases with time from
the beginning of creep until it reaches minimum creep strain rate as a result of
strain hardening;
(3) BC: steady state stage, the minimum creep strain rate is maintained in
steady state, and the strain rate begins to increase until a certain time. The
strain hardening remains a constant. The slope of the steady state of the creep
curve has the longest duration, thus creep rate in the steady state is very
important for the creep behaviour. The next section (2.2) will further discuss the
relationship between minimum creep strain rate and applied stress.
(4) CD: tertiary stage, a sharply increasing creep rate leads to final fracture or
failure.
The creep curve shape of creep strain is high responsive to the changing of
stress level and temperature as shown in Figure 2.2. It can be observed that
the creep strains increase with higher stress at a constant temperature and
creep strains increase in temperature under a constant stress, while the creep
rupture time decreases. The period of steady state increases with decreasing
stress and temperature. The steady state rate or minimum creep rate is
influenced both by applying stress and increasing temperature. At a constant
temperature, the function of minimum creep rate and applied stress is proposed
(Norton, 1929; Bailey, 1930):
𝜀̇𝑠𝑠 = 𝐴𝜎 𝑛 (2.1)
where
𝜀̇𝑠𝑠 is the steady state creep rate,
𝐴 is creep constant,
𝑛 is creep stress exponent.
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Figure 2.2 The effects of (a) stress and (b) temperature for creep behavior in
general (Hyde et al., 2013).
The trends of typical creep curves of high chromium steel varies with different
stress levels at a constant temperature as shown in Figure 2.3 (Samuel et al.,
2013). With the decrease in stress level, the rupture lifetime of high chromium
steel is obviously increasing. The shape of the creep curve at a lower stress
level has a longer secondary stage (steady state stage, marked by blue circle)
than those at a high stress level (marked by red circle). Thus, it displays that
the relationship between applied stress and minimum creep strain rate
(secondary stage) is an important factor in the development of creep damage
constitutive equations. The next section 2.2 will further discuss the typical
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relationship function between minimum creep strain rate and applied stress in
detail.

Figure 2. 3 Creep curves of P92 steels at 923K (650℃) under a range stress
of 75-150MPa (Samuel et al., 2013).

2.2 Typical function of minimum creep strain rate and
applied stress
This section will review and analyse the typical functions of minimum creep
strain rate and applied stress. Based on the description of the creep curve
during the investigation into creep behaviour of engineering materials and the
effect of stress on creep curves in above section 2.1, many investigations have
focused on the secondary stage of the creep process. Several typical functions
between minimum creep strain rate and applied stress under constant
temperature had been proposed and applied to the creep damage constitutive
equations for modelling and predicting the lifetime of components for a power
plant.
2.2.1 Power law
The typical (Norton) power law equation 𝜀̇ = 𝐴𝜎 𝑛 was introduced in the above
section 2.1. The stress exponent 𝑛 is not a constant and its value varies with
temperature as shown in Figure 2.4. The stress levels have been classified as
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high stress level (above 110MPa) with stress exponent above10; intermediate
or transition stress level (70-110MPa) with values of stress exponent 4 or 5,
and low stress level (under 70MPa) with values of stress exponent about 1
(Kloc and Sklenička, 2001, 2003, 2004; Chen et al., 2011) for high chromium
steel.

Figure 2.4 The relationship between minimum creep rate and stress of P92
steel (9Cr-0.5Mo) at various temperature (Sawada et al., 2001).
The power law relation reflects a more linear relationship of log minimum creep
rate and log stress which is often found creep experimental data in a short range
of stress. However, many steels and alloys typically exhibit varying stress
exponent 𝑛 under different stress levels. For example, Ennis (1997) reported
that the stress exponent in the power law equation was found to be 16 at high
stress and reducing to 6 at low stress for P92 steel in Figure 2.5, Kloc and
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Sklenička (2001, 2003, 2004) reported the value of stress exponent was 12 at
high stress level and the value of that 4.5 in the low stress regime, which is
higher than the value of 1 derived from the constant stress at lower stress creep
regime in Figure 2.6. The power law model could not quantify over large stress
and temperature ranges for primary creep (Dyson, 2000). Kimiura et al. (2008,
2010) reported a more complex change in stress exponent 𝑛 under different
stress levels and temperature for P/T92 steel in Figure 2.7.

Figure 2.5 The function of minimum creep rate and applied stress for P92
steel (Ennis, 1997).
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Figure 2.6 The relationship of minimum creep rate and applied stress in 9%
chromium steel (Kloc, L., & Sklenička, 2004).

Figure 2.7 The relationship between minimum creep strain rate and applied
stress for P/T92 steel (Kimura et al., 2008, 2010).
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2.2.2 Hyperbolic sine law
Using the hyperbolic sine law equation on a continuous curve is believed to
produce a minimum creep rate varying with the complete stress range
according to Dyson (2000) (2001):
𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛 h(B𝜎 ) (2.2)
where
𝜀̇𝑠𝑠 is the steady state creep rate;
𝐴, 𝐵 is the creep constant;
𝜎 is the applied stress.
The hyperbolic sine law equation could provide a solution to the limitations of
the power law function and can apply over larger stress and temperature ranges
(Dyson, 2000, 2001).
2.2.3 The linear and power law
Altenbach, Gorash & Naumenko (2008, 2009), reported that the hyperbolic sine
law is only capable of describing the linear creep range and has satisfactory
fitting for high and low stress ranges, but is not suitable for transition stress
range, therefore, they proposed a sum of the linear and power law stress
functions:
𝜀̇ = 𝜀̇0

𝜎
𝜎
𝜎
𝜎 𝑛−1
+ 𝜀̇0 ( )𝑛 = 𝜀̇0 [1 + ( ) ] = 𝐴𝜎[1 + (𝐵𝜎)𝑛 ](2.3)
𝜎0
𝜎0
𝜎0
𝜎0

where
𝜀̇ is strain rate;
𝜀̇0 is initial strain rate;
𝜎 is applied stress;
𝜎0 is the ‘transition stress’;
𝑛 is stress exponent.
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2.2.4 Modified hyperbolic sine law for low chromium steel
A modified hyperbolic sine function was proposed by Qiang Xu and applied for
a wide range of stress level in low chromium alloy by Qihua Xu (Xu, 2016):
𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛ℎ(𝐵𝜎 𝑞 ) (2.4)
where
𝜀̇𝑠𝑠 is steady state creep rate;
𝐴, 𝐵 is creep constant;
𝜎 is applied stress;
𝑞 is material constant.
Four functions between minimum creep strain and applied stress were
summarized in this section. The better quantitative description of the
dependence of stress level in the minimum creep strain rate will be considered
based on experimental data published by the National Institute for Materials
Science (NIMS) regarding high chromium steel. And the modelling results of
these four different function between minimum creep strain rate and applied
stress will be compared with the experimental data of high chromium steel in
Chapter 4. The best suitable equation, which is fitted well with the experimental
data, shall be applied in the development of novel constitutive equations and
Chapter 5.
2.3 Stress breakdown phenomenon
Creep rupture time of grade 92 steel under different stress levels were plotted
in Figure 2.8. Arrhenius equation describes the creep rupture life 𝑡𝑟 which is
dependent on stress 𝜎and temperature 𝑇 as follow (Lee et al., 2006):
𝑡𝑟 = 𝑡0 𝜎 −𝑛 exp (
where:
𝑡0 is a constant,
𝜎 is applied stress
𝑛 is the stress exponent,
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𝑄
) (2.5)
𝑅𝑇

𝑄 is the apparent activation energy,
𝑅 is the universal gas constant,
𝑇 is the absolute temperature.
Lee et al. pointed out how the stress exponent decreases from 17 in short-term
creep to 8 in long term for ASTM Grade 92 steel at 550-650℃ (Lee et al., 2006).
The dash-dot line divides two regions of high stress and low stress in Figure
2.8, confirming the breakdown phenomenon of creep strength in P92 steel.
There is a transition from ductile to brittle with increasing rupture life, the brittle
fracture causes the stress breakdown phenomenon. The observation’s results
of creep cavities nucleating at coarse precipitates of Laves phase along grain
boundaries suggests that this is the reason of breakdown of creep strength
(Lee et al., 2006).

Figure 2.8 The rupture life time versus stress in P92 steels in high and low
stress regions (Lee et al., 2006).
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Increasingly more experimental data on the creep test of high chromium steel
has been published, and the plots of stress and rupture life time indicates a
common existing phenomenon of stress breakdown (dotted line) in Figure 2.9
(Pétry & Lindet, 2009) Figure 2.10 (Maruyama et al., 2010) and Figure 2.11
(Sawada et al., 2014). Thus, it is important to understand the fracture model
and mechanisms of high chromium causing stress breakdown, only then shall
it provide useful guidelines for the assessment of damage evaluation in
predicting the lifetime of components, for example, a power plant by the creep
damage constitutive equation modelling.

Figure 2.9 Rupture life time versus stress in P92 steel (Pétry & Lindet, 2009).

48

Figure 2.10 Stress and rupture life of high chromium steel of P91 and P122
(Maruyama et al., 2010).

Figure 2.11 The experimental data of rupture time of P91 steel at a range of
stress (Sawada et al., 2014).
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2.4 Creep fracture
This section will introduce the main concepts of the fracture model and analyse
the fracture mechanisms for high chromium steels under different stress levels
and temperatures based on the literature covering the experimental
observation in the past 20 years. It shall provide a better understanding
regarding the evolution of creep damage behaviour for a better development of
a new novel constitutive equation for high chromium steel.
2.4.1 Fracture mechanism map
There are three types of fracture models as shown in Figure 2.12 (Maruyama,
2008): a) brittle intergranular fracture; b) ductile intergranular or transgranular
fracture with some ductility; c) rupture after 100% reduction in area.

Figure 2.12 Fracture models at high temperature: (a) Brittle intergranular
fracture (b) Ductile intergranular or transgranular and (c) rupture after 100%
reduction of area (Maruyama, 2008).
The fracture model changes along with the fracture ductility ranging from ductile
to brittle with decreasing strain at failure. At low stress levels, brittle fracture
occurs in the other type of intergranular fracture along the grain boundaries as
depicted in Figure 2.13 (a) (Jones, 2004). There are two types of brittle
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intergranular fracture: one is the coalescence of cavities formed on grain
boundaries aligned perpendicular to the applied stress; the other is wedge
cracking formed at triple grain boundary junctions by stress concentration due
to grain boundary sliding. At high stress level, most ductile fracture can be
characterised as transgranular, which is through the grain rather than only
along the grain boundaries as shown in Figure 2.13 (b) (Jones, 2004).

Fracture
along grain
boundaries

Fracture
through
grains

(a)

(b)

Figure 2.13 Microstructural features of creep fracture mechanisms (Jones,
2004).
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Figure 2.14 Creep Fracture Mechanism Map and Creep Damage of low
chromium steel (1Cr-1Mo-0.27V) for Turbine Rotor (Shinya, 2006).
52

Based on the results of the SEM observation of creep ruptured specimens of
low chromium steel, a creep fracture mechanisms map was constructed for low
chromium steel as shown in Figure 2.14 (Shinya, 2006). The creep fracture
mechanisms map plots the stress-time to rupture and stress-temperature,
respectively. There are three kinds of creep fracture mechanism field for low
chromium steel: (1) creep transgranular fracture appears in the field of high
stress level region at temperature above 600℃; (2) creep intergranular fracture
appears in the field of long-term time to rupture under low stress level region at
500-575℃; (3) a creep recrystallization rupture appears in short time-to-rupture
under low stress level region at temperatures exceeding 600℃.
The transition from creep transgranular fracture to creep intergranular fracture
for low chromium steel, according to Shinya et al. (2006) is believed to be due
to the generation of long time-to-rupture region at temperature 500-575℃ and
growth of creep cavities based on the observation of the specimens of low
chromium steel specimens under 177MPa at 575℃. Abe (2008) suggests the
evolution of creep voids at the grain boundary make a significant contribution
to the creep fracture during creep process.
Creep fracture mechanisms are sensitive to change with operating conditions
for low chromium steel, thus it is also necessary to collect and analyse more
reliable data for the onset of rupture of high chromium steel. The next section
will collect the experimental observation of fracture surfaces and analyse the
creep fracture mechanism for high chromium steel, and attempt to understand
the fundamentals of creep damage mechanism for the development of
constitutive equations to predict more accurate lifetimes for power plant’s
components.
2.4.2 Creep fracture based on experimental observation of
fracture surfaces for high chromium steel
This section will critically review the experimental observations of fracture
surfaces on high chromium steel by the traditional technology in the past two
decades, such as OP, TEM and SEM, and in turn shall provide analysis of the
creep fracture mechanism for high chromium steel. The dominant damage of
cavitation is the most important factor that needs to be taken into account for
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the design and prediction of the lifetime of high chromium steel for components
of power plants. The details of experimental observation of fracture surfaces
for high chromium steel are in Appendix B (Figure 2.15-Figure 2.33).
Based on the collection and analysis of the above experimental observations
on creep fracture surfaces by traditional 2D technology OP, TEM, SEM, there
are four main kinds of results summarized below.
1) The fracture model is a ductile transgranular fracture for high chromium
steels at high temperature under high stress level, reference (Eggeler et
al., 1989), (Choudhary et al., 1999), (Gaffard et al., 2005), (Lee, et al.,
2006), (Choudhary & Samuel, 2011), (Vanaja et al., 2012), (Choudhary,
2013), (Shrestha, 2013), (Palaparti et al., 2013), (Goyal et al., 2014),
(Goyal & Laha, 2014), (Zhu et al., 2014), (Vanaja & Laha, 2015), (Ni et
al., 2015), (Guguloth & Roy, 2017);
2) The fracture model is brittle intergranular fracture for high chromium
steels at high temperature under low stress level, reference (Lee, et al.,
2006) (Parker, 2013) (Nie et al., 2014), (Zhu et al., 2014);
3) Creep cavities mostly appeared or nucleated on/along the grain
boundaries perpendicular to the direction of applied stress, reference
(Choudhary et al., 1999), (Gaffard et al., 2005), (Aghajani et al., 2009),
(Panait et al., 2010);
4) The Laves phase appeared mostly on subgrain boundaries and on grain
boundaries, the cavities either at the nucleated boundaries next to the
precipitation of Laves phase, attached with the Laves phase along grain
boundaries, or Laves phase provides sites for cavity nucleation (Lee, et
al., 2006) (Nie et al., 2014) (Zhu et al., 2014).
Based on the above experimental observations on fracture surfaces of high
chromium steel, the dominant damage of cavitation on grain boundary is a
kinetic phenomenon, and it influences the deformation. The fracture mode
critically depends on the nucleation rate and growth rate of cavitation under
different stress levels. The results of experimental observations suggests what
is needed to be done in order to further develop a novel cavitation damage
equation for creep damage constitutive equations for high chromium steel:
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1) Identifying the evolution of cavitation damage mechanisms under
different stress levels will be investigated in the next section 2.5;
2) Traditional theories of cavitation damage calculated equations will be
introduced in the next section 2.6;
3) To review cavitation damage equation in current creep damage
constitutive equations and analyse the advantages and limitations of
current creep damage constitutive equations in section 2.8. The creep
deformation (microstructure degradation) damage, which coupled with
the dominant cavitation damage into constitutive equation, shall be
explored in section 2.7.
4) To collect and summarize the critical experimental data of high
chromium steel, with special attention payed to cavitation, and the
quantitative relations between creep properties and cavitation that are
caused by the application of different stress levels and creep exposure
times all of which are fundamental in understanding the underlying creep
damage mechanisms in section 5.
2.5 Creep cavitation damage mechanism
2.5.1 Dominant damage mechanism of cavitation in creep
process
Generally, it is well accepted that cavity nucleation, growth and coalescence
lead to the failure of this type of engineering material during creep (Gooch, 1982)
(Eggeler, 1989) (Kassner & Hayes, 2003) (Westwood et al., 2004) (Sklenička,
2003) (Dobrzański, 2006) (Yao et al., 2007) (Shrestha et al., 2013) (Gupta et
al., 2013). Based on the summarized and analysed experimental observation
of fracture surface in high chromium steel in section 2.4, the observed images
illustrate the importance of creep damage in the creep process, which is leading
to final fracture.
Furthermore, Figure 2.34 illustrates that the nucleation and growth of cavity
accounted for about 80% of life time while the coalescence of cavity and final
rupture took about 20% of life time (Sklenička, 2003) (Yao et al., 2007).
Furthermore, there is a similar description of the development of cavitation
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during creep process in Figure 2.32 (Dobrzański, 2006). These findings indicate
that cavitation is the most dominant factor in the creep damage process.

Figure 2.15 Scheme of cavitation damage development (Yao et al., 2007).

Figure 2.16 Development of the internal damage of cavitation during creep
service for Cr-Mo steel (Dobrzański, 2006).
Based on the macroscopic simulation using creep damage constitutive
equations including different creep deformation (microstructural degradation)
damage and cavitation damage, model results also indicated that cavitation is
the largest contributing factor to failure (Yin and Faulkner, 2006; Yang et al.,
2013). Yin & Faulkner studied the severity of each different damage mechanism
based on their developed constitutive equation. The modelling of creep damage
constitutive equation was calculated with each individual creep damage
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mechanism being considered whilst setting other damage mechanisms to zero.
The modelling results shown in Figure 2.33 display that the strain curve b only
considered cavitation damage, and it indicates the cavitation damage
mechanism is the dominating factor in all creep damage mechanisms, which
will result in a fracture of high chromium steel (P92) (Yin & Faulkner, 2006). The
author conducted similar research based on a modified constitutive equation
proposed by Yin, during which the modelling results also indicated that the
cavitation damage mechanism is amongst the most significant internal damage
mechanism contributing to the ultimate failure of the material for T/P91 steel as
shown in Figure 2.37 (Yang et al., 2013).

Figure 2.17 The modelling results of Yin’s constitutive equation with different
damage mechanisms (a) all damage; (b) only particle coarsening; (c) only
dislocation multiplication; (e) only solute depletion; (f) no damage. (Yin &
Faulkner, 2006).
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Figure 2.18 The comparison of creep rate by different internal creep damage
mechanisms under 130MPa at 600℃ for T/P91 steel (Yang et al., 2013).
2.5.2 Creep damage mechanism at high temperature for high
chromium steel
According to different applications of creep stress level at a constant
temperature, there is a change in cavitation damage mechanism that will
govern creep damage fracture for high chromium steels. This section will
discuss the dominant cavity damage mechanism for high chromium steels
under high and low stress levels. The author has already presented this
summary and analysis in a published paper (Yang, Xu & Lu 2015).
2.5.2.1 Dominant cavity growth mechanism for high chromium
steels under high stress levels

In earlier studies, Dyson pointed out that the cavity nucleation rate was
proportional to strain rate, and fracture was controlled mainly by nucleation rate
at high stress level (Dyson, 1983). Later, however, increasingly more research
indicates that the principle rupture mechanism was the viscoplasticity-assisted
ductile rupture at high stress level. The damage mechanism begins with void
nucleation at the preferential stress concentration areas inside the grains; then
void growth was assisted by grain deformation and followed by coalescence of
the cavities. The evolution of cavity damage was controlled by cavity
constrained growth dominantly (Dyson, 2000) (Massé & Lejeail, 2012).
Recently, the spatial distribution and 3D characteristics of the creep void with
increasing creep exposure time for high chromium steel by three dimensional
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techniques of X-ray micro-tomography have been provided under a stress
range between 120MPa and 180MPa at 600℃ (Gupta et al., 2013). Based on
the experimental data of cavitation volume fraction, the average diameter of
voids and the number density of cavitation curves, void volume fraction and the
number density both increase, and interestingly void volume fraction increases
more rapidly. It reveals that void nucleation or growth and coalescence process
dominate. Furthermore, these results mean that the void growth by
coalescence is progressively strengthened over nucleation as the stress is
reduced in the range of 120-180MPa (Gupta et al., 2013). Thus, the dominant
cavity growth mechanism is controlled cavitation damage for high chromium
steel under high stress level.
2.5.2.2 Dominant cavity nucleation mechanism for high
chromium steels under low stress levels
Generally speaking, the creep deformation under low stress is diffusional and
the void nucleation is controlled by the maximum shear stress, this idea is in
good agreement with the general understanding reported by Miannay (2011),
and according to Xu (Xu, Lu & Wang, 2013). Dyson pointed out the cavity
nucleation rate was proportional to strain rate, and fracture was controlled
mainly by nucleation rate at a low stress level (Dyson, 1983).
With finer resolution of cavity size, Gupta et al (2013) reported the number
density and mean size of crept specimen under different stress levels. It reveals
that though the number density under lower stress at failure is much higher than
that of those under high stress, and the number density at lower stress is 2.5
than that in high stress; this strongly indicates the significant effect of time and
the cavity nucleation is visco-type rather than stress controlled. As can be seen
it is useful and important to obtain the nucleation rate with time under different
stress level. The dominant cavity nucleation mechanism is for high chromium
steel under low stress levels.
2.6 Traditional creep cavitation damage equations
The damage mechanism is due to creep (a) cavity nucleation and (b) cavity
growth on grain boundary as shown in Figure 2.38 (Lin, Liu & Dean, 2005). This
section will introduce the traditional creep cavitation damage equations.
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(a)
()

(b)

Figure 2.19 Schematics shows (a) cavity nucleation (b) cavity growth (Lin, Liu
& Dean, 2005).

2.61 Cavity nucleation
Raj and Ashby (1975) proposed that the cavity nucleation rate (number of
cavities generated per time and area), which is based on vacancy condensation,
is given as below (Raj & Ashby, 1975), and according to Riedel (1987):
𝐽∗ = 𝛽 ∗ 𝑁𝑜∗ (2.6)
Where:
𝐽∗ is the cavity nucleation rate,
𝑁𝑜∗ is the area density of critical clusters,
𝛽 ∗ is the rate (per unite time) at which single vacancies are absorbed by a
critical cluster.
Needham and Gladman (1980) proposed that the cavity nucleation rate at small
creep strain, 𝑁̇ , is in a linear relationship with the normal strain rate 𝜀̇ in
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engineering steels and alloys, and according to Westwoood, Pan & Crocombe
(2004):
𝑁̇ = 𝐵𝜀̇ (2.7)
where
𝑁̇ is the cavity nucleation rate,
B is an empirical constant depending on temperature,
𝜀̇ is creep strain rate.
Dyson (1983) noticed that the number of cavities (𝑁) per unit grain boundary
area is a linear relationship with the creep strain for 2.25Cr-1Mo, Type 347 steel,
Nimonic 80A and iron. Thus, the number of cavities (𝑁) per unit grain boundary
is related to (according to Kassner & Hayes (2003)):
𝑁 = 𝑎′ 𝜀 (2.8)
where:
𝑁 is the cavity nucleation rate per unite grain boundary area;
𝑎′ is an empirical factor of proportionality having the physical dimension (𝑚−2 );
𝜀 is strain rate.
Riedel (1987) proposed the power law form for continuous nucleation based on
the cavity size function:
𝐽∗ = 𝐴2 𝑡 𝛾 (2.9)
Where
𝐽∗ is creep nucleation rate,
𝐴2 and 𝛾 may possible depend on stress and strain rate,
𝑡 is time.
2.62 Cavity growth
2.6.2.1 Unconstrained diffusion controlled cavity growth
Riedel (1987) suggested that unconstrained diffusion controlled cavity growth
on grain boundary based on Hull and Rimmer (1959) and proposed a diffusion
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growth mechanism of an isolated cavity in a material under an applied external
stress:
Ω𝛿𝐷𝑔𝑏 [𝜎 − 𝜎0 ]
𝑑𝑎
=
(2.10)
𝑑𝑡 1.22𝑘𝑇𝐼𝑛(𝜆𝑠 /4.24𝑎)𝑎2
where:
Ω is the atomic volume;
𝛿 is the grain boundary width in Figure 2.39;
𝐷𝑔𝑏 is the diffusion coefficient at the grain boundary;
𝜎 is normal stress to the grain boundary;
𝜎0 is the sintering stress;
𝑘 is Boltzmann constant;
𝑇 is temperature;
𝜆𝑠 is the cavity separation as shown in Figure 2.39;
𝑎 is the cavity radius in Figure 2.39 .

Figure 2.20 Cavity growth from diffusion across the cavity surface and through
the grain boundaries due to a stress gradient (Kassner & Hayes, 2003).

62

2.6.2.2 Constrained diffusion controlled cavity growth
Dyson (1976, 1979) originally suggested constrained cavity growth. Riedel
(1987) explained that constrained cavity growth meant the rate of cavity growth
can be controlled by the deformation rate of the surrounding material, and
proposed the constrained cavity growth rate based on the following equation by
Rice (1981), Riedel (1983b), Tvergaard (1984a):
Ṙ =

σ∞
Ι − (1 − ω)σ0
(2.11)
∞ 2
h(ψ)R2 {q(ω)kT/(2ΩδDb ) + q′ σ∞
e /(ε̇ e λ d)}

Where:
σ∞
Ι is normal stress;
ω is the area fraction of cavitated grain boundary;
the abbreviation q(ω) is equal to q(ω) = −2 ln ω − (3 − ω)(1 − ω);
σ0 is sintering stress;
h(ψ) is the cavity volume divided by the volume of a sphere with radius R and
equal to 0.61 with q′ = 12.5;
R is initial void radius;
k is Boltzmann constant;
T is temperature;
Ω is atomic volume;
δDb is the grain boundary width (δ) and the grain boundary diffusion coefficient
(Db );
σ∞
e is the applied equivalent stress for axisymmetric loading;
ε̇ ∞
e is the equivalent strain rate;
λ is the mean grain size.
Riedel (1987) proposed the cavity size distribution function, and suggested the
cavity growth rate in the power-law form:
Ṙ = A1 R−β t −α (2.12)
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where A1 , α and β may possibly depend on stress and strain rate. Research
has found the value of β is close to 2 with the cavity constrained diffusion
mechanism (Riedel, 1987) (Dyson, 1983) (Kassner & Hayes, 2003) (Kassner,
2008).
2.7 Creep deformation (Microstructural degradation)
mechanism in high chromium steel
Besides the dominant mechanism of cavitation damage, the microstructural
degradation which affects the creep strength of steels is the other key factor for
the development of constitutive equations and more accurately predicting the
lifetime of components. Some mature microstructure-based models used for
the assessment of creep strength have been proposed. In general, the effect of
microstructural degradation changes based on creep strength in 9-12% of Cr
steels as shown in Figure 2.40 (Sklenička, 2003). This section will review
classic creep deformation mechanisms such as strain hardening, particle
coalescing, mobile dislocation and solid solution of particles, and consider
suitable creep deformation mechanisms for the development of constitutive
equations based on the results of quantitative microstructural investigations of
high chromium steel.

Figure 2.21 The effect of microstructural degradation changes on creep
strength in 9-12% Cr steels (Sklenička, 2003).

64

2.7.1 Strain hardening
Ion proposed the dimensionless parameter 𝐻 used for modelling primary creep.
𝐻 is normally named as strain hardening and defined as (Dyson, 2000):
𝐻=

𝜎𝑖
(2.13)
𝜎

Where:
𝜎 is the uniaxial stress;
𝜎𝑖 is an internal back stress generated during stress redistribution with ‘hard’
regions on the microstructure (particles, subgrains, etc.) where inelastic strain
accumulates.
The evolution of 𝐻 is as follow:
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇ (2.14)
𝜎
𝐻

The value of 𝐻 ranged from zero to a microstructure-dependent maximum of
𝐻 ∗ (< 1).The constant ℎ′ = 𝐸𝜙, where 𝐸 is the Young’s modulus and 𝜙 is the
volume fraction of all phases giving rise to the stress redistribution.
2.7.2 Particle coarsening
The particle coarsening is one of most important degradation processes for
creep resistant steels. Based on Dyson’s approach, particle coarsening is
caused by the interparticle spacing of the hardening particles, and the
dimensionless parameter of the particle coarsening equation is defined as
(Dyson, 2000):
𝐷𝑝 = 1 −

𝑃𝑖
(2.15)
𝑃

Where
𝑃𝑖 is the initial spacing;
𝑃 is the current particle spacing;
The particle coarsening rate is described by:
𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 ) (2.16)
3
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Table 2.1 Main precipitations in 9-12% Cr steels (Hald, 2008).

9-12% of Cr steels contain several precipitate types during creep processes, as
shown in Table2.1 (Hald, 2008). The effect of the evolution of the particle
coarsening has been studied in high chromium steel. In 2003, Nakajima et al.
conducted research into the coarsening of M23C6 and MX precipitates in T91
steel during creep processes (Nakajima et al., 2003). Czyrska-Filemonowicz et
al. (2006) also studied the microstructure and properties of modified 9% Cr
steels (P92), and the results of quantitative microstructural investigations show
that precipitates were formed (MX and M23C6) as seen in Figure 2.41. A similar
research of microstructure and long-term creep properties of 9-12% Cr steels
was completed by Hald (2008). The evolution of particle sizes of precipitates in
P91 and P92 steel at 600℃ have been measured and modelled in Figure 2.42.
These research figures show that the Lave phases significantly nucleate and
grow during creep exposure, the mean diameter of Lave phase increased
several times; the particle of M23C6 slights increase with no obvious changes of
MX. Thus, the creep deformation (microstructural degradation) mechanism of
particle coarsening will be considered when forming a new creep damage
constitutive equations for high chromium steel.
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Figure 2.22 Size of precipitates formed during creep exposure of P92 steel
under 145MPa at 600℃ (Czyrska-Filemonowicz et al., 2006).

Figure 2.23 Left: the particle sizes of M23C6 (thin lines) and Laves phase (thick
lines) in steels of P91 and P92 changes with creep time. Right: Size evolution
of MX particle in P92 steel changes with creep time (Hald, 2008).
2.7.3 Mobile dislocation
The multiplication of mobile dislocation described by (Yin and Faulkner, 2006):
𝐷𝑑 = 1 −

𝜌0
(2.17)
𝜌𝑡

Where 𝜌0 and 𝜌𝑡 are dislocation density at 𝑡 = 0 and at any time instant t.
The evolution of mobile dislocation rate is as follows:
𝐷̇𝑑 = 𝐶(1 − 𝐷𝑑 )2 𝜀̇ (2.18)
where 𝐶 is a material constant.
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In the study of the evolution of the microstructure of the specimens after creep
testing under a stress range of 104-160MPa at 600℃ and 650℃ for P92 steel,
the experimental observation shows the change in the dislocation density in the
subgrains for the structural characteristics (Ennis et al., 1997). CzyrskaFilemonowicz, Zielińska-Lipiec and Ennis studied the microstructure and
properties of modified 9% Cr steels, the results of quantitative measurements
of dislocation density and sub-grain changes with creep exposure time under
145MPa at 600 and 650℃ (Czyrska-Filemonowicz, Zielińska-Lipiec & Ennis,
2006), the diagram in Figure 2.43 shows the dislocation density decreases
quickly after about 5000h and the subgrain increases after about 1000h.

Figure 2.24 The diagram shows the results of quantitative measurements of
dislocation density and sub-grain width with increasing creep time for P92
specimens exposed at 600 and 650°C (Czyrska-Filemonowicz, ZielińskaLipiec & Ennis, 2006).
In the study of microstructural degradation of P91 steel during creep under low
stress (Sawada et al., 2011), the mean subgrain size increased and the
dislocation density decreased during creep exposure as shown in Figure 2.44.
Based on the above microstructure degradation of the subgrain and dislocation
density in high chromium steel under different stress level, the creep
deformation (microstructural degradation) mechanism of mobile dislocation will
be considered for the creep damage constitutive equations for high chromium
steel.
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Figure 2.25 (a) The mean subgrain size and (b) the mean dislocation density
change with time for Grade 91 steel under 70MPa at 600℃ (Sawada et al.,
2011).

2.7.4 Solid solution
Dyson (2000) pointed that Wert and Zener’s (1950) nucleation and growth
kinetics equation had modelled the depletion of W/Mo from the matrix by
nucleation and growth of Laves phase (Fe2W/Mo) in 9-12% Cr steel. A damage
parameter of solid solution is varying between zero and unity and measures
from the matrix:
𝐷𝑠 = 1 −

𝐶𝑡̅
(2.19)
𝐶0

where 𝐶0 is the initial concertation of W/Mo, 𝐶𝑡̅ is the average concentration in
matrix at time t. The solute depletion damage evolution rate presented by WertZener equation:
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1

𝐷̇𝑠 = 𝐾𝑠 𝐷𝑠3 (1 − 𝐷𝑠 ) (2.20)
where 𝐾𝑠 is material parameter.
In the research of microstructure of the Grade 91 steel in the long term, i.e.
more than 100,000h of creep exposure at 600℃, the size distribution of Laves
phases after creep was displayed in Figure 2.45 (a) and Laves phases are
easily observed by BSE images because of Laves phases are enriched in Mo
in Figure 2.45(b) (Panait et al., 2010).

Figure 2.26 Size distribution of Laves phases in the P91 steel (b) BSE image
of Laves phases (white) (Panait et al., 2010).
Before Laves phase particles nucleation, Si and Mo segregated to micrograin
boundaries, where they alter the thermodynamic and kinetic conditions for
Laves phase formation. When critical Si and Mo concentrations were
established, Laves phase particles were able to nucleate as shown in Figure
2.46.

Figure 2.27 The evolution of Laves phase nucleation concentrated with Si and
Mo (Isik et al., 2014).
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In 2012, Kipelova et al. studied the evolution of Laves phase in a modified P911
heat resistant steel during creep at 923K (650℃). This research indicated that
there is mostly no change in chemical elements of W and Mo at 1% strain and
fracture of specimen (Kipelova et al., 2012). In other words, this means that
there was not the depletion of W/Mo from the matrix by nucleation and growth
of Laves phase in high chromium steel. Thus, the creep deformation
(microstructural degradation) mechanism of solid solution will be not
considered for the creep damage constitutive equations for high chromium steel.

Figure 2.28 The chemical composition of Laves phase at creep strains of (a)
1%, (b) 4%, (c) 6% and (d) in the fractured specimen (Kipelova et al., 2012).
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2.8 Current creep damage constitutive equations
This section will critically review the approaches of existing classic creep
damage constitutive equations for predicting the lifetime of components of
electric power plants, especially for high chromium steel, after which it shall
analyse the advantage and limitations of current creep damage constitutive
equations. The author will demonstrate the necessity of developing novel creep
damage constitutive equations and the expectations surrounding novel creep
damage constitutive equations for high chromium steel.
2.8.1 Kachanov and Robotnov equation (1969)
Kachanov (1958) first proposed the concept of continuum creep damage
mechanics (CDM), after which Robotnov (1969) developed constitutive
equations by describing creep behaviour attempts to using the concept of
damage, which employs internal state variable to quantify the strain rate
response to an applied stress. The Robotnov-Kachanove equation is
expressed as:
𝜀̇ = 𝜀̇0 [

𝜎
]𝑛 (2.21)
𝜎0 (1 − 𝐷)

𝐷̇ = 𝐷̇0 (

𝑣
𝜎
) (2.22)
𝜎0 (1 − 𝐷)

Where:
𝜀̇ is creep strain rate, 𝜎 is applied stress;
𝜎0 , 𝜀̇0 , 𝐷̇0 presents initial state of stress, strain rate and damage rate,
respectively;
𝑛 and 𝑣 denote stress exponent;
the value of damage parameter 𝐷 is varying between 0 and 1.



Advantages and limitations:

It cannot be denied that their contribution has helped lay the foundations for
continuum creep damage mechanics (CDM) and for creep damage constitutive
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equations, however, the damage parameter is far too simple, especially if there
is more than one physical damage mechanism for engineering alloys in a
complex service condition. For example, the creep deformation (microstructural
degradation) mechanisms in high chromium steel introduced in section 2.4 of
chapter 2.
2.8.2 Kachanov-Robotnov-Hayhurst (KRH) equation (1996)
and its modified version by Xu (2001)
Based on the Kachanov and Robotnov’s equation, Hayhurst had developed the
creep damage equations in both versions of uniaxial and multi-axial being
named as the Kachanov-Robotnov-Hayhurst (KRH) equation for low chromium
steels. The cavity nucleation is also dependent on the state of stress based on
experiments by Cane (1979) (1981), Needham and Gladman (1980), according
to Perrin and Hayhurst (1996). It reveals that the state of stress may be
conveniently characterized by the ratio of the maximum principal stress, 𝜎1 and
the effective stress, 𝜎𝑒 . More so, Cane (1979) (1981) proposed that the
cavitated area fraction, 𝐴𝑓 , is related to the accumulated effective creep strain,
𝜀𝑒 , the effective stress, 𝜎𝑒 , and the maximum principal stress, 𝜎1 , as displayed
in the equation below:
𝐴𝑓 = 𝐶𝑓 𝜀𝑒

𝑓(𝜎1 )
(2.23)
𝑔(𝜎𝑒 )

where 𝐶𝑓 is a proportional constant. The function 𝑓(𝜎1 )/𝑔(𝜎𝑒 ) may be
approximated to (𝜎1 /𝜎𝑒 )𝑣 , where the value of constant 𝑣 varies in a range of
0.5-3 based on the microstructure of material.
The cavitated area fraction could be considered to represent the effects of
cavity nucleation and growth (Perrin and Hayhurst, 1996):
𝜎1
𝜔̇ = 𝐶𝜀̇𝑒 ( )𝑣 (2.24)
𝜎𝑒
where 𝐶 is a constant of proportionality,
𝜀̇𝑒 is the effective creep strain rate,
𝑣 is a constant that defines the multi-axial stress rupture criterion of the material,
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𝜔 is the damage variable.

Thus, uni-axial KRH equations are proposed as:
𝜀̇ = 𝐴𝑠𝑖𝑛ℎ (

𝐵𝜎(1 − 𝐻)
) (2.25)
(1 − ∅)(1 − 𝜔)

𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻

∅̇ =

𝐾𝑐
(1 − ∅)4
3
𝜔̇ = 𝐶𝜀̇

where:
𝐴, 𝐵, 𝐶,ℎ′ , 𝐻 ∗ and 𝐾𝑐 are material constants in uniaxial state;
𝐻 means the strain hardening at primary stage of creep;
∅ is the coarsening of precipitates;
𝜔 is the cavitation damage.

Multi-axial KRH equations proposed as:
𝜀̇𝑖𝑗 =

3𝑆𝑖𝑗
𝐵𝜎𝑒 (1 − 𝐻)
𝐴 sinh [
] (2.26)
(1 − ∅)(1 − 𝜔)
2𝜎𝑒
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇𝑒
𝜎𝑒
𝐻

∅̇ =

𝐾𝑐
(1 − ∅)4
3

𝜎1
𝜔̇ = 𝐶𝑁𝜀̇𝑒 ( )𝑣
𝜎𝑒
where 𝐴, 𝐵, 𝐶,ℎ′ , 𝐻 ∗ and 𝐾𝑐 are material constants in uniaxial state,
𝐻 means the strain hardening at primary stage of creep,
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∅ is the coarsening of precipitates,
𝜔 is the cavitation damage,
𝜎𝑒 is effective stress,
𝜀̇𝑒 is effective creep strain rate,
𝜎1 is maximum principal stress,
𝑣 is stress state index.

A modified model based on multi-axial KRH equations by Xu (Xu, 2001):
𝜀̇𝑖𝑗 =

3𝑆𝑖𝑗
𝐵𝜎𝑒 (1 − 𝐻)
𝐴 sinh [
] (2.27)
(1 − ∅)(1 − 𝜔𝑑 )
2𝜎𝑒
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇𝑒
𝜎𝑒
𝐻

∅̇ =

𝐾𝑐
(1 − ∅)4
3

𝜔̇ = 𝐶𝑁𝜀̇𝑒 ∙ 𝑓2
𝜔̇ 𝑑 = 𝜔̇ ∙ 𝑓1
𝑓1 = (

2𝜎𝑒 𝛼
3𝜎𝑚
) exp{𝑏[
− 1]}
3𝑆1
𝑆𝑠
𝜎

1

𝑓2 = (exp{𝑝 [1 − 𝜎1 ] + 𝑞[2 −
𝑒

3𝜎𝑚
2𝜎𝑒

]})−1;

where:
𝐴, 𝐵, 𝐶, ℎ′ , 𝐻 ∗ and 𝐾𝑐 are material constants;
𝐻, ∅ and 𝜔 are same means with those in uniaxial version equations;
𝜎1 , 𝜎𝑒 , is maximum principal, equivalent stress, respectively;
𝑁 is equal to 1, while 𝜎1 > 0 (tensile) or 𝑁 is equal to 0, while 𝜎1 < 0
(compressive);
𝑣 is the tri-axial stress-state sensitivity of the material;
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𝑓1 and 𝑓2 are functions of stress states.



Advantages

The KRH was successively applied to the description of the creep behaviour of
low chromium steel. The models included different mechanisms of
microstructure degradation evolutions and cavitation damage and were based
on the simple phenomenological experimental observation. Furthermore, the
modelling results fit well with the experimental data of low chromium steels. Dr.
Qiang Xu’s modified version based on KRH equations added function 𝑓1 and 𝑓2
to better phenomenologically unify tertiary deformation, creep damage and
creep rupture (2001, 2003, and 2004), and more accurately model the results
of creep deformation and rupture time have been improved.


Limitations

The limitations of KRH equations were also reported by Dr. Qiang Xu (2001,
2003, and 2004), the method only used lifetime and ignored creep deformation
consistency. Firstly, KRH and Xu’s equations lack of consideration into the
stress breakdown phenomenon which was summarized in section 2.3 and
needs clear description on the evolution of creep cavitation damage. The KRH
constitutive equation model was applied to the specific cast of P91 steel
(Bar257, A-369 FP91) at 650℃ and 625℃ in a stress range of 90-110MPa
(Hyde et al., 2006), however, there is an absence of a detailed analysis of the
features of the creep deformation and cavitation damage for high chromium
steel and the estimated lifetime of material is not identified.
2.8.3 Dyson’s framework (2000)
Dyson summarized different creep damage mechanisms in categories for
engineering alloys in evolution for use in life prediction and is shown in Table
2.2.
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Table 2.2 Creep damage categories, mechanisms, and incorporation into
CDM (Dyson, 2000).
CREEP
DAMAGE
CATEGO
RY

StrainInduced

DAMAGE
MECHANIS
M

DAMAGE
PARAME
TER

Creepconstrained
Cavity
NucleationControlled

𝐷𝑛
𝜋𝑑2 𝑁
=
4

𝐷̇𝑛 =

Creepconstrained

𝐷𝑛
𝜋𝑑2 𝑁
=
4

𝐷̇𝑛 = 0

Cavity
GrowthControlled

Thermally
-Induced

𝐷̇𝑛 =

𝑟 2
𝐷𝐺 = ( )
𝑙

Multiplication
of Mobile
Dislocation

𝐷𝑑

ParticleCoarsening

𝐷𝑝

Depletion of
SolidSolution

𝐷𝑠

𝑘𝑁
𝜀𝑓,𝑢

𝑑
𝜀̇
2𝑙𝐷𝐺

𝐷̇𝑑
= 𝐶(1
− 𝐷𝑑 )2 𝜀̇

𝜌𝑖
=1−
𝜌

=1−

𝑃𝑖
𝑃

𝑐̅𝑡
=1−
𝑐0

STRAIN RATE

DAMAGE
RATE

𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0 sinh [
]
𝜎0 (1 − 𝐷𝑁 )

𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0 sinh [
]
𝜎0 (1 − 𝐷𝑁 )

𝜀̇
=

𝜀̇0
𝜎(1 − 𝐻)
sinh [
]
(1 − 𝐷𝑑 )
𝜎0

𝐷̇𝑝
𝐾𝑝
=
(1
3
− 𝐷𝑝 )4

𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0 sinh [
]
𝜎0 (1 − 𝐷𝑝 )

𝐷̇𝑠

𝜀̇
1⁄
𝐾𝑠 𝐷𝑠 3 (1

=
− 𝐷𝑠 )

=

𝜀̇0
𝜎(1 − 𝐻)
sinh [
]
(1 − 𝐷𝑠 )
𝜎0

Where
𝐷 is damage parameter, subscripts indicate specific mechanism defined in the
text,
𝜎 is uniaxial stress,
𝑇 is tempearuture,
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𝑅 is Radius of test piece or component,
𝑑 is grain size,
𝑁 is number density of cavitated grain boundary facets,
𝑟 is cavity radius,
𝑙 is intracavity spacing,
𝜀𝑓,𝑢 is uniaxial strain at fracture,
𝑘𝑁 is cavitation constant ≤ 1/3,
𝜌 is dislocation density, subscript i denotes initial value,
𝐶 is material constant,
𝑃 is particle spacing, i denotes initial value,
𝐾𝑝 is rate constant for particle coarsening,
𝐶𝑡̅ is mean concentration of W/Mo in matrix at time t,
𝐶0 is concentration of W/Mo in matrix at time t.
Dyson pointed out that grain boundary creep cavitation can be the mechanistic
cause of fracture. There are two extremes of behaviour of cavitation: (1)
unconstrained cavitation due to a low density of cavity under high stress and/or
low temperature; and (2) constrained cavitation because of a high density of
cavity, low stress and/or high temperature (Dyson, 2000). The theories of
constrained and unconstrained cavitation have been introduced in the above
section 2.6, which states that the accuracy of cavitation equation modelling is
limited by the uncertainty of the input data. When cavitation is constrained, the
damage parameter 𝐷𝑁 , which denotes the fraction of grain boundary facet
cavitation, is effected by reducing the loading area (1 − 𝐷𝑛 ). The evolution rate
of the damage parameter 𝐷𝑁 is zero, while cavity growth is a controlled
mechanism. When cavities nucleate continuously, 𝐷̇𝑛 could be used to
describe the evolution of cavitation damage using a nucleation rate model
which is in a linear relationship with strain rate (Dyson, 2000):
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𝐷̇𝑛 =

𝑘𝑁
𝜀̇ (2.28)
𝜀𝑓𝑢

where the 𝐷̇𝑛 denotes the continuously cavities nucleation damage, 𝜀𝑓𝑢 is the
uniaxial strain at fracture and 𝑘𝑁 has an upper limit of 1/3, when all transverse
grain boundaries are cavitated.
Dyson proposed a framework to incorporate the dominant creep damage
mechanisms of primary strain hardening ( 𝐻 ), multiplication of mobile
dislocations (𝐷𝑑 ), particle coarsening (𝐷𝑝 ) and creep cavitation damage (𝐷𝑛 ) all
In order to aim to reflect the evolution of creep strain state using hyperbolic sine
stress function.
𝜀̇ =

𝜀̇0
𝜎(1 − 𝐻)
sinh [
] (2.29)
(1 − 𝐷𝑑 )
𝜎0 (1 − 𝐷𝑝 )(1 − 𝐷𝑁 )
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻

𝐷̇𝑑 = 𝐶(1 − 𝐷𝑑 )2 𝜀̇
𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3

𝐷̇𝑛 =

𝑘𝑁
𝜀̇
𝜀𝑓𝑢

Where:
𝜀̇ is creep strain rate;
𝜀̇0 is initial strain rate;
𝜎 is applied stress;
𝜎0 is initial state of stress;
𝐻 is the strain hardening;
𝐷𝑑 is multiplication of mobile dislocation;
𝐷𝑛 is cavitation damage parameter that presents cavity nucleaton;
ℎ′ , 𝐻 ∗ , 𝐶, 𝐾𝑝 are material constants;
𝑘𝑁 is cavitation constant and upper limit of 1/3;
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𝜀𝑓𝑢 is uniaxial strain at fracture.


Advantages

The advantage of Dyson’s constitutive equations provide a mathematical
framwork and incorporate a physical based creep deformation (microstructial
degredation) mechanisms of stress redistribution around hard regions(strain
hardening), multiplication of moblie dislocation, particles coarsening and
cavitation damage of nucleation controlled on all transverse grain boundaries.
Compared with the damage parameter 𝐷 in Kachanov and Robotnov equation,
the dominant damage parameter of cavitation 𝐷𝑛 is based on the quantified
analysis results of traditional electron microscopy techniques. Integrating the
equation of creep cavity nulceation rate, it means the damage parameter 𝐷𝑁
(𝐷𝑛 = 𝐴𝜀) of fraction area of cavitation is a linear relationship with creep strain.
Experimental data of the linear relationship between creep strain and cavity
density could provide evidence for the damage parameter 𝐷𝑁 for superalloy
(Nimonic 80A) as shown in Figure 2.48.

Figure 2.29 Variation of cavity density with creep strain in superalloy Nimonic
80A (Dyson, 1983).
On the other hand, the hyperbolic sine function for constitutive equations could
be more adequate for a large range of stress and temperature than power-law
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formulation.Thus, Dyson’s equation should be more confident in dealing with
creep life assessment than Kachanov and Robotnov’s equation (Dyson, 2000),
because it decribes in more detail about the evolution of creep cavitation
damage in engineering materials.


Limitations

Based on the review of cavitation damage mechanisms in section 2.6, it
indicates that the caviation would be continously nucleated under low stress
levels and suffer constrained diffusion growth under high stress level at high
temperature. However, the cavitation damge equation 𝐷𝑛 in Dyson’s equation
presents only cavitation with continuous nucleation and specifically deals with
the cavitation controlled growth rate for zero at the beginning of the creep
process.
Moreover, the cavitation damage equation 𝐷𝑛 is not suitable for all engineering
materials. For example, the test was terminated after 1%, 5% and 12% strain
for 12% Cr steel under 80MPa at 923K(650℃), hence the relationship between
cavity density and strain is linear at these three strain points as shown in Figure
2.49. (Eggeler et al., 1989), but there is no more experimental data to further
prove the linear relationship between cavitation damage and strain for high
chromium steel.
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Figure 2.30 Cavity density as a function of strain at strain 1%, 5%, and 12%
for 12% Cr-Mo-V steel 923K under 80MPa at 650℃ (Eggeler et al., 1989).
On the contrary, the experimental data of the void area fraction or void area
number density with strain for different notch root radius dual phase steel
(DP780) and a commercial free-cutting steel JIS SUM24L (1.1%Mn, 32% S,
0.28% Pb, 0.075 P and balance Fe) are not a linear realtionship in Figure 2.50
and Figure 2.51. Thus, there should be a more objective equation for describing
both the evolution of cavity nucleation and growth damage mechanisms in
engineering materials, especially for high chromium steel.
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Figure 2.31 (a) Variation of void area fraction with strain, (b) void areal density
with strain for dual phase steel (DP780) with smooth radius for 12mm and
notch root radius of 1.5 and 7.5 mm (Saeidi et al., 2014).

Figure 2.32 Experimental measurements of the evolution of number density of
voids with the changing of creep strain (SEO et al., 2015).
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2.8.4 Review of current creep damage constitutive equations
based on Dyson framework for high chromium steel
2.8.4.1 Modified equations by Yin and Faulkner (2006)
Yin and Faulkner (2006) thought the cavitation damage equation 𝐷𝑛 proposed
by Dyson (2000) was too simple in some cases, and creep damage due to
cavitation damage will increase with increasing temperature if vacancy
condensation plays a role in grain boundary cavitation. Based on measuring
the area fractions of grain boundary cavities in a modified Al alloy by Khaleel et
al. (2001), the quantitatively analysed results indicate that the creep damage
increases slowly at low strains and increases quickly at higher strains with
increasing creep strain (Yin and Faulkner, 2006). There are similar results in
the quantitative study of type 321 stainless steel by Chabaud-Reytier et al
(2001), consequently, Yin and Faulkner (2006) proposed the creep cavitation
damage by adding an exponent for creep rate:
𝐷𝑁 = 𝐴𝜀 𝐵 (2.30)
Where 𝐴 and 𝐵 are related to temperature. Therefore, the cavitation damage
rate is expressed as:
′
𝐷̇𝑛 = 𝐴′ 𝜀 𝐵 𝜀̇ (2.31)

where 𝐴′ = 𝐴𝐵 and 𝐵 ′ = 𝐵 − 1. When 𝐵 = 1 is a special case of this equation
as same as Dyson’s cavitation damage equation.
Based on Dyson’s framework, Yin and Faulkner (2006) suggested creep
damage constitutive equations for high chromium steel (9wt-% Cr steel):
𝜀̇ =

𝜀̇0
𝜎(1 − 𝐻)
𝑠𝑖𝑛ℎ [
] (2.32)
(1 − 𝐷𝑑 )(1 − 𝐷𝑠 )
𝜎0 (1 − 𝐷𝑝 )(1 − 𝐷𝑁 )
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻

𝐷̇𝑑 = 𝐶(1 − 𝐷𝑑 )2 𝜀̇
𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3

1/3
𝐷̇𝑠 = 𝐾𝑠 𝐷𝑠 (1 − 𝐷𝑠 )
′
𝐷̇𝑛 = 𝐴′ 𝜀 𝐵 𝜀̇
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where
𝐴, 𝐵, 𝐶, ℎ′ , 𝐻 ∗ , 𝐾𝑠 and 𝐾𝑝 are material constants.


Advantages

The different creep deformation mechanisms of high chromium steel had been
taken into consideration by Yin and Faulkner’s constitutive equations. The grain
boundary cavitation damage had been considered according to experimental
data of Al alloy and type 321 steel by vacancy condensation. It is different to
say that the evolution of the characterisation of cavitation in Al alloy and type
321 steel is same with high chromium steel, but the novel modified equation of
cavitation damage with adding exponent for creep strain expressed that quickly
increasing of the creep cavitation damage at higher strains with increasing
creep strain. It is acceptable at that stage.


Limitations

This model of cavitation damage had no further validated by the experimental
data of the evolution of cavity in high chromium steel. The material constant of
A is dependence of temperature in the cavitation damage equation proposed
by Yin and Faulkner (2006), however, Basirat et al. (2012) realized both
temperature and stress level influence the value of material constant A. Thus,
the value of material constant which is dependence of temperature and stress
has a great impact of the cavitation damage mechanisms.
2.8.4.2 Modified equations by Chen et. Al. (2011)
Chen et al. (2011) had essentially adopted the approach of creep cavitation
damage equation proposed by Yin and Faulkner (2006), then developed a
creep constitutive equations for T/P91 steel. The power law function is coupled
creep deformation mechanisms including strain hardening, solute depletion of
precipitates, the coarsening of particles and cavitation damage mechanism
under high stress level (130-200MPa) at 600℃. The developed constitutive
equations express as:
𝑛

1
𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0
[
] (2.33)
(1 − 𝐷𝑠 ) 𝜎0 (1 − 𝐷𝑝 )(1 − 𝐷𝑁 )
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𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻

1/3
𝐷̇𝑠 = 𝐾𝑠 𝐷𝑠 (1 − 𝐷𝑠 )

𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3

′
𝐷̇𝑛 = 𝐴′ 𝜀 𝐵 𝜀̇

𝜎̇ = 𝜎𝜀̇
where 𝐴, 𝐵, 𝐶, ℎ′ , 𝐻 ∗ , 𝐾𝑠 and 𝐾𝑝 are material constants,
𝜎 is applied stress,
𝑛 is stress exponent.
In the author’s earlier research, the modelling results of the modified equations
had been validated by comparing with experimental data of high chromium steel
under high stress level, however, it was unsuccessfully applied to lower stress
level. The creep curve under low stress is not the right type in leading to rupture
and not sharp enough to be observed as brittle intergranular fracture type with
low ductility(Parker, 2013) as shown in Figure 2.52 (Yang, Xu & Lu, 2013).

Figure 2.33 The graph of strain versus time under low stress by application of
Yin’s modified creep damage constitutive equations (Yang, Xu & Lu, 2013).
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2.8.4.3 Basirat’s equation (2012)
Basirat et al. (2012) inserted the creep deformation mechanisms and cavitation
damage mechanism (adopted modified cavitation damage equation by Yin and
Faulkner (2006)) into Orowan’s equation, then the modified constitutive
equations became:
𝜀̇ =

𝑏 ∙ 𝜌𝑚 ∙ 𝑣𝑔
𝑀 (1 − 𝐷𝑠 (1 − 𝐷𝑝 )(1 − 𝐷𝑁 ))

(2.34)

1/3
𝐷̇𝑠 = 𝐾𝑠 𝐷𝑠 (1 − 𝐷𝑠 )

𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3

𝐷̇𝑛 = 𝐴𝜀̇𝜀 0.9

Basirat et al. (2012) suggested both temperature and stress level have great
influence on the value of material constant A in the cavitation damage equation
and the specific variation of cavitation damage coefficient A for P91 steel is
shown in Table 2.4 and Figure 2.53 (Xu, Yang and Lu, 2017). It is hard to use
them in constitutive equation modelling for the predication of lifetime with
confidence due to the lack of a clearly trend in Figure 2.53.
Table 2.3 The variation of creep cavity damage coefficient A with different
stress and temperature (Basirat et al., 2012).
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Figure 2.34 The variation of creep cavity damage coefficient A with different
stress and temperature (Xu, Yang and Lu, 2017b).
2.8.5 Recently developed constitutive equations only with
creep deformation mechanisms and without creep cavitation
damage for high chromium steel (2011-2013)
Below are several of the most developed creep damage constitutive equation
models that have been advanced to take better account of the evolution of
creep deformation (microstructural degradation) for high chromium steel.
However, these are not concerned with the dominant damage mechanism of
cavitation which manifested in section 2.6 and the creep fracture has deviated
to the physical based foundation towards more phenomenological.


Pétry and Lindet (2009)
ε = 𝜀 𝑒 + 𝜀 𝑣𝑝 (2.35)
𝜎 = 𝐶 ∙ 𝜀𝑒
𝜎𝑒𝑞 (1 − 𝐻) 𝜎 𝐷
3
𝜀̇ 𝑣𝑝 = 𝜀̇0 sinh(
)
2
𝐾(1 − 𝐷) 𝜎𝑒𝑞
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𝐻 = 𝐻1 + 𝐻2
ℎ1
𝐻̇1 =
(𝐻 ∗ − 𝐻1 )𝑝̇
𝜎𝑒𝑞 1
ℎ2
𝐻̇2 =
𝑝̇
𝜎𝑒𝑞
{
𝐷̇ = 𝐴0 sinh(

𝛼𝜎1 + (1 − 𝛼)𝜎𝑒𝑞
)
𝜎0

where:
ε, 𝜀 𝑒 , 𝜀 𝑣𝑝 is total strain, elastic strain and viscoplastic strain tensor,
respectively；
C is Hooke’s fourth rank elasticity tensor;
𝜎 𝐷 is deviatoric stress tensor;
𝜎𝑒𝑞 is Von Mises equivalent stress;
𝜎1 is maximum principal stress;
𝑝̇ is plastic strain rate;
𝐻 is isotropic hardening;
D is cavitation damage;
𝜀̇0 , 𝐾, ℎ1 , ℎ2 , 𝐻1∗ , 𝐴0 , 𝜎0 , 𝛼 are material parameters.
Pétry and Lindet’s model was modified on Hayhurst’s approach by subdividing
the hardening variable H into a more complex variable involving the increase
and decrease in the whole process of hardening variable. The model originally
neglected the influence of thermal ageing and cavitation damage and is
represented by the variable D which is dependent of stress state (Pétry and
Lindet, 2009). The research paper of by Qiang Xu (2011) pointed out the
compromise in determining the value of 𝛼 due to the lack of experimental data
for notched bar test (Xu, Lu and Wang, 2013). Thus, the model is not confident
enough for predicting the lifetime of components.


Oruganti’s equation (2011)
𝜀̇ = 𝜀̇0 exp(−

𝑄𝑑
𝜎(1 − 𝐻 ∗ (1 − 𝐷𝑠 ))
)sinh [
] (2.36)
𝑅𝑇
𝜎0 (1 − 𝐷𝑝 )
𝜎̇ = 𝐾1 (1 −
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𝜎0
)𝜀̇
𝐾2

𝐷̇𝑠 =

𝜀̇
𝑄𝑠
(𝐾𝑠1 + 𝐾𝑠2 exp(− ))(1 − 𝐷𝑠 )2
𝑆𝑖
𝑅𝑇
𝐷̇𝑝 =

4
𝐾𝑝
𝑄𝑑
exp(− )(1 − 𝐷𝑝 )
𝑅𝑇
𝑃𝑖2

where
𝐾1 , 𝐾2 are constants for a given material,
𝜎0 increases proportionately with strain and approach a steady value of 𝐾1 at
a rate determined by 𝐾2 ,
𝐾𝑠1 and 𝐾𝑠2 are the coefficients corresponding to the temperature independent
and temperature-dependent parts of subgrain growth,
𝑄𝑠 is the activation energy,
𝐾𝑝 , 𝑄𝑠 , 𝑄𝑑 , 𝑃𝑖 , 𝑆𝑖 , 𝐻 ∗ are physically bounded by experimental data.

Oruganti et al. (2011) proposed this model based on Dyson’s framework. The
coarsening of carbon nitrides and subgrain structure resulting from martensitic
transformation were incorporated in the creep damage constitutive equations,
however, the modelling results shows a big gap in the tertiary stage of creep
curve in Figure 2.54, which may be due to this model neglecting the cavitation
damage mechanism which contributes most to final fracture in the tertiary stage.

Figure 2.35 The modelling result of Oruganti’s constitutive equation compared
with experimental data for 9-10%Cr ferritic steels (Oruganti et al., 2011).
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Ghosh’s equation (2013)
𝑄𝑑
𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0 (1 + 𝐷𝑑 )exp[− ]sinh [
] (2.37)
𝑅𝑇
𝜎0 (1 − 𝐷𝑝 )
𝐻̇ =

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻
𝐷̇𝑑 = 𝐶𝜀̇

𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3
𝜎̇ = 𝜎𝜀̇

where
𝜀̇0 is strain rate and depends on precipitation volume fraction and mobile
dislocation density,
𝑄𝑑 is the activation energy,
𝐶 is material parameter of the evolution of dislocation density.

Ghosh applied the modified model to both low and high chromium steel. The
modelling results shown in Figure 2.55 and Figure 2.56 fail to fit well with the
experimental data. The creep deformation and damage mechanisms are
different under different conditions, especially between high and low chromium
steels. It is not scientific reasonable for application of a model that includes
samples both high and low chromium steels.

Figure 2.36 The modelling result of Ghosh’s constitutive equation compared
with experimental data for 2.25Cr1Mo steel under 98MPa at 500℃ (Ghosh et
al., 2013).
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Figure 2.37 The modelling result of Ghosh’s constitutive equation compared
with experimental data for 9CrMoVNb steel under 260MPa at 540℃ (Ghosh et
al., 2013).


Constitutive equations modified by Christoper et
al.(2013)
𝜎(1 − 𝐻)
𝜀̇ = 𝜀̇0 (1 + 𝐷𝑑 )sinh [
] (2.38)
𝜎0 (1 − 𝐷𝑝 )
𝐻̇ =
𝐷̇𝑑 = 𝑘2 (

ℎ′
𝐻
(1 − ∗ ) 𝜀̇
𝜎
𝐻

𝜌𝑠𝑠 0.5
𝜌𝑁,𝑖 0.5
) (1 + 𝐷𝑑 )0.5 (1 − (1 + 𝐷𝑑 ))−1 ((
) ) 𝜀̇
𝜌𝑁,𝑖
𝜌𝑠𝑠
𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3
𝜎̇ = 𝜎𝜀̇

Where 𝜀̇0 is the characteristic strain rate,
𝐷𝑑 is a non-dimensional damage parameter for network dislocation
coarsening,
𝜌𝑁,𝑖 and 𝜌𝑠𝑠 are the dislocation density at any strain and initial dislocation
density, respectively,
𝑘2 is derived from Kocks–Mecking phenomenological approach.

Christopher’s equation had considered of the evolution of creep deformation
(microstructural degradation) did not consider the cavitation damage. The
modelling results as shown in Figure 2.57 and Figure 2.58 indicate that a great
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gap of creep lifetime and rupture strain between the predicted modelling and
experimental data.

Figure 2.38 The modelling results of Christopher’s constitutive equation
compared with experimental data for modified 9Cr-1Mo steel under 160MPa
and 200MPa at 873K (Christopher et al., 2013).

Figure 2.39 The modelling results of Christopher’s constitutive equation
compared with experimental data for modified 9Cr-1Mo steel under 70MPa at
873K (Christopher et al., 2013).
The above developed constitutive equations are only based on the evolution of
creep deformation (microstructural degradation). Without the cavitation
damage they do not reflect the real process of creep damage and the modelling
results of those equations indicates a significant divergence in creep lifetime
and rupture strain compared with experimental data.
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2.8.6 The expectation of novel creep damage constitutive
equations for high chromium steel
Based on the limitations of the existing creep damage constitutive equations,
particularly for high chromium steel, the two main problems presented below
will be taken into account in order to better fulfil the expectations of new
equations:
1. The existing creep damage constitutive equations, used in a limited
stress range, were mostly developed for high chromium steel under high
stress level thus was not extended to low stress level. On the other
hand, the function of the relationship between minimum creep strain rate
and applied stress in range of levels will be invested and will be followed
by suggestions to help formulate more accurate and functional
constitutive equations. The review paper (Xu et al., 2013, 2017) has
similar comments for existing creep damage constitutive equations, the
author agreed with Xu after the investigation.
2.

The precise measurements of the evolution of creep voids at grain
boundaries during creep though advanced technology of X-ray
microtomography could contribute to the improvement in the reliability of
the novel creep cavitation damage equation and contribute to providing
a more accurate estimate of the life time of high chromium steel.

2.9 Typical creep fracture criterion
The creep fracture criterion is a key factor for creep damage constitutive
equations, this section will introduce the relationship between creep cavitation
damage parameters and distribution of creep cavities on grain boundaries and
typical creep fracture criterion for exciting creep damage constitutive equations,
which had been summarized in the author’s research published paper (Yang,
Xu and Lu, 2015). This section provides suggestions for the fracture criterion in
the development of novel constitutive equations.
There are three main relationships between creep cavitation damage
parameters and distribution of creep cavities on grain boundaries used to
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evaluate the creep damage as shown below and their definition is shown in
Figure 2.59 (Toda, et al., 1996):
1. Area fraction of cavities, 𝑝: the total volume of cavities;
2. Fraction of cavities on grain boundary lines, 𝐿: the fraction of cavities on
grain boundary lines, ∑ 2𝑐𝑖 : fraction of the total length of cavities, 2𝑙: the
length of each grain boundary line;
3. Areal cavity density, 𝑀: the number of cavities in a unit area;
4. A-parameter, 𝐴: a number fraction of cavitated grain boundary lines to
the total number of grain boundary lines.

Figure 2.40 Creep damage parameter: (a) Area fraction of cavities, (b)
Fraction of cavities on grain boundary lines, (c) Areal cavity density, (d) Aparameter (Toda, et al., 1996).
2.9.1 Dyson and KRH （𝝎=1/3）
Section 2.8 has already introduced Dyson and the KRH model. The variable
parameter 𝜔 presents cavitation damage and varies from zero. The maximum
value of 𝜔 at failures, which is the area fraction of cavitation damage for all
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grain boundary, is approximately 1/3. Creep cavitation can either be nucleation
or growth controlled, which is linear to strain rate.
2.9.2 Pétry and Lindet (𝒕𝑹 𝒎𝒊𝒏 = {𝒕(𝜺 = 𝜺𝒄 = 𝟏𝟎%), 𝒕(𝑫 = 𝑫𝒄 )})
Pétry and Lindet’s modified creep damage constitutive equations, introduced
and discussed in section 2.8, suggested that the modelling computations were
stopped when the macroscopic strain reached the value of 10% (𝜺𝒄 ) because
of numerical convergence reasons. The damages varied between zero at initial
state and threshold value Dc which varies between 0.1 and 0.3. Pétry and
Lindet applied the weakest link approach and proposed the fracture criterion:
t R min = {t(ε = εc = 10%), t(D = Dc ).

2.10 Current state of experimental data of high chromium
steel
There are four main aspects in current state of experimental data of high
chromium steel summarized below:
1) Generally, creep data contain a full set of data, such as the chemical
compositions of materials, material production procedures (heat
treatment), and creep specimens for optical micrographs or SEM. Creep
date sheet of high chromium steel are mainly published by ECCC and
NIMS. ECCC (2005, 2014) had been collated and formally assessed the
high chromium steel of Steel 91 (T/P91), ASTM Grade 92 (T/P92), Cast
Steel 91, E911 steel, most of them were focused on short-term (10,000h)
creep under high stress level. NIMS (2007) had published long-term
(exceeding 100,000h) creep deformation properties for ASME Grade 91
steel (9Cr-1Mo-V-Nb) in a higher range of stress level, but some creep
tests of those materials were processed under the stress condition of
50MPa, 60MPa, 70MPa at different temperature.

2) The evolution of microstructural degradation of high chromium steel had
for the majority been studied by OP, TEM, and SEM during creep
process. The observation mostly focused on the influence of creep
resistance by metallic element process and the evolution of precipitates.
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In the section 2.7, the author reviewed classic creep deformation
mechanisms and analysed the creep deformation mechanisms in high
chromium steel based on experiential data.
3) The traditional technology of OP, TEM, and SEM had widely been used
for observing the fracture surface of high chromium steel, some of
experimental observations indicated that cavitation was the dominant
damage mechanism leading to final fracture. The author has already
summarized and analysed this experimental data in section 2.4 and has
clearly understood the creep fracture mechanisms for high chromium
steel.
4) In chapter 4, this research will collect and analyse the critical
experimental data of high chromium steel by the advanced 3D
technology of microtomography X-ray. The whole evolution process of
cavitation characterisation with increasing creep exposure provide a
better understanding of the cavitation damage mechanisms and provide
hope in developing novel constitutive equations for high chromium steel.
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Chapter 3 Collection and analysis of the critical
experimental data of high chromium steel for
the

development

of

novel

creep

damage

equations
This section collects and analyses critical experimental data needed to solve
problems involved with the development of novel creep damage constitutive
equations for high chromium steel. Based on the previous chapters, there are
three main aspects of experimental data to collect and analyse in order to
formulate a novel creep damage constitutive equations for high chromium steel:
1) A set of based creep test data sheet (section 3.1):
Creep rupture time under different stress levels are needed for
comparison with the modelling of predicting lifetime of high chromium
steel; creep curve of creep strain against time is needed for comparison
of modelling results; minimum creep strain rate under different stress
levels is needed to describe the relationship between minimum creep
strain rate and applied stress;
2) The experimental observation of the evolution of microstructural
degradation (such as precipitates, alloying element) in high chromium
steel for identifying the creep deformation mechanism and equations for
creep damage constitutive equations. This aspect was completed in
section 2.7 (chapter 2) in the introduction of creep deformation
mechanisms;
3) The experimental observation and quantitative analysis of the evolution
of cavitation characterization for the development of a novel creep
cavitation damage equation (section 3.2).
3.1 The experimental data of creep test for high chromium
steel based on NIMS publication
3.1.1 Creep rupture times of P91 steel under different steel at
600℃ and 625℃
The data of creep rupture times of P91 steel under different steel at 600℃ and
625℃ was extracting from the NIMS creep data sheet published by NIMS (2014)
98

and is shown in Table 3.1 and Table 3.2. This set of data regarding creep
rupture times can be used to model the development of constitutive equations
in chapter 6 because of available data and simplification.
Table 3.1 Experimental data of P91 steel rupture time under different stress
levels at 600℃
Stress (𝑀𝑃𝑎)

Rupture time (h)

70

80736.8

100

34141

110

21206.3

120

12858.6

140

3414.7

160

971.2

Table 3.2 Experimental data of P91 steel rupture time under different stress
levels at 625℃
Stress (MPa)

Rupture time (h)

90

21372.4

100

9895.4

120

1657.9

140

399

3.1.2 Creep curve of P91 steel under different stress at 600℃
The creep curve of creep strain against time of Grade 91 (9Cr–1Mo–V–Nb–N)
steel under different stress levels at 600℃ was published by researchers of
NIMS (2014) as shown in Figure 3.1 and Figure 3.2. And these creep curves
had been used for validation by Christopher (2013). The computational
modelling of the development creep damage constitutive equations will be
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validated against the creep curve of creep strain rate versus time under different
stress levels at 600℃ in chapter 6.

Figure 3.1 The creep curve of creep strain versus time for grade 91 at 600℃
(Sawada et al., 2011).

Figure 3.2 Creep curves of creep strain and versus time for 9Cr-1Mo-V-Nb
steel at 600℃ (Kimira et al., 2009).
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3.1.3 Minimum creep strain rate under different stress at
600℃
The experimental data of the minimum creep strain rate under different stress
levels at 600℃ and 625℃ will be selected from Table 3.3 and Table 3.4 and
shall be analysed to provide insight into the relationship between minimum
creep strain rate and applied stress. The modelling results of the conventional
power law, hyperbolic and linear power law, along with modified hyperbolic sine
law will be compared with experimental data of minimum creep strain rate and
stress, in order to identify which fitted well with the experimental data and which
will be implemented in the development of new damage constitutive equations
in the following chapter.
Table 3.3 Experimental data of minimum creep rate at 600℃ for P91 (9Cr1Mo-V-Nb) extracting from NIMS creep data sheet (NIMS, 2014).
Tempature (℃)

600

Stress (MPa)

Minimum creep rate

200

1.4 × 10−3

160

4.2 × 10−5

140

7.7 × 10−6

120

1.5 × 10−6

110

8.1 × 10−7

100

4.0 × 10−7

80

1.3 × 10−7

70

9.6 × 10−8

Table 3.4 Experimental data of minimum creep rate at 625℃ for P91 (9Cr1Mo-V-Nb) extracting from NIMS creep data sheet (NIMS, 2014).
Tempature (℃)

Stress (MPa)
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Minimum creep rate

625

140

1.5 × 10−4

120

3.5 × 10−5

100

4.5 × 10−6

90

1.7 × 10−6

80

6.4 × 10−7

70

4.4 × 10−7

60

2.8 × 10−7

50

1.1 × 10−7

3.2 The experimental observation of cavitation damage in
high chromium steel
This section will collect the critical experimental observation of the evolution of
the cavitation characterization for the development of novel cavitation damage
equations. In recent years, 3D dimensional techniques, namely X-ray microtomography, have been applied for the characterization of creep cavitation
damage behaviour in copper (Dzięcioł, 2010), ferritic and martensitic steels (DP
steels) (Landron et al., 2011) and high chromium steel (Sket et al., 2010) (Gupta,
2013) (Renversade et al., 2014) (Yadav et al., 2014) (Yadav et al., 2015). 3D
images of conventional structural materials with high absorption X-ray has been
realised by synchrotron micro-tomography, providing new insights into creep
cavitation damage (Gupta, 2013) (Gupta, 2015). The 3D images of cavities
reveal the nature of the spatial distribution and 3D cavitation characteristics of
the creep voids. Quantitative analyses of the cavitation characteristics revealed
by 3D datasets, when scaled with respect to time, stress and temperature,
provide suitable quantitative functional relations between internal cavitation
characteristics and macroscopic creep properties for developing novel creep
damage constitutive equations to predict residual life of creep failure.
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3.2.1 The experimental observation of the evolution of cavity
in P91 steel (2013)
Chiantoni et al. assessed the ductile damage in P91 steel at high temperature
by using advanced X-ray micro-tomography, which was used to measure the
void. The equivalent diameter of the micro-voids over 15𝜇m are represented in
blue colour on 3D reconstruction of the sample of P91 steel at high temperature
as shown in Figure 3.3 (Chiantoni et al., 2013).
According to cavitation damage mechanics, the damage parameter represents
the ratio between the area of voids and the total cross-sectional area,
𝐷=

𝐴𝑣𝑜𝑖𝑑
(3.1)
𝐴

Where:
𝐴𝑣𝑜𝑖𝑑 is the area of the voids;
𝐴 is the total cross-sectional area;
𝐷 is the mean value of cavitation damage.
The mean cavity damage profiles along the axes of specimens is shown in
Figure 3.4. It indicates the peak value of the mean damage is close to the centre
of the creep test P91 steel samples. The relationship between the mean cavity
damage and applied stress or creep expose time should be further researched.

Figure 3.3 3D reconstruction of P91 steel sample tested at 1100℃, microvoids
represented in light blue (Chiantoni et al., 2013).
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Figure 3.4 the mean damage profiles along the axes of P91 steel specimens
(Chiantoni et al., 2013).
3.2.2 The observation of the evolution of cavity in CB8 steel
(10.8%Cr) (2013)
The cavitation characterizing behaviour of a tempered martensitic steel CB8
(10.8%Cr) has been found to occur in the stress range of 120-150MPa at 600℃
by using 3D technology of X-ray micro-tomography (Gupta et al., 2013). The
3D reconstruction images obtained from SR-𝜇CT scans on the CB8 samples
tested on the stress range of 120-180MPa is shown in Figure 3.5.
Based on the quantitative analysis of creep void datasets obtained from the Xray micro-tomography as shown in Figure 3.5, the variation of number density,
void volume fraction and void size with initial applied stress is shown in Figure
3.6. As can be observed, cavitation characteristics undergo a transition as the
number density of cavitation is reduced in the stress range 120-180MPa.
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Figure 3.5 The 3D version of samples extracted from creep specimens by Xray microtomography in different the stress ranges 120–180 MPa at 600 °C
for CB8 steel (Gupta et al., 2013): (a) 180 MPa/2825 h, (b) 165 MPa/6779 h,
(c) 150 MPa/15316 h, (d) 135 MPa/29466 h and (e) 120 MPa/51406 h.
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Figure 3.6 The variation of number density, void volume fraction and void size
with different stress ranges 120–180 MPa at 600 °C for CB8 steel (Gupta et
al., 2013).
The cavitation parameters (void volume fraction, ν and number density, η) is
dependent of rupture ductility, and the relationship between void volume
fraction and number density with rupture ductility given below is based on a set
data of experimental observations of cavities.
Void volume fraction of cavitation:
𝑣 = 165.76 + 6.7 × 108 exp(−1.91𝛬) (3.2)
Number density of cavitation:
𝜂 = 0.399 + 7.0 exp(−0.33𝛬) (3.3)
Where ν=void volume fraction in ppm; η=number density in 10−5 𝜇𝑚−3 ;
Λ=rupture ductility in %.
The evolution of the characterisation of cavitation has been explored by the 3D
techniques of X-ray micro tomography and serial sectioning which has provided
a new possible way to develop new models based on the quantified cavitation
characteristics producing more accurate predictions of the creep life in the longterm and analysis of creep exposed high chromium steel.
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3.2.3 Observation of the evolution of cavity in P91 steel (2014,
2015)
The creep tests of P91 steel under 60MPa at 650℃ were interrupted after
7000h and 9000h of testing. The characterisation of cavities has been studied
and the spatial distribution of creep cavity is visualised in 3D reconstructed
images as shown in Figure 3.7. These images were obtained from a field
emission gun scanning electron microscope (FEG-SEM) equipped with focused
ion beam (FIB) gun (Yadav et al., 2014).

Figure 3.7 The 3D reconstruction of a specimen of 9%Cr steel crept for 9000h
(Yadav et al., 2015).
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The stereological quantitative methods for cavities of 9%Cr steel are presented
below.
The number of cavities per unit volume:
(𝑁𝑉 )𝑗 = ∑ (𝑁𝐴 )𝑖,𝑗 /𝐷𝑗 (3.4)
𝑖

Where ∑𝑖(𝑁𝐴 )𝑖,𝑗 is the number of sections of size i from cavities of all possible
sizes per unit area, 𝐷𝑗 is different size classes of cavity.
The total volume fraction of cavities
𝑉 = ∑ 𝑉𝑗 (𝑁𝑉 )𝑗 (3.5)
𝑗

3

Where 𝑉𝑗 is equal to [𝜋(𝐷𝑗 ) /6], (𝑁𝑉 )𝑗 is the number of cavities per unit volume.
The number of big cavities per volume in different size classes of crept samples
of P91 steel as received 7000h and 9000h under 60 MPa at 600℃ plots in
Figure 3.8. According to the above stereological quantitative method, the
volume fraction of cavities before (uncrept) and after (7000h, 9000h) creep test
was calculated and is as shown in Table 3.5. It clearly indicates that the mean
diameter and volume fraction of cavities was noticeably increasing along with
the creep exposure time, during which the number of cavities per unit volume
decreased. Therefore, the authors concluded that the growth and coalescence
of pre-existing cavities was in need of further study (Yadav et al., 2015).
Table 3.5 The mean diameter, volume fraction and total number of cavities
before and after creep (Yadav et al., 2015).
Total no.(𝑚𝑚3 )

Specimen

Mean diameter(𝜇𝑚)

Volume fraction
(%)

Uncrept

2.56

0.11

4.95 × 104

7000h

3.99

0.27

3.95 × 104

9000h

5.42

0.47

2.77 × 104
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Figure 3.8 Number of big cavities per unit volume in (a) uncrept (b) 7000h (c)
9000h (Yadav et al., 2015).

3.2.4 The observation of the evolution of cavities in P92 steel
(2014)
Using the electron backscatter diffraction (EBSD) method, creep cavitation
damage formation for P92 under multiaxial stress was studied by Shigeyama
et al. (2014). The laser microscopic images around notch tips showed creep
voids are formed at the early stage and then increased leading up to the final
fracture as shown in Figure 3.9. Void area fraction was measured with
OLYMPUS OLS1100 (objective lens magnification: 650) at intervals of 500 mm
as shown in Figure 3.10. After which, void area fraction was calculated using
the equation
𝑉𝑜𝑖𝑑 𝑎𝑟𝑒𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑐𝑘 𝑝𝑖𝑥𝑒𝑙𝑠
𝑇𝑜𝑡𝑎𝑙 𝑝𝑖𝑥𝑒𝑙𝑠

(3.6).

Thus, the void area fraction changed with the creep life fraction around notched
tip is shown in Figure 3.11.
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Figure 3.9 Laser microscopic images around notch tip for P92 steel at 600℃
under 14MPa (Shigeyama et al., 2014).

Figure 3.10 Measurement range of void area fraction (Shigeyama et al.,
2014).
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Figure 3.11 The change of potential difference and void area fraction under
different creep life time (Shigeyama et al., 2014).
This research provides a reliable method to measure and calculate the
evolution of creep damage and void fraction during creep expose. Creep voids
were initiated at the early stage and continued forming up to the final fracture.
The distribution of high void area fraction is in good agreement with that of high
multiaxial stress and indicates that multiaxial stress affects the void formation
(Shigeyama et al., 2014). However, there is still no function to describe the
process of cavitation damage with exposure time for the modelling of
constitutive equations.
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3.2.5 The observation of the evolution of cavity in P91 and
E911 steel (9wt. % Cr steel) (2010, 2014)
Two flat hollow cylinders made of martensitic 9wt.% Cr steel, ASTM steel
Grades P91 and E911 were creep deformed under in-service conditions typical
steam pipes at fossil-fuel fired power plants given in below Table 3.6 (Sket et
al., 2010) (Renversade et al., 2014).
Table 3.6 Creep testing conditions: temperature (𝑇), axial stress (𝜎𝑎) , internal
pressure (P), creep time (t) and minimum strain-rate (𝜀̇𝑚𝑖𝑛 ) (Sket et al., 2010)
(Renversade et al., 2014).
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑇(℃) 𝜎𝑎 (𝑀𝑃𝑎) 𝑃(𝑀𝑃𝑎)

𝑡(ℎ)

Specimen for
tomographic
measurements
(Figure 3.12, 3.13)

𝑃91

575

52.6

23.6

10,200(tertiar
y creep
regime)

0.6mm in diameter,
2mm in length

E911

600

48.9

17.7

37,800(tertiar
y creep
regime)

0.6mm in diameter,
2mm in length

E911

575

61.8

17.5

26,000(∼80%
lifetime)

0.6mm in diameter,
2mm in length

Based on the X-ray tomographic of the spatial distribution of voids in P91 and
E911 reconstructions (Renversade et al., 2014) (Sket et al., 2010) as shown in
Figure 3.12 and Figure 3.13, respectively, and the qualitative analysis results
of void density indicated along the notch wall surface showing in Figure 3.14
and Figure 3.15, respectively. Thus, the high resolution of micro-tomographic
reconstructions of characteristic cavities could provide quantitative analysis of
the void spatial distribution as well as void shape, the equivalent diameter,
number density and area fraction of voids, and then, a scientific and convincing

112

function describing the cavitation damage of nucleation and growth may be
developed.

Figure 3.12 The X-ray tomographic reconstruction of void spatial distribution
for E911 and P91 steels at 37800h and 10200h (Renversade et al., 2014).

Figure 3.13 The X-ray tomographic reconstruction of void spatial distribution
for E911 steel at 26000h (Sket et al., 2010).

113

Figure 3.14 The qualitative analysis results of void density indicated along the
notch wall surface for both P91 and E911 (Renversade et al., 2014).

Figure 3.15 The qualitative analysis results of void density indicated along the
notch wall surface for both P91 and E911 (Sket et al., 2010).
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Chapter 4 Modified function of minimum creep
rate and applied stress for creep damage
constitutive equations for high chromium steel
The function of minimum creep rate and stress is one of the many features
belonging to the creep damage constitutive equations, thus its accuracy is an
important factor for the development of the creep damage constitutive
equations. This section will introduce the development process of the modified
hyperbolic sine law for describing the relationship of minimum creep rate and
applied stress for low chromium steel. Based on successful application of the
modified hyperbolic sine law for low chromium steel, this research will try to
apply the modified function for long-term creep service of high chromium steel
under a wide range of stress levels and compare the modelling results of the
modified hyperbolic law with conventional functions and experimental data in
order to check its feasibility for high chromium steel.
4.1 The application of the modified hyperbolic sine function
of the relationship between minimum creep rate and applied
stress for low chromium steel
The conventional hyperbolic sine function of minimum creep rate and stress
(Kowalewski et al., 1994) (Perrin & Hayhurst, 1996) (Dyson & Mclean, 1998,
2001) (Dyson, 2000), as shown in equation (2.2), was applied to low chromium
steel (2.25Cr-1Mo alloy); the modelling result of conventional hyperbolic sine
law was demonstrated in Figure 4.1 (Xu, 2016) and mostly agreed with
experimental data. However, its application to 0.5Cr-0.5Mo-0.25V alloy steel
was not very satisfactory, and did not fit with experiment as shown in Figure 4.2
(Xu, 2016).
𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛ℎ(B𝜎 ) (2.2)
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Figure 4.1 Comparison of conventional hyperbolic sine law with experimental
data of 2.25Cr-1Mo steel (Xu, 2016).

Figure 4.2 Comparison of conventional hyperbolic sine law with experimental
data of 0.5Cr-0.5Mo-0.25V steel (Xu, 2016).
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As the hyperbolic sine function was the most promising one among all the
existing functions, and its application did not produce satisfactory fitting. The
above exercise and other fittings with all the main existing functions attempted
by Qihua Xu (Xu, 2016) did demonstrate again the incapability of all the existing
functions, which has been well known for, at least more than 15 years for the
research community. This has been a worldwide need for the development of
better function to do so.
In order to resolve this problem, the idea of modified hyperbolic sine function
(equation 2.4) was proposed by Qiang Xu (Xu, 2016), and it was successfully
applied by Xu (Xu, 2016) to low chromium steel, which can be seen from Figure
4.3 and Figure 4.4.
𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛ℎ(𝐵𝜎 𝑞 ) (2.4)
The modified hyperbolic sine law had been successfully applied to both 0.5Cr0.5Mo-0.25V alloy steel and 2.25Cr-1Mo alloy steel with material parameters in
Table 4.1, of which the modelling results are displayed in Figure 4.3 and Figure
4.4, respectively (Xu, 2016), both of which indicated that the modified version
of the hyperbolic sine function was much more superior than the conventional
hyperbolic sine function used in experiment of low chromium alloy steel. Thus,
this research will try to apply the modified function of minimum creep strain rate
and applied stress for a long-term service of high chromium steel in a wide
range of stress levels in the next section 4.2.

Table 4.1 Material parameter of modified hyperbolic sine function for low
chromium steel (Xu, 2016).
𝐴 (MPa/h)

𝐵(MPa−1 )

𝑞

0.5Cr−0.5Mo−0.25V
steel

4.12 × 10−8

2.51 × 10−4

2

2.25𝐶𝑟 − 1𝑀𝑜 𝑠𝑡𝑒𝑒𝑙

5.57 × 10−7

2.4 × 10−4

2

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
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Figure 4.3 Comparison of modified hyperbolic sine law with conventional one
and experimental data for 0.5Cr-0.5Mo-0.25V steel (Xu, 2016).

Figure 4.4 Comparison of modified hyperbolic sine law with conventional one
and experimental data for 2.25Cr-1Mo steel (Xu, 2016).
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4.2 The application of the modified hyperbolic sine law for
describing the relationship of minimum creep rate and
applied stress for high chromium steel
Several typical functions of creep minimum stain rate and stress were simply
introduced in section 2.2 and summarized below in Table 4.2. This section will
try to apply the modified function for long-term creep service of high chromium
steel under a wide range of stress levels and compare the modelling results of
the modified hyperbolic law with conventional functions and experimental data
in order to check the feasibility for high chromium steel.
Table 4.2 The typical functions of minimum creep strain rate and stress
(Altenbach, 1999) (Gorsah, 2008) (Holdsworth, 2008).
Power law creep (Norton, 1929) 𝜀̇𝑚𝑖𝑛 = 𝐴𝜎 𝑛 (2.1)
(Bailey, 1930)
Linear +power law (Altenbach et 𝜀̇𝑚𝑖𝑛 = 𝐴𝜎[1 + (𝐵𝜎)𝑛 ] (2.3)
al., 2008) (Naumenko et al., 2009)
Hyperbolic sine law (Dyson & 𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛 h(B𝜎 ) (2.2)
Mclean, 1997, 2001) (Dyson, 2000)

The specific data of creep test for P91 (9Cr-1Mo-V-Nb) steel for this research
was taken from already published creep data sheets (NIMS, 2014) as shown in
Table 3.3 and Table 3.4 that had been collected in chapter 3 and the
relationship of stress and minimum creep rate is plotted in Figure 4.5 and Figure
4.6.
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Figure 4.5 Experimental data of minimum creep strain rate and stress for P91
steel at 600℃ under 70-200MPa (NIMS, 2014).

Figure 4.6 Experimental data of minimum creep strain rate and stress at
625℃ under 50-140MPa (NIMS, 2014).
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The values of stress exponent 𝑛 in equation (2.1) are changing under different
temperatures as shown in Figure 4.7 (Kimura et al., 2009) and Figure 4.8
(Swada et al., 2001) and decreasing with the decrease of stress σ from 12 to 1
at different stress levels for P91 steel as shown in Figure 4.9 (Sklenička et al.,
2003). Figure 4.7 and Figure 4.8 clearly indicated that the stress exponent 𝑛 as
constantly reduces when temperature increases, and it would be possible to
get a function 𝑛 (𝜎, 𝑇) with interpolating more data, Dyson and Mclean (2001)
thought it would be unwise to use the function 𝑛 (𝜎, 𝑇) for extrapolation.
As a known stress exponent 𝑛 = (𝜕 ln 𝜀̇/𝜕 ln 𝜎), the stress exponents are a
function of creep strain under constant stress (𝜎) and temperature (A) in Figure
4.8. Thus, it is necessary to develop a power-law function that as a variety of
stress levels, temperature and minimum creep strain. The similar description of
the disadvantage of power law creep equation was summarized by Dyson and
Mclean for super alloy:1) it was limited to a range of stress levels and
temperatures in ferritic steels and nickel-based super alloys using power-law
formulation for describing creep rates; 2) the effects of materials ageing on
creep resistance could not be modelled by a certain mechanism; 3)the simple
model could not be adequately quantified over large stress levels and
temperature ranges(Dyson, 2000) (Dyson & Mclean, 2001).
The other disadvantage in existing creep damage power law is that it is limited
for finite element calculation. Currently, application of Finite Element Numerical
Analysis (FEA) calculated software calculation with mostly hyperbolic sine law
equation for low chromium steel (Qiang Xu, 2001, 2004) (Xu & Barrans, 2003)
and high chromium steel (Hyde et al., 2006) (Pétry & Lindet, 2009).
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Figure 4.7 The relationship function between minimum creep strain rate and
stress of P91 steel at various temperatures (Kimura et al, 2009).

Figure 4.8 The relationship function between minimum creep strain rate and
stress of P92 steel at various temperatures (Sawada et al., 2001).
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Figure 4.9 Steady state creep rate versus applied stress for P91 (Sklenička et
al., 2003).
The modelling results of conventional hyperbolic sine law and ‘linear power law’
with the calibrated material parameters presented in Table 4.3 are re-produced
as shown in Figure 4.10 and Figure 4.11 (Gorash, 2008). It reveals that the
modelling results do not fit well with the experiment data on P91 steel.

Table 4.3 Material parameter A and B for conventional hyperbolic sine law
and ‘linear power law’ using applied to P91 steel.
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑠

𝐴

𝐵

𝑛

Conventional sine law

4.5 × 10−8 (1/ℎ)

5 × 10−2 (𝑀𝑃𝑎−1 )

−

2.5 × 10−9 (𝑀𝑃𝑎−1 /ℎ)

−

12

Linear power law
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Figure 4.10 The modelling result of conventional hyperbolic sine law
compares with experimental data of P91 steel 600℃.

Figure 4.11 The modelling result of linear and power law compares with
experimental data of P91 steel at 600℃.
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The modified hyperbolic sine law, 𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛ℎ(𝐵𝜎 𝑞 ) , was applied to low
chromium steel by Xu (2016), and in this research the law has been applied to
P91 steel. The modelling result of the modfied hyperbolic sine law is plotted in
Figure 4.12 for P91 at 600℃ with the calibrated material parameters as shown
in Table 4.4. A good agreement for both the modelling results of modifed
hyperbolic sine law and experimental data was achieved for long-term service
of P91 steel. It is clearly indicated that the modified hyperbolic sine law fitted
better with experimental data than the conventional sine law and ‘linear + power’
law for high chromium steel as shown in Figure 4.13. The modifed model had
also been applied to P91 at 625℃ with the calibrated material parameters as
shown in Table 4.5. The modelling result is in agreement with experimental data
of P91 at 625℃ as shown in Figure 4.14. Thus, the modified hyperbolic sine
law of minimum creep rate and applied stress will be taken into account when
forming a new creep damage constitutive equations for high chromium steel.
Table 4.4 The calibrated material parameters for the modified hyperbolic sine
law for P91 steel at 600℃.
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

𝐴

𝐵

𝑞

𝑈𝑛𝑖𝑡

𝑀𝑃𝑎/ℎ

𝑀𝑃𝑎−1

−

𝑉𝑎𝑙𝑢𝑒

5.46 × 10−8

2.712 × 10−4

2
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Figure 4.12 The modelling result of modified hyperbolic sine law compared
with experimental data of long-term serviced P91 steel at 600℃.

Figure 4.13 The comparison of different functions of minimum creep strain
rate and applied stress.
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Table 4.5 The calibrated material parameters for the modified hyperbolic sine
law for P91 steel at 625℃.
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

𝐴

𝐵

𝑞

𝑈𝑛𝑖𝑡

𝑀𝑃𝑎/ℎ

𝑀𝑃𝑎−1

−

𝑉𝑎𝑙𝑢𝑒

7.89 × 10−8

4.68 × 10−4

2

Figure 4.14 The modelling result of modified hyperbolic sine law compared
with experimental data of long-term serviced P91 steel at 625℃.
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Chapter 5 Development of a novel creep
cavitation damage equation based on cavity
area fraction along grain boundary for high
chromium steel
There are a few well-known and unresolved problems in creep damage
mechanics research community (Xu, Lu and Wang, 2017), and this research
made one significant progress and one breakthrough:
1) Better creep strain rate and stress level function: modified hyperbolic
sine law was conceived by Qiang Xu (Xu, 2016). It was applied to low
chromium steel by Qihua Xu (Xu, 2016) and high chromium steel by Xin
Yang in section 4.2. The work has contributed to a keynote presentation
of an international conference (Xu, Yang and Lu, 2017a) and an
academic journal publication (Xu, Yang and Lu, 2017b);

2) Grain boundary cavity based creep rupture criterion and its application:
this is the first, in the world, to develop a scientific sound for creep rupture
criterion using the advanced X-ray synchrotron cavitation data. It is
expected that this approach will be adopted by the research community
in time. The work has contributed to key note presentation (Xu, Yang
and Lu, 2017a) and an academic journal publication (Xu, Yang and Lu,
2017b).

This chapter will develop a novel cavitation damage constitutive equation for
describing the evolution of cavitation in creep process of high chromium steel
for constitutive equation modelling based on the creep test experimental data
of cavitation damage observation for high chromium steel in chapter 3. Thus,
the four targets below shall be covered in this chapter:
1. To introduce Riedel’s theory of cavity size distribution function for cavity
nucleation and growth on grain boundary area, which is the theoretical
foundation for the analysis of experimental data;
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2. Based on the collection and analysis of experimental data of the
cavitation characterization of high chromium steel in section 3.2 of
chapter 3, we found that a novel creep cavitation damage equation
needs to describe the evolution of cavitation along grain boundary in the
creep process for high chromium steel based on the Riedel’s theory of
the cavity size distribution;
3. The fracture criterion for the novel creep damage constitutive equation
and compare it with traditional ones;
4. Identify the material parameters for the novel creep cavitation equation
for high chromium steel;
5. To provide supporting evidence for the novel cavitation damage equation
for high chromium steel.
5.1 Basic theory of Riedel’s cavity size function for cavity
nucleation and growth on grain boundary area
There is a link between experimental data and theories on cavity nucleation
and growth with the cavity size distribution function is denoted by 𝑁(𝑅, 𝑡), where
𝑁𝑑𝑅 is the number of cavities per unit grain boundary area in the changing of
radii between 𝑅 and 𝑅 + 𝑑𝑅 (Riedel, 1987).
As proposed by Riedel (1985), if the late stages of the creep rupture process
ignored the cavity coalescence and cavities growth from one size, 𝑅, to the next
size, 𝑅 + 𝑑𝑅, the distribution function must continue in size space
𝑁̇ +

𝜕(𝑁𝑅̇ )
= 0 (5.1)
𝜕𝑅

where the superposed dot indicated the time derivative and 𝑅̇ (𝑅, 𝑡) is the
growth rate of cavities with a radius 𝑅 at time 𝑡. The growth of cavity which is
time dependent, stems from its dependence on the cavity spacing, which
decreases continuously with more cavities nucleated. Cavity nucleation takes
into the form of a boundary condition to equation (5.1): the flux size space, 𝑁𝑅,̇
will be set equal to zero at some small radius, and must be equal to a prescribed
cavity nucleation rate (Riedel, 1987):
𝑁𝑅̇ = 𝐽∗ 𝑎𝑡 𝑅 = 0 (5.2)
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Equation (5.1) and (5.2) have a more general class solutions while the cavity
growth rate and the nucleation rate have been formed by the power-low
formulation (Riedel, 1987):
𝑅̇ = 𝐴1 𝑅 −𝛽 𝑡 −𝛼 (5.3)
𝐽∗ = 𝐴2 𝑡 𝛾 (5.4)
where 𝐴1 , 𝐴2 , 𝛼, 𝛽 and 𝛾 are material constants and may possibly depend on
stress and strain rate, they, however, do not depend upon time or the cavity
size. Because the equations (5.1) and (5.2) in the power law functions have
same similar solutions in the form 𝑁(𝑅, 𝑡) = 𝑡 𝑃 𝑓(𝑅/𝑡 𝑄 ). If 𝑄 = (𝛼 − 1)/(𝛽 +
1) and 𝑃 = 𝛽𝑄 + 𝛼 + 𝛾, the equation 𝑓 is dependent on the co-ordinary 𝑅/𝑡 𝑄 .
The ordinary differential equation for 𝑓(𝑅/𝑡 𝑄 ) can be solved by separating of
the variables. The final function of the cavity size distribution:
𝛽+1

𝑁(𝑅, 𝑡) =

𝐴2 𝛽 𝛼+𝛾
1−𝛼 𝑅
𝑅 𝑡
(1 −
)
𝐴1
1 + 𝛽 𝐴1 𝑡1−𝛼

(𝛼+𝛾)
(1−𝛼)

(5.5)

The cavitated area fraction on grain boundaries, 𝑤, is obtained by integrating
the areas which have orientations between 60° and 90° to the tensile axis, 𝜋𝑅 2 ,
occupied by the individual cavities times their density, 𝑁𝑑𝑅(Riedel, 1987):
𝑤 = ∫ 𝜋 𝑅 2 𝑁(𝑅, 𝑡)𝑑𝑅
2

= 𝐼(𝛼, 𝛽, 𝛾)𝐴2 𝐴1 𝛽+1 𝑡

𝛼+𝛾+

(1−𝛼)(𝛽+3)
𝛽+1

(5.6)

where 𝑁(𝑅, 𝑡) calculated from equation (6.5), and the dimensionless factor
𝐼(𝛼, 𝛽, 𝛾) is the definite integral
𝑈

𝐼 = 𝜋(1 + 𝛽)(𝛽+3)/(𝛽+1) ∫ 𝑥 𝛽+2 [1 − (1 − 𝛼)𝑥 𝛽+1 ](𝛼+𝛽)/(1−𝛼) 𝑑𝑥 (5.7)
0

where 𝐼 is independent of 𝐴1 , 𝐴2 , and 𝑡.
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5.2 Experimental foundation of cavity size distribution along
grain boundary in high chromium steel for novel cavitation
damage equations
Based on the experimental observation of characteristic cavitation in high
chromium steel in chapter 4, the distribution of void sizes function equation (5.5)
proposed by Riedel fitted well with the experimental data of the histogram
density functions of void equivalent 𝑅 of E911 and P91 steels showing in Figure
5.1 and Figure 5.2 (Sket et al., 2010) (Renversade et al., 2014), while the
identical value of 𝛽 = 1.95 ± 0.05 (closely to 2) and 𝛼 = 1. It is known that 𝛽 =
2 is characteristic for the constrained diffusional mechanism of void growth
(Riedel, 1987) (Kassner & Hayes, 2003) (Dyson, 1983). The void sizes function
equation (5.5) with the material parameters (𝛼 = 1, 𝛽 = 2) will simulate the
distribution of void sizes along grain boundary and compare with experimental
data in section 5.4.
In the case of 𝛼 = 1, the function of the cavity size distribution (5.5) could be
given by recalling the formula of (1 + 1/𝑥)𝑥 = e for 𝑥 → ∞:
𝑁(𝑅, 𝑡) =

𝐴2 𝛽 1+𝛾
1 + 𝛾 𝑅𝛽+1
𝑅 𝑡 𝑒𝑥𝑝 (−
)
𝐴1
1 + 𝛽 𝐴1

(5.8)

Figure 5.1 The equivalent diameter of voids versus the number of cavities in
P91 and E911 steel. The continuous line represents the fit of the cavity size
distribution function (Renversade et al., 2014).
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Figure 5.2 The equivalent diameter of voids versus the number of cavities in
E911 steel. The continuous line represents the fit of the cavity size distribution
function (Sket et al., 2010).
Based on equations (5.6) and (5.7), the cavitated area fraction, 𝑤, of the grain
boundaries which have orientations between 60° and 90° to the tensile axis,
could be determined quantitatively with the value of 𝛼, 𝛽 and 𝛾. Inputting the
values of 𝛼 = 1 and 𝛽 = 2 in to equations (5.7), the dimensionless factor
𝐼(𝛼, 𝛽, 𝛾) will be:
𝑈

𝐼 = 𝜋(1 + 𝛽)(𝛽+3)/(𝛽+1) ∫ 𝑥 𝛽+2 [1 − (1 − 𝛼)𝑥 𝛽+1 ](𝛼+𝛾)/(1−𝛼) 𝑑𝑥
0

𝐼 =𝜋×

𝑈
5
33 ∫ 𝑥 4 𝑑𝑥

(5.9)

0

The steps of calculated above are the dimensionless factor equation (5.9).
Using the power law of ∫ 𝑥 𝑎 𝑑𝑥 =

𝑥 𝑎+1
𝑎+1

, 𝑎 ≠ −1 , indefinite integral can be

calculated as:
𝑈

∫ 𝑥 4 𝑑𝑥 =
0
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𝑥 4+1
4+1

𝑈

∫0 𝑥 4 𝑑𝑥 =

𝑥5

+ C;

5

Based on upper and lower bounds calculation formula of
𝑏

∫ 𝑓(𝑥)𝑑𝑥 = 𝐹(𝑏) − 𝐹(𝑎)
𝑎
𝑏

∫𝑎 𝑓(𝑥)𝑑𝑥 = 𝑙𝑖𝑚 (𝐹(𝑥)) − lim (𝐹(𝑥)),
𝑥→𝑏−

𝑥→𝑎+

lower bounds:
𝑥5

lim ( 5 ) =

𝑥→0+

05
5

= 0;

upper bounds:
𝑥5

lim ( 5 ) =

𝑥→𝑈−

𝑈5
5

.

Thus,
𝑈

𝑈5
∫ 𝑥 𝑑𝑥 =
−0
5
0
4

𝑈

∫ 𝑥 4 𝑑𝑥 =
0
𝑈

Instead of ∫0 𝑥 4 𝑑𝑥 for

𝑈5
5

𝑈5
5

, the solution of the dimensionless factor 𝐼(𝛼, 𝛽, 𝛾)

equation (5.9) will be:
𝐼=𝜋×

5
33

𝑈5
×
(5.10)
5

Inputting equation (5.10) into equation (5.6), the cavity area fraction along the
grain boundaries which have orientations between 60° and 90° to the tensile
axis could be:
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𝑤=𝜋×

5
33

𝑈5
×
× 𝐴1 2/3 𝐴2 × 𝑡1+𝛾
5

2
3
𝑤 = 𝜋 × × 33 × 𝑈 5 × 𝐴1 2/3 𝐴2 × 𝑡1+𝛾
5

𝑤 = 𝑈 ′ × 𝑡1+𝛾
3

(5.11)

2

where 𝑈 ′ = 𝜋 × 5 × 33 × 𝑈 5 × 𝐴1 2/3 𝐴2 .
The value of γ and 𝑈 ′ will be determined and validated in section 5.4.

5.3 Fracture criterion for novel creep cavitation damage
equation based on the cavity fraction on grain boundary of
high chromium
Rupture is assumed to occur when the area coverage attains a critical value,
denoted by 𝑤𝑓 . The number value of 𝑤𝑓 will be choose as 𝑤𝑓 = 𝜋⁄4 for the
equation (5.11) (Riedel, 1989), since regularly spaced cavities touch each other
if 𝑤𝑓 = 𝜋⁄4 .
In the section 2.9 of Chapter 2 literature, the typical creep rupture criterion was
summarized, and found that the critical value of damage is 1/3, it is important
that we point out that the different creep rupture criterion between novel creep
cavitation damage equation and typical one. The reason that the critical value
of novel cavitation damage in new creep rupture criterion is higher than the
typical one is due to the cavity area fraction caused just by integrating cavitation
along grain boundary which have orientations between 60° and 90° (Riedel,
1989) to the tensile axis, comparatively, the critical value damage of 1/3 of the
cavitation area fraction is for all of the grain boundaries that have applied stress
to have completely cavitated, a suggestion made by Dyson and Gibbons (1987)
(Perrin & Hayhurst, 1996) (Hayhurst et al., 2005).
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5.4 Identifying material parameters for the novel creep
cavitation damage constitutive equation for high chromium
steel
5.4.1 The specific application with the value of γ = 1
Firstly, Riedel discussed the solution under special condition of 𝐴1 = 𝐴2 = 1 for
the function of the cavity size distribution with different values of γ, it presented
that the trending of the modelling curve shape with γ = 1 in Figure 5.3 is similar
to that from experiment for P91 and E911 in Figure 5.1 and Figure 5.2.

Figure 5.3 Evolution of the function of the cavity size distribution with special
condition 𝐴1 = 𝐴2 = 1 (Riedel, 1989).
Secondly, in some cases, the cavity spacing is found to be decreasing inverse
to the proportion of the creep strain, 𝜆 = 1/(√𝛼 ′′ ), where 𝛼 ′′ is an empirical
factor with unit of 1/𝑚2 , the nucleation could be formed (Riedel, 1989):
𝐽∗ = 2𝛼 ′′ 𝜀̇2 𝑡

(5.12)

which is in time compatible with the power-low equation (5.4) of the cavity
nucleation rate with 𝛾 = 1.
Based on the damage mechanism of cavity continuous nucleation rate as in
equation (5.12) with 𝛾 = 1 and constrained diffusive growth, the time to cavity
coalescence equation was proposed by Riedel (Riedel, 1989):
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1

3 4
3
ℎ(𝜓) 1 + 𝑛
𝑡𝑐 = 0.90 [
] [ ′′ ] 𝑤𝑓 4 /𝜀̇ (5.13)
𝑑
𝛼
1
2

Thus, the cavity continuous nucleation and constrained diffusive growth in
some cases is with the value of 𝛾 = 1.
In some cases (Riedel, 1989), the sintering stress is neglected, the growth rate
has the power-law form, 𝑅̇ = (𝜆/𝑅)2 , the cavity spacing, 𝜆, is determined by the
number of cavities already nucleated,
𝛾+1

1⁄ = ∫ 𝐽∗ 𝑑𝑡 = 𝐴2 𝑡
𝜆2
𝛾+1

(5.14),

so that 𝛽 = 2 and 𝛼 = 𝛾 + 1. For time-independent nucleation, 𝛾 = 0, equation
(5.14) gives the time to cavity coalescence on isolated boundary facets,
𝑡𝑐 (Riedel, 1989):
𝑡𝑐 = (

3𝜋(1+3/𝑛) 1/3 𝜎𝑒∞ ℎ(𝜑) 2/3 𝑤𝑓
) (𝜎∞ 𝜀̇ ∞𝑑 ) 2𝑟(2/3),
𝐽∗
𝑒
𝐼

(5.15)

2

where 𝑟 (3) = 1.354.
A first example of low chromium steel (21⁄4 𝐶𝑟1𝑀𝑜 𝑠𝑡𝑒𝑒𝑙) at 550℃ had been
investigated by Needham (1983), according to Riedel (1985, 1989). The solid
line in Figure 5.4 represents the time to cavity coalescence, 𝑡𝑐 , calculated by
equation (5.15) with 𝛼 = 1, 𝛽 = 2, 𝛾 = 0 for constrained growth.
The rupture lifetime for unconstrained diffusive cavity growth rates with 𝛼 = 0,
𝛽 = 2, 𝛾 = 0, 𝑡𝑓 , follows to be (Riedel, 1989):
ℎ(𝜓)𝑘𝑇

𝑤

𝑡𝑓 = 0.33( Ω𝛿𝐷 𝜎 )2/5 ( 𝐽∗𝑓 )3/5 (5.16).
𝑏

The equation 5.15 calculated for unconstrained cavity growth, the result is
shown as a dash line in Figure 5.4
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Figure 5.4 Rupture lifetime of low chromium steel (2 1/4Cr-1Mo). Solid line
calculated by equation (5.15) with α=1, β=2, γ=0; Dashed line calculated by
equation (5.16) with α=0, β=2, γ=0 (Riedel, 1985).

5.4.2 Determination of model constants
The information and the significance of the cavity size distribution curve, has
not been fully digested and appreciated. Based on the dense information
contained in these curves, it was determined that it would be appropriate to
calibrate the cavity nucleation and growth models, initially described by
equations (5.3 and 5.4). In doing so, extra mathematic/equation manipulation
was needed and performed, then implemented, and the values of model
constants were calibrated via trial and error method.
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This section confirms simulation of the values of 𝛾 = 1. The equation (5.8) with
the values of material parameter (𝛼 = 1, 𝛽 = 2, 𝛾 = 1) could model the cavity
size distribution, the value of 𝛾 = 1 could be confirmed if the modelling results
agree with the experimental data of the distribution of cavity size in high
chromium steel.
The cavity constrained growth equation (5.3) could be transformed step by step:
𝑅̇ = 𝐴1 𝑅 −2 𝑡 −1
𝑅̇ = 𝐴1

1 1
𝑅2 𝑡

𝑅 2 𝑅̇ = 𝐴1
𝑅2

1
𝑡

𝑑𝑅
1
= 𝐴1
𝑑𝑡
𝑡

1
𝑅 2 𝑑𝑅 = 𝐴1 𝑑𝑡
𝑡
1 3
𝑅 = 𝐴1 ln 𝑡 + 𝐶
3

(5.17)

For one condition, the diameter of cavity size could reach1.2𝜇𝑚 using time 𝑡𝑛
or the diameter of cavity size reaching in any range of cavity diameter changing,
for example, 2𝜇𝑚 or 3 𝜇𝑚 at time 𝑡𝑛 .
For the other condition, the mean values of void at the end of the tests is about
5.7μm for P91 at 10200h (Remversade, 2014).
If there are known above two conditions of the diameter of cavity size at time 𝑡𝑛
and 10200h, the value of 𝐴1 and C in equation (5.17) could be solved.
With the values of with 𝛼 = 1, 𝛽 = 2 and 𝛾 = 1, the distribution equation (5.8) of
void on grain boundary could be written as:
2 𝑅3

𝐴

𝑁(𝑅, 𝑡) = 𝐴2 𝑅 2 𝑡 2 𝑒𝑥𝑝 (− 3 𝐴 ) (5.18).
1

1

And the continuous line represents the fit of equation (5.18) which can be
rewritten by Sket et al. (Sket et al., 2010) in the following form:
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𝐶2 𝑅 3
𝑓(𝑅) = 𝐶1 𝑅 exp (−
)
3
2

(5.19)

Then,
𝐶1 =

𝐴2
𝐴1
2

𝐶2 = 𝐴 .
1

So the value of 𝐴2 could be:
𝐴2 =

𝑓(𝑅)𝐴1
2
2
𝑅 exp(−
𝑅3 )
3𝐴1

(5.20)

Based on the experimental data of the distribution of non-coalesced void
number and void equivalent radius for P91 steel in Figure 5.1, the value of 𝐴2
could be solved with the values of 𝛼 = 1, 𝛽 = 2 and 𝛾 = 1. For example, the
number of the void equivalent radius 1.2𝜇𝑚 is 3500 at the time of 10200h, or
the number of the void equivalent radius 1.6μm is 4500 at the time of 10200h,
or any point of the experiment in Figure 5.1.
Thus, the number of cavities could be modelled for the diameter of void size in
the range 1.2 - 5.7𝜇𝑚 . When the calibrated value of the time 𝑡𝑛 is 1.07h
with 𝛼 = 1, 𝛽 = 2 and 𝛾 = 1, the theoretical modelling results fitted well with
experimental data as shown in Figure 5.5. Figure 5.6 shows the calibrated
process of the value of time 𝑡𝑛 . Another possible method would be to develop
an optimization software of three variable function for the cavity size distribution
equation (5.8) with calibrated material parameters of 𝐴1 and 𝐴2 to fit well the
experimental data. The percentage error between the modelling results and the
experimental data is around 0.2%.
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Figure 5.5 The modelling results of the cavity size distribution function with the
value of α=1, β=2 and γ=1 compared with experimental data.

Figure 5.6 The calibrated process of the time 𝑡𝑛 . The modelling results fitted
well with experimental data with the value of 𝑡𝑛 = 1.07ℎ.
5.4.3 The value of 𝑼′ material constant
Rupture is assumed to occur when the area coverage reaches a critical value,
denoted by 𝑤𝑓 . The number value of 𝑤𝑓 will be shown as 𝑤𝑓 = 𝜋⁄4 , since
regularly spaced round cavities touch each other if 𝑤𝑓 = 𝜋⁄4 (Riedel, 1989).
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Based on the above section about the confirmation simulation of the value of
γ=1, the critical value is:
𝑤𝑓 = 𝑈 ′ × 𝑡 2 (5.21)
Based on the creep data sheet from NIMS of creep rupture time under different
stress and temperature for P91 steel (NIMS, 2014) in Chapter 3, the value of
𝑈 ′ was calculated out in Table 5.1 and Table 5.2 and showed a clear trend in
Figure 5.7 and Figure 5.8.

Table 5.1 The calculated value of U’ for P91 steel at 600℃ based on
experimental data of P91 steel.
𝑈′(ℎ−2 )

Stress (𝑀𝑃𝑎)

Rupture time (h)

70

80736.8

100

34141

6.738 × 10−10

110

21206.3

1.746 × 10−9

120

12858.6

4.75 × 10−9

140

3414.7

6.736 × 10−8

160

971.2

8327 × 10−7

1.2 × 10−10

Table 5.2 The calculated value of U’ for P91 steel at 625℃ based on
experimental data of P91 steel.
Stress (MPa)

Rupture time (h)

U′(ℎ−2 )

90

21372.4

1.72 × 10−9

100

9895.4

8.02 × 10−9

120

1657.9

2.857 × 10−7

140

399

4.933 × 10−6
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Figure 5.7 The trend of the values of U’ under different stress at 600℃ for P91
steel.

Figure 5.8 The trend of the values of U’ under different stress at 625℃ for P91
steel.
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5.5 Supporting evidence for novel creep cavitation damage
This section will investigate the coefficient 𝐴2 dependence on stress. In order
to establish the relationship of the coefficient 𝐴2 dependence on stress, Xu has
conceived the method (Xu, 2017), this section reports that method and the
practical application of such method and attempts to validate the reliability of a
novel creep cavitation damage equation (5.21) related to the cavity nucleation
(5.4) and growth equation (5.3) by using limited experimental observation of
cavity in high chromium steel.
In the above development of cavity area fraction along grain boundary 𝑤, the
cavity nucleation rate is governed by equation (5.4) with the coefficient 𝐴2 that
is not changing with time, however, it might be dependent on stress,
temperature or strain. The equation (5.4) with the confirmation validation value
of 𝛾 = 1 can be converted as:
𝐽 = 𝐴2 𝑡𝑑𝑡
J=

1
𝐴2 𝑡 2 (5.22)
2

where J is total number of cavities.
The quantitatively analysed results in accordance with cavity nucleation
equation (5.22). The smaller the stress and the longer creep time, the higher
the cavity number will be. The number density data was extracted by reading
the graph from Figure 3.6 which was found in chapter 3.2 during the observation
of the evolution of cavity in CB8 steel (10.8%Cr) and is also shown below in
Table 5.3:
Table 5.3 The number density of cavity at failure under a range of stress.
𝑆𝑡𝑟𝑒𝑠𝑠 (𝑀𝑃𝑎)

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (ℎ)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑎𝑣𝑖𝑡𝑦 (10−5 𝜇𝑚−3 )

120

51406

1.0625

135

29466

0.6376

150

15316

0.475

165

6779

0.45
143

180

2825

0.375

Using the above quantitatively analysed results, the dependence of the
proportional coefficient A2 on stress is obtained in Table 5.4 and shown in
Figure 5.9. Figure 5.9 indicates clearly that the proportional coefficient A2 is
reduced slightly when stress is below 150MPa. The significant trending of the
coefficient A2 could be used for extrapolation to lower stress. Furthermore, the
discovered results the agreement of the coefficient 𝐴2 of cavity nucleation rate
equation may depend upon stress or strain rate, not time nor cavity size, which
was described in section 5.1 of chapter 5. In the previous chapter 2.8, it was
noted that the deficiently of the value of material constant A in Yin’s cavity
nucleation equation which modified based on Dyson (2000) is the lack of a clear
trend, however, the proportional coefficient A2 of cavity nucleation related to the
new creep cavitation damage equation is significantly logic trend in comparison
with material constant A in Yin’s nucleation equation as shown in Figure 2.53.

Table 5.4 the relationship between the values of the coefficient 𝐴2 with stress.
Stress(MPa)

The proportional value of A2

120

8.04139E-10

135

1.46871E-09

150

4.04979E-09

165

1.95844E-08

180

9.39776E-08
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Figure 5.9 The relationship between the proportional value of the coefficient
𝐴2 and stress.
In addition, the increasing trend of quadratic function curve of the number of
total cavity equation (5.22) agrees well with the experimental data as shown in
Figure 5.10 of relationship between cavity density and time for high chromium
steel, the cavity density increases with exposure time.

Figure 5.10 Cavity density as a function of time for 12% chromium ferritic steel
(Eggeler et al., 1989).
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Chapter 6 Novel creep damage constitutive
equation
6.1 Coupling the creep deformation (microstructural
degradation) with creep damage (creep cavitation) for novel
creep damage constitutive equation
The development of novel creep damage constitutive equations should
consider these four main aspects:
(1) Creep deformation (microstructure degradation) including strain hardening,
particle coarsening, mobile dislocation, have been vastly developed in recent
decades, the detail of which is provided in section 2.7 of Chapter 2. Mature
creep deformation (microstructure degradation) shall be applied directly into the
development of novel creep damage constitutive equations for high chromium
steel.


Strain hardening
′

ℎ
𝐻
𝐻̇ = 𝜎 (1 − 𝐻 ∗) 𝜀̇ (2.14)



Particle coarsening
𝐷̇𝑝 =



𝐾𝑝
(1 − 𝐷𝑝 )4 (2.16)
3

Mobile dislocation
𝐷̇𝑑 = 𝐶(1 − 𝐷𝑑 )2 𝜀̇ (2.18)

(2) The modified function of minimum creep strain rate and stress for creep
damage constitutive equations for high chromium steel were proposed and
applied better than conventional power law, linear power law and hyperbolic
sine law in Chapter 4. The modified hyperbolic sine law for minimum creep
strain rate versus stress would be taken into the novel creep damage
constitutive equation:
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𝜀̇𝑚𝑖𝑛 = 𝐴𝑠𝑖𝑛ℎ(𝐵𝜎 𝑞 ) (2.4);
(3) Based on experiment foundation discussed in chapter 6, the novel creep
cavitation damage equation presents the cavitated area fraction of grain
boundaries which have orientations between 60° and 90° to the tensile axis for
high chromium steel:
𝑤 = 𝑈 ′ 𝑡 2 (5.21);
(4) The conventional creep damage constitutive equation in hyperbolic sine law
with only cavity damage ′𝑤 ′ and without creep deformation is expressed by:
𝜀̇ = 𝐴𝑠𝑖𝑛 h (

𝐵𝜎
(1−𝑤)

) (6.1).

The modified function (equation (2.4)) of minimum strain and stress for high
chromium steel was imported with the exponent ′q′ for stress ′σ′ in chapter 4;
correspondingly, the exponent ′𝑝′ would be imported for the novel creep
damage constitutive equation and be written as:
𝐵𝜎 𝑞
𝜀̇ = 𝐴𝑠𝑖𝑛 h (
) (6.2)
(1 − 𝑤)𝑝
Thus, the novel creep damage constitutive equation shall couple the creep
deformation (microstructural degradation) with creep damage (creep cavitation)
and become:
𝐴
𝐵𝜎 𝑞 (1 − 𝐻)
𝜀̇ =
sinh [
] (6.3)
(1 − 𝐷𝑑 )
(1 − 𝐷𝑝 )(1 − 𝑤)𝑝
𝐻̇ =

ℎ′
𝐻
(1 − ∗ )𝜀̇
𝜎
𝐻

𝐷̇𝑝 =

𝐾𝑝
4
(1 − 𝐷𝑝 )
3

𝐷̇𝑑 = 𝐶(1 − 𝐷𝑑 )2 𝜀̇
𝑤 = 𝑈′𝑡2
where A , B , ℎ′ , 𝐻 ∗ , 𝐾𝑝 , 𝐶 and 𝑈 are material parameters. All the material
parameters are identified and applied to the novel creep damage constitutive
equations for high chromium steel in next sections.
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6.2 Identifying materials parameters for novel creep damage
constitutive equations
For the classical uni-axial KRH creep damage constitutive equation (Perrin &
Hayhurst, 1996), the dependence of creep rate is incorporated through the
constant 𝐴 which is related to the activation energy for volume diffusion 𝑄𝐴
𝐴 = 𝐴0 𝐵𝑒𝑥𝑝 (−

𝑄𝐴
) (6.4)
𝑅𝑇

where 𝐴0 is the constant of proportionality, 𝑅 is the universal gas constant and
𝑇 is the absolute temperature. 𝐵 is the dependence of temperature and
expressed as:
𝐵 = 𝐵0 exp (

𝑄𝐵
) (6.5)
𝑅𝑇

where 𝐵0 is a constant of proportionality and 𝑄𝐵 is an activation energy related
to the kinetics of dislocation motion.
The material parameter of 𝐴 and 𝐵 for the novel creep damage constitutive
equations (6.3) have some physical significance with typical one, but their
values would be calculated in the other way.
In the section 4.2 of Chapter 4, the value of material parameters 𝐴 ,𝐵 and
𝑞 have been discussed in regards to the influence for the curve of creep strain
modelling and calibrated in Table 4.4 and 4.5 based on referenced
experimental data of minimum creep strain rate and different stress for P91
steel at constant temperature.
The material parameters 𝐻 ∗ ,ℎ′ , 𝐾𝑝 and 𝐶 , are required for the novel creep
damage constitutive equation. The material parameters have been obtained
from the quantitative microstructural degradation data and used for high
chromium steel in Appendix C.
The initial value of different material parameters obtained from literature and
optimised parameters using in creep constructive equation for 9%Cr steel.
The optimisation algorithm equation provided minimum least square error
function and could be expressed as (Christopher et al., 2013):
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𝑚

𝑛

𝐿𝑆 = ∑(∑(
𝑖=1 𝑗=1

𝜀𝑗 𝑝𝑟𝑒𝑑 − 𝜀𝑗 𝑒𝑥𝑝 2
) ) (6.6)
𝜀𝑗 𝑒𝑥𝑝

where m and n means the number of creep curves and number of creep strain
versus time data point, respectively. The 𝜀𝑗 𝑝𝑟𝑒𝑑 and 𝜀𝑗 𝑒𝑥𝑝 denote the
numerically predicted and experimental strain values, respectively. The best
set of materials parameters should be adjusted to reach a minimum of the
optimisation algorithm equation for P91 steel at 600℃ in Table 6.1 (Christopher
et al., 2013).
Table 6.1 The optimised material parameter for P91 steel at 600℃
(Christopher et al., 2013)
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑟𝑒𝑚𝑒𝑡𝑒𝑟

𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟

𝐻∗

0.35

ℎ′ (𝑀𝑃𝑎)

10300

𝐾𝑝 (ℎ−1 )

4.379 × 10−5

And the material constant ′c′ of mobile dislocation damage equation is taken
from the summarized material parameters with the same conditions of 9%Cr
steel at 600℃. The value of exponent p calibrated while the modelling value of
strain rate at fracture is the same or close to the experiment creep data for P91
at 600℃. Thus, between any two values of P under high stress level or low
stress level, there will be a linear function relationship between the value of P
and stress: 𝑃 = −0.0087𝜎 + 1.5613 under 100MPa and 𝑃 = −0.0018𝜎 +
0.8751 above 100MPa as shown in Figure 6.1. Based on the trending equation
of value of 𝑝 equation, the value of p under different stress levels could be
calculated and shown in Table 6.2.
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Figure 6.1 The value of exponent 'p' under different stress, which fitted to the
experiment creep data for P91 at 600℃.
Table 6.2 The calculated value of p under different stress levels.
Stress(MPa)

The value of p

160

0.575

140

0.635

120

0.66

110

0.675

100

0.688

70

0.95

6.3 Comparing the modelling results to previous
experimental data for high chromium steel
The novel constitutive equation (6.3) will be using the identifying material
parameters for P91 steel at 600℃ as listed in Table 4.4 and Table 6.1 and
calculated by the Euler’s method. The modelling results of the development of
novel creep damage constitutive equations are presented below in figures, and
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as can be observed remarkably fit well with experimental data from NIMS
(2014).

Figure 6.2 The modelling result compared with the experiment under 70MPa
at 600℃.

Figure 6.3 the modelling result compared with the experiment under 100MPa
at 600℃.
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Figure 6.4 The modelling result compared with the experiment under 110MPa
at 600℃.

Figure 6.5 The modelling result compared with the experiment under 120MPa
at 600℃.
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Figure 6.6 The modelling result compared with the experiment under 140MPa
at 600℃.

Figure 6.7 The modelling result compared with the experiment under 160MPa
at 600℃.
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Figure 6.8 The modelling results compared with the experiment of P91 at
600℃ under a stress range.
The modelling results fit closely with the experiments during the stress range of
70-120MPa, having a deviation of just 15.6% in creep strain. It is noted that the
deviation in the secondary stage of creep test increases with higher stress (140160MPa). The secondary stage is related to steady strain rate (minimum creep
strain rate), the errors of the calibrated parameter for modified hyperbolic sine
law in higher stress cause the deviation in the secondary stage, thus
optimisation of the material parameters in the function of minimum creep strain
rate and applied stress is required in order to reduce the deviation in higher
stress conditions.

6.4 Comparing the modelling results with classic uniaxial
KRH constitutive equations and experimental data for P91
steel at 600℃
The modelling results of novel constitutive equations would be further validated
by comparing them with both the classic uni-axial KRH constitutive equations
and experimental data for P91 at 600℃ from NIMS (2014).
The classic uni-axial KRH constitutive equations is written as (Perrin & Hayhurst,
1996) (Hyde et al, 2006):
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𝜀̇ = 𝐴𝑠𝑖𝑛ℎ (

𝐵𝜎(1 − 𝐻)
) (2.25)
(1 − ∅)(1 − 𝜔)

𝐻̇ =

ℎ
𝐻
(1 − ∗ )𝜀̇
𝜎
𝐻

∅̇ =

𝐾𝑐
(1 − ∅)4
3
𝜔̇ = 𝐷𝜀̇

The critical value of ω, is approximately 1/3 and denotes the cavitated area
fraction for all of the grain boundaries all of the grain boundaries normal to the
applied stress.
Table 6.3 Material parameters for P91 steel at 600℃ for KRH equation
(Rouse et al., 2013)
Material

A(𝑀𝑃𝑎/ℎ)

B(𝑀𝑃𝑎−1 )

𝐻∗

ℎ′ (𝑀𝑃𝑎)

𝐾𝑐 (ℎ−1 )

13669.67

5.46

D

parameter
Value

3.44

0.100561

0.34

× 10−9

× 10−8

Figure 6.9 The modelling results of classical classic KRH constitutive
equations for P91 steel at 600℃
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2.6

Figure 6.10 The modelling results compared with both KRH equations and the
experimental data for P91 steel at 600℃ under 140MPa.

Figure 6.11 The modelling results compared with both KRH equations and the
experimental data for P91 steel at 600℃ under 120MPa.
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Figure 6.12 The modelling results compared with both KRH equations and the
experimental data for P91 steel at 600℃ under 110MPa.

Figure 6.13 The modelling results compared with both KRH equations and the
experimental data for P91 steel at 600℃ under 100MPa.
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Figure 6.14 The modelling results compared with both KRH equations and the
experimental data for P91 steel at 600℃ under 70MPa.
The modelling results of the new equations compares with the uni-axial KRH
equations with material constants for P91 at 600℃ (Rouse et al., 2013), it
displays the big lifetime error is between the experimental data and the
modelling results of KRH equations. The percentage errors in lifetime between
the experimental data and the modelling results of KRH equations are 0.55,
0.48, 0.345, 0.16 under 140MPa, 120MPa, 110MPa, 100MPa respectively. The
modelling lifetime of KRH equations is 1.6 times that of experiment under
70MPa. The KRH equations, which include different mechanisms of
microstructure

degradation

evolutions

and

cavitation

damage,

was

successively applied to the description of the creep behaviour of low chromium
steel. However, the microstructural deformation and cavitation damage of KRH
equations, which was developed based on superalloy and low chromium steel,
is not suitable for high chromium steel.
6.5 Applying the model to P91 steel at 625℃
The new equations for P91 steel were also applied at 625℃. The trending of
creep curves and creep strain at failure under different stress (90-140Mpa) in
Figure 6.15 agrees with the effects of stress for creep behavior in general in
Figure 2.2. However, this set of creep tests for P91 steel at 625℃ is still in
process under 90MPa and the creep curves are not yet published by NIMS.
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Thus, the modelling results of novel constitutive equations for P91 steel at
625℃ will be further compared and analysed by the full experimental data when
published.
5.00E-01
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4.00E-01

Creep strain
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Figure 6.15 The modelling results of novel constitutive equations for P91 steel
at 625℃ under 90-140MPa.
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Chapter 7 Conclusion and Future work
7.1 Conclusion
This dissertation has successfully developed creep damage constitutive
equations for high chromium steel based on the mechanism of cavitation
damage. The key significant contributions of this research are summarized
below according to previous chapters.
Firstly, a modified hyperbolic sine law was applied to describe the relationship
between minimum creep strain rate and stress for high chromium steel, of which
the modelling results fitted better with published experimental data of P91 steel
at 600 ℃ by NIMS in comparison with conventional functions, power law,
hyperbolic sine law and linear power law. The modified hyperbolic sine law was
also successfully applied to P91 steel at 625℃.
Secondly, based on the theory of Riedel’s cavity size function for cavity
nucleation and growth on grain boundary area, material parameters for the
cavitation damage equation and constrained diffusion growth and continuous
nucleation mechanisms for high chromium were confirmed, by the
quantitatively analysed results of the cavity size distribution along grain
boundary using the superior 3D technology of X-ray micro-tomography for high
chromium steel (P91, E911). A novel creep cavitation damage equation has
successfully been developed for high chromium steel under a range of stress
levels.
Thirdly, novel creep damage constitutive equations, coupled with appropriate
creep deformation including strain hardening, particle coarsening and mobile
dislocation with the new cavitation damage equation, have been successfully
developed and applied to high chromium steel. The modelling results matched
closely to within 84.4% with experimental data of P91 steel at 600℃ during the
stress range of 70-120MPa in creep strain. The deviation of the modelling
results in the secondary stage of creep with a higher stress (140-160MPa) could
be improved by optimizing parameters for the function of minimum creep rate
and applied stress. The validity of these novel creep damage equations was
accomplished by comparing it with the KRH models and experimental data of
P91 steel at 600℃. There are big lifetime errors between the experimental data
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and the modelling results using KRH equations. The developed constitutive
equations had also been applied to P91 steel at 625℃, the trending of creep
curves and creep strain at failure under 90-140MPa is logical and physical, it
will be further validated, when the experimental data of P91 steel at 625℃ is
published.
7.2 Future work
Based on the current research work this PhD project has conducted, the author
suggests below several aspects that could be undertaken and improved in the
future:
1) An optimization software could be developed for the material parameters
or constants for the modified sine law, the deviation of the modelling of
creep damage constitutive equations under higher stress (140-160MPa)
for P91 steel at 600℃. The modelling results will be validated for P91
steel at 625℃, when the experimental data of creep curves and creep
ruptures under 90MPa is published.

2) The novel development of creep damage constitutive equations could
be extended from uni-axial version stress state to multi-axial stress state,
or even applied to finite element analysis software.

3) More experimental data regarding high chromium steel on cavitation
damage evolution and cavitated area fraction at fracture with creep
exposure time and a given stress and stress state should be obtained by
using advanced 3D technology of X-ray micro tomography and
subsequently analysed. A detailed experiment for high chromium was
designed by me with the help of the supervisor Xu’s grant applications,
reference Spring-8, 2017A Application No. 37778.
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Appendix A-Details of high chromium steels,
chemical compositions in wt.%
Table Chemical compositions of 9-12wt% chromium steel (Strang, 2000)

Table Chemical compositions of 9wt% chromium steel (Ennis, P. J., CzyrskaFilemonowicz, A., 2003)
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Appendix B-Experimental observation of
fracture surface for high chromium steel
In 1989, microstructural study of creep rupture in a 12% chromium ferritic steel
(type X22 12Mo-1Mo-V steel) was reported by Eggeler et al., a SEM image of
the rupture surface on the specimen under 175MPa at 923K (650℃) is shown
in Figure 2.15 . The strain at fracture is 40% and the specimen has a ductile
fracture characterized by large and sharp dimples (marked in blue arrows)
containing second phase particles (Eggeler et al., 1989).

Figure 2.41 SEM image of the rupture surface of a 12% chromium ferritic steel
(type X22 12Mo-1Mo-V steel) under 175MPa at 650℃ (Eggeler et al., 1989).
An optical micrograph of the surface of the specimen at strain 5% under 80MPa
at 923K (650℃), as shown in Figure 2.16, indicates that cavities are not only
found on former austenite grain boundaries (cavities on grain boundaries
marked in yellow arrows) but also in former austenite grains (cavities in grains
marked in blue arrows).

181

Figure 2.42 Optical micrograph of a specimen at strain 5% under 80MPa at
923K (650℃) shows cavities are found on grain boundaries and within grains
(Eggeler et al., 1989).

In 1999, Creep rupture behavior of forged, thick section 9Cr-1Mo Ferritic Steel
was studied by Choudhary et al. The specimen’s fracture on the surface was
characteristic of a transgranular fracture and cavities on any grain boundary
facets through SEM images as shown in Figure 2.17(Choudhary et al., 1999).
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Figure 2.43 SEM images showing transgranular fracture in the specimen’s
creep tested at (a) 793 K, 150 MPa, and rupture time 10,850h and (b) 873 K,
90 MPa, and 2194 h (Choudhary et al., 1999).
In 2005, Gaffard et al. studied creep flow and the damage properties of base
and metal weldment of 9Cr-1MoNbV steels at 625℃. The SEM observation of
fracture surfaces of base metal specimen under 120MPa in Figure 2.18 show
that cavities nucleate at grain boundaries, preferentially in stress concentration
areas (near second phase particles or at triple junctions), leading to ductile
fractures with relatively low (10%) volume fractions of cavities (Gaffard et al.,
2005).
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Figure 2.44 Fracture surfaces of creep specimens tested under vacuum, SEM
observations (a) base metal (BM) (120 MPa, 1800 h) and (b) weldment (WM)
(90 MPa, 950 h), arrows indicate secondary intergranular cracking between
the grain boundaries facets. (Gaffard et al., 2005).

In 2006, Lee, et al. studied creep strength in 9Cr-1.8W-0.5Mo-VNb steel (ASTM
Grade 92) at 550-650℃ up to 63 151h (Lee, et al., 2006). The experimental
observation of fracture surface in Figure 2.19 indicates: (a) a typical ductile
transgranular fracture with dimple pattern at high stress level (270MPa) and (b)
the absence of a dimple pattern suggests that there exists a brittle intergranular
fracture for low stress level (80MPa). Creep cavities are nucleated at coarse
precipitates of Laves phase along grain boundaries, the cavity formation and
the following brittle intergranular fracture were triggered while the coarsening
of Laves phases over a critical size (Lee et al., 2006).
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Figure 2.45 Fracture surfaces after (a) 150.2h creep under 270MPa at 550℃
(Ductile fracture), and (b) 26,783h creep under 80MPa at 650℃ (brittle
fracture) (Lee, et al., 2006).

In 2009, the study into the effect of long-term creep on the microstructure of a
12% chromium (German Grade X20) tempered martensite ferritic steel under
120MPa at 550℃ was reported by Aghajani et al. SEM images of the rupture
surface on the specimen show that creep cavities on a prior austenite grain
boundary are perpendicular to the direction of the applied stress in Figure 2.20
(Aghajani et al., 2009).
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Figure 2.46 SEM micrograph of the ruptured specimen of 12% Cr steel
showing creep cavities on a prior austenite grain boundary perpendicular to
the direction of the applied stress (Aghajani et al., 2009).
In 2010, Panait et al conducted a study into the microstructure of the Grade 91
steel after more than 100,000h of creep exposure under 80MPa at 600℃. The
creep specimen had a rupture time of 113, 431h and a strain (elongation) of
7.3%. The backscatter electron (BSE) or secondary electron (SE) image of the
fracture surface in Figure 2.21, displays a high density of cavities of which the
cavities seem to nucleate at the grain boundary next to large particles such as
Laves phase. Coalescence of cavities was observed at a distance lower than
0.5mm from the fracture surface (Panait et al., 2010).

Figure 2.47 SEM images of fracture surface of P91 steel after creep at 600℃
for 113, 431h (Panait et al., 2010).
In 2011, creep behaviour of modified 9Cr-1Mo ferritic steel for steam generator
(SG) tube application was study by Choudhary and Samuel. Creep tests were
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performed on specimensmat 823, 848 and 873K (550-600℃) under a stress
range of 125 to 275MPa. The fracture surface of modified 9Cr-1Mo steel creep
tested under 200MPa at 550℃ for 8098h in Figure 2.22 indicates a ductile
transgranular fracture resulting from coalescence of micro voids (Choudhary &
Samuel, 2011).

Figure 2.48 SEM image of modified 9Cr-1Mo steel creep tested under
200MPa at 550℃ for 8098h showing ductile transgranular fracture
(Choudhary & Samuel, 2011).
In 2012, Vanaja et al. studied creep deformation and rupture behaviour of 9Cr–
1W–0.2V–0.06Ta Reduced Activation Ferritic–Martensitic (RAFM) steel. Creep
specimens’ tests were performed at 773, 823 and 873K (500-600℃) under a
stress range of 100 to 300MPa. The SEM image (Figure 2.23) of the fracture
surface of creep specimen under 200MPa at 600 ℃ showed a ductile
transgranular fracture resulting from coalescence of micro voids (Vanaja et al.,
2012).
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Figure 2.49 SEM image of 9Cr-1Mo steel under 200MPa at 600℃ (Vanaja et
al., 2012).
In 2013, Choudhary conducted research into the tertiary creep behaviour of
9Cr–1Mo ferritic steel when quenched and tempered (Q+T). A typical ductile
transgranular fracture was observed on the fracture surface of specimens at
873K (600℃) under 100MPa for 412h as shown in Figure 2.24 (Choudhary,
2013).

Figure 2.50 SEM images of facture surface of 9Cr-1Mo steel in quenched and
tempered (Q+T) showing ductile transgranuar fracture in 100MPa
(Choudhary, 2013).
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In 2013, creep rupture behaviour of Grade 91 steel in a temperature range of
600-700℃ and a stress range of 35-350MPa was reported by Shrestha et al.
The SEM images of fracture surface of specimens (a) under 100MPa at 650℃,
c) under 200MPa at 600℃ and (d) under 200MPa at 650℃ are characteristic of
a ductile transgranular fracture in Figure 2.25 (Shrestha et al., 2013).

Figure 2.51 SEM images of fracture surface in Grade 91 steel (a) under
100MPa at 650℃, (b) under 80MPa at 700℃, (c) under 200MPa at 600℃, (d)
under 200MPa at 650℃ (Shrestha et al., 2013).
In 2013, Parker studied in-service behaviour of creep strength enhanced ferritic
steels Grade 91 and Grade 92, the optical micrographs of fracture surface of
parent Grade 92 steel with low ductility appear to have suffered from a brittle
intergranular fracture, this brittle behaviour is a consequence of high density
within creep cavities in Figure 2.25 (Parker, 2013).
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Figure 2.52 Typical optical micrographs from Grade 92 steel which failed with
low ductility showing high densities of creep cavities (Parker, 2013).
In 2013, creep properties of Grade 91 steel steam generator tube at 923K
(650 ℃ ) was studied by Palaparti et al. The SEM fractograph displays a
transgranular fracture in a creep tested specimen for Grade 91 (T91) at 923 K
at 112 MPa for 332 h as can be seen in Figure 2.27 (Palaparti et al., 2013).

Figure 2.53 SEM image of transgranular fracture in creep tested specimen for
Grade 91 (T91) at 923 K at 112 MPa for 332 h (Palaparti et al., 2013).
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In 2014, Goyal et al. investigated the effect of constraint on creep rupture
behaviour of 9Cr-1Mo steel under 150MPa at 873K (600℃). The SEM image of
the fracture surface of the specimen under 150MPa at 873K (600℃) revealed
a ductile transgranular fracture in Figure 2.28 (Goyal et al., 2014) (Goyal & Laha,
2014).

Figure 2.54 Fracture surface of plain specimen at 873K (600℃) under
150MPa (Goyal et al., 2014) (Goyal & Laha, 2014).
In 2014, Nie et al. researched the microstructure evolution and life assessment
of T92 steel during long-term creep. Based on the observation of the fracture
surface of specimen after creep under 46MPa at 700℃ for 8232h in Figure 2.29,
it indicates cavities were formed at proper austenite grain boundaries and
intergranular fracture (Nie et al., 2014). Figure 2.29 (b) shows cavities
nucleated at the interface of large Laves-phases particles and Laves phase
have the potential to provide sites for cavities nucleation. The researcher
thought cavities nucleated at the coursing of Laves phase particles on grain
boundaries, which triggered a final fracture in the steel (Nie et al., 2014).
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Figure 2.55 Cavity formation in specimens after creep under 46MPa at 700℃
for 8232h: (a) Second electron (SE) image (b) back-scattering electron (BSE)
image (Nie et al., 2014).
In 2014, characterisation of Laves phase precipitation and its correlation to
creep rupture strength of ferritic steels (an alloy Fe-9Cr-3Co-W without C and
N) was reported by Zhu et al., SEM images of fracture surfaces of specimens
indicated a ductile transgranular fracture in a high stress range 100MPa and
brittle intergranular fracture in a low stress range of 50MPa (Figure 2.30) (Zhu
et al., 2014). The researchers suggested that the creep rupture strength started
to decrease before the precipitation of Laves phase completed, which may be
due to the coarsening of Laves phase particles thus triggering the cavity
nucleation (Zhu et al., 2014).

Figure 2.56 SEM images of rupture surfaces of specimens under different
stress at 650℃ (Zhu et al., 2014).
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In 2015, Vanaja & Laha assessed of creep deformation behaviour in reduced
activation ferritic-martensitic (RAFM) steel (9Cr-W-0.06Ta-0.22V) under a high
stress level range of 180 to 260MPa at 823K(550℃). The SEM images show
the transgranular fracture in the 9Cr steel specimens under 220MPa at 823K
(550℃) in Figure 2.31 (Vanaja & Laha, 2015).

Figure 2.57 SEM images show transgranular fracture in the creep-tested
samples at 220 MPa and 823 K (550 C) for (a) 9Cr-1W, (b) 9Cr-1.4W, and (c)
9Cr-2W steels (Vanaja & Laha, 2015).
In 2015, Ni et al. carried out a study on creep mechanical behaviour in P92
steel under multiaxial stress state at 650 ℃ , and the creep mechanical
behaviour of P92 steel under different stress at 650℃. The microscopic fracture
morphologies (Figure 2.32) indicate ductile transgranular factures at high stress
level (Ni et al., 2015).
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Figure 2.58 Morphologies of different parts of fracture surfaces for P92
specimens under 145MPa (a) centre (b) notch root and 185MPa (c) centre (d)
notch root (Ni et al., 2015).
In 2017, Creep deformation behavior of 9Cr1MoVNb (ASME Grade 91) steel
was studied by Guguloth & Roy, the SEM images indicate a ductile fracture is
resulting in the nucleation and growth of micro voids in Figure 2.33 (b) under
180MPa at 550℃ (c) under 100MPa at 600℃ (Guguloth & Roy, 2017).

Figure 2.59 The fracture mode changed to classical ductile fracture
characterized by the nucleation and growth of micro voids (b) under 180MPa
at 550℃ (c) under 100MPa 600℃ (Guguloth & Roy, 2017).
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Appendix C-Details of high chromium steels,
chemical compositions in wt.%
Material parameters of 9%Cr steel describe creep deformation
(microstructural degradation) over a range of stress and temperature from
literature.
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
9CrMoVNb

𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝐻∗

ℎ′ (𝑀𝑃𝑎)

𝐾𝑝 (ℎ−1 )

𝐶

540℃

0.3

10300

2.55 × 10−5

27

649℃

0.45

600℃

0.269

10000

5.4 × 10−5

600℃

0.35

10000

8 × 10−5

600℃

0.57

6000

steel
[Ghosh,
2013]
[Nandi,
2013]
9–10%Cr
ferritic steels
[Oruganti,
2011]
T/P91 [Chen
et al., 2011]
9%Cr
martensitic
steel
[Semba,
2008]
9%Cr steel
(P92)[Yin
and
Faulkner,
2006]
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50

P91

650℃

0.35

10000

4.998 × 10−4

625℃

0.203

9000

2.7 × 10−4

pipes(Bar
257) [Hyde
et al., 2006]
P91

pipes

(A-369
FP91) [Hyde
et al., 2006]
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