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ABSTRACT 

The key step for next generation power plants is the development of advanced materials 

capable of achieving high flexibility and efficiency at increased steam temperatures and 

pressures. Such operating conditions will cause increased fatigue and creep degradation 

of plant components, where a key limitation of operating under such conditions is the 

capability of the current generation of materials. Consequently, multi-scale 

characterisation via experimental and computational methods is necessary to both 

characterise and predict next generation material behaviour under flexible plant 

operating conditions at increased temperatures. Attention is focussed here on MarBN, a 

new precipitate-strengthened 9-12Cr martensitic steel, with improved strength and 

microstructure stabilisation under long-term loading via increased tungsten solute 

strengthening and boron enriched grain boundary precipitates.  

High temperature low cycle fatigue, creep-fatigue, oxidation and corrosion testing is 

performed on cast MarBN, and compared to both a forged equivalent, and current state-

of-the-art material, P91. Microstructural analysis allows identification of micro- and 

nano-scale strengthening and degradation mechanisms, as a result of high temperature 

exposure. Quantification of the shapes and volume fractions of defects in cast and 

forged MarBN, before and after high temperature low cycle fatigue testing, is performed 

via 3D X-ray micro-computed tomography. Based on these experimental methods, 

uniaxial and multi-axial life prediction and damage models, in conjunction with a 

unified cyclic viscoplastic material model, are developed and applied to cast MarBN at 

600 °C and 650 °C.  

3D X-ray micro-computed tomography, in conjunction with microstructural analysis, 

has identified manufacturing defects, in both cast and forged MarBN, as a primary 

source of fatigue crack initiation. Both idealised (spherical) and measured (complex) 

defects, acting as regions of localised stress and strain accumulation, are predicted to 

cause fatigue crack initiation at less than 12% of total fatigue life in all cases. However, 

forging is found to significantly reduce the volume fraction and complexity of 

manufacturing defects, compared to the cast material, and as a result, increases fatigue 

life by approximately double.  
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NOMENCLATURE 

eqA   Area of sphere with equivalent volume to defect 

defectA   Area of defect 

ib  Isotropic softening rate 

c   Coffin-Manson fatigue ductility exponent 

C   Ostergren life prediction parameter 

iC   Kinematic hardening modulus 

D   Damage 

E   Young’s modulus 

G   Shear modulus 

k   Initial yield stress 

N   Cycle number 

fN   Number of cycles to failure 

pren   Number of defects pre-test 

postn   Number of defects post-test 

p   Accumulated effective plastic strain 

p   Accumulated effective plastic strain-rate 

iQ   Saturated isotropic softening stress 

R   Isotropic softening 

S   Sphericity 

s   Deviatoric stress tensor 

t   Time  



 

iv 

preV   Volume fraction of defect pre-test 

postV   Volume fraction of defect post-test 

   Viscoplastic material parameter 

   Viscoplastic material parameter 

i   Kinematic hardening recall parameter 

   Ostergren life prediction parameter 

   Difference 

area   Change in area 

volume   Change in volume 

Δε  Strain-range 

pl   Plastic strain-range 

  Strain-rate 

pl   Plastic strain-rate 

'
f   Coffin-Manson fatigue ductility coefficient 

f   Uniaxial failure strain 

*
f   Multiaxial failure strain 

   Poisson’s ratio 

   Stress 

   Effective stress 

eq   von Mises equivalent stress 

m  Hydrostatic stress  
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v   Viscous stress 

i   Chaboche damage material parameter 

   Kinematic hardening 
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1 INTRODUCTION 

1.1 General  

The highly variable nature of renewable energy sources presents a substantial challenge 

in the transition of current generation, base-load power plants to highly flexible 

operating conditions. The EU has committed to a reduction in greenhouse gas emissions 

by 80% to 95% by 2050, meaning renewable energy sources will produce over 65% of 

electricity. Significant investments in energy systems (e.g. power plants, grid and 

insulation materials) are required, with particular emphasis on the research and 

development of advanced and innovative technologies to reduce emissions and increase 

efficiency. Decarbonisation of the transport industry will place further pressure on the 

electricity sector and require increased investment in power generation. This in turn 

impacts household expenditure, where the cost of energy is predicted to rise by 

approximately 16% until 2030, and places greater focus on the level of investment 

required in efficient vehicles, appliances and insulation. In particular, renewable 

technologies can provide the greatest benefits in terms of reduced energy costs and 

emissions. However, power plants are still required in the absence of a suitable storage 

technology and infrastructure that is more efficient than current generation methods 

(e.g. gas). Decarbonisation will also depend heavily on biomass for heat, transport and 

electricity production. As a result, gas is likely to remain a critical energy production 

method past 2050, as an alternative to coal and oil, operating under flexible loading 

conditions in conjunction with renewable sources [1]. 

Power plant cycling is defined as a change in the electric load levels (e.g. plant start-up, 

shut-down and load fluctuation) based on system load requirements. This causes 
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significant thermal and stress loading of components, leading to increased 

microstructural damage. Creep-fatigue has been identified as a major contributor to 

reduced component lifetime, increasing plant costs and outage rates [2]. European 

energy production from renewables is rising rapidly and prioritised when fed into the 

grid; however, their variable nature means alternative methods are still required to 

ensure demand is met. The power generation market and plant operators are now facing 

greater demand for more flexible operation of plant to provide compensation during 

times of high demand and fluctuating renewable energy sources. Improved technology 

and sophisticated operating procedures (e.g. overnight shut-down) allow increased 

flexibility and contribute to reduced costs in such areas [3].  

Microstructural degradation of power plant components, as a result of severe operating 

conditions, is a primary factor limiting operating temperatures and pressures necessary 

for increased efficiency and reduced emissions. The drive to increase the amount of 

energy generated through renewable energy sources means that traditional base-load 

power plant operation is no longer a viable option. Transitioning to more flexible 

operation will increase degradation of plant components through a combination of 

fatigue, corrosion and thermal gradients, and further increases the complexities 

associated with material characterisation, component design and plant operation.  

Two key factors influencing the development and implementation of new materials in 

power plants are (i) analysis of as-received and post-test (e.g. creep, fatigue and 

oxidation) material to identify microstructural strengthening and degradation 

mechanisms (e.g. voids and inclusions) to further inform the manufacturing process, 

and (ii) fatigue life characterisation to identify suitable design limits for flexible 

operation in plant. The effect of high temperature creep loading on power plant 

materials has been extensively investigated, in line with the typical loading conditions a 

traditional base-load power plant component would encounter; however, as plant 

operation becomes more flexible, a new area of research, in terms of the effect of both 

room and high temperature cyclic loading and thermal transients, must be investigated.  

This chapter discusses the changing face of power generation and the effects of the 

global need to reduce emissions on the operational modes for fossil fuel power plants. 

Following this, the typical materials used for such applications and the influence of cost 

on material selection will be discussed, as well as the development of alternative 

advanced materials. Finally, the aims and objectives of this thesis and an overview and 

scope of research work are presented. 
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1.2 The Effect of Renewable Energy Sources 

The future of energy in Europe has changed substantially as a result of European Union 

(EU) regulations on emissions standards (i.e. taxation of CO2) and subsidies on 

renewable energy generation methods. In 2008, an EU target to reduce 2020 greenhouse 

gas levels by 20%, relative to the levels measured in 1990, was agreed [4]. Further EU 

targets to increase the share of renewables to at least 27% by 2030 were also agreed in 

2014 [5]. Consequently, significant declines in global coal consumption have occurred 

over the past number of years, particularly in the UK, where usage fell by 52.5%, to its 

lowest ever level [6].  

In Ireland, fossil fuel import dependency has varied between 85% to 90% since 1990, 

due to a combination of increased demand and reduced indigenous production i.e. gas 

and peat. In 2016, this dropped to 69% as a result of natural gas production, but the rate 

of supply of natural gas is expected to reduce sharply in the coming years. Peat 

production levels have continually fallen since 2013, leaving the renewable sector as the 

primary alternative for national production [4]. The major impact this will have on 

current and future generations of power plants is (i) transition to highly flexible plant 

operation, as the amount of energy produced from renewable energy sources increases 

and (ii) a new generation of advanced materials which must resist increased fatigue and 

oxidation/corrosion effects. 

Figure 1.1 depicts the contribution from renewable energy sources (hydroelectric, wind, 

biomass, landfill and biogas) to the gross electricity consumption in Ireland from 1990 

to 2014. Wind is shown to dominate, overtaking hydroelectric, in recent years and in 

2014, renewable energy generated by wind accounted for 18.2% of all electricity 

generated, compared to gas (45.8%) and coal (14.3%). Increased co-firing of biomass in 

peat generating stations also contributes to reduced fossil fuel dependency [4]. This is a 

clear indication of how flexible operation of power plant will be increasingly necessary 

in the coming years.  
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Figure 1.1 Renewable energy contribution to gross electricity consumption from 1990 

to 2014 in Ireland. Adapted from [4].  

Figure 1.2 depicts the direct effect of increased renewable energy sources on the 

decrease in CO2 production, with wind and biomass the most significant contributors to 

reduced CO2 emissions. The total energy-related emissions for 2016 are approximately 

37 mega-tonnes. The use of renewables resulted in a reduction of nearly 4 mega-tonnes 

of CO2 emissions and reduced the cost of fossil fuel imports by approximately €342 

million in 2016 alone [4]. This is further motivation to increase the share of renewables 

and, therefore, transition power plants from base-load to intermittent-mode operation. 

 

Figure 1.2 Mega-tonnes of CO2 (Mt CO2) avoided due to renewable energy sources in 

Ireland from 1990 to 2016. Adapted from [4]. 

Subcritical power plants of the 1980s operated at approximately 550 °C and 40% 

thermal efficiency, compared to current ultra-supercritical (USC) plants at between 44% 

and 46%. Such increased operating conditions can in turn lead to a reduction of 2.5 

million tonnes of CO2 over plant lifetime [7]. USC plant conditions have a main steam 

temperature of 600 °C, with steam pressures up to 28.5 MPa and reheat steam 
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temperatures of 620 °C, but are limited by the lack of a suitable range of cost-effective 

materials capable of operating at increased loading conditions. The design life of USC 

power plants is approximately 30 years and is a key factor influencing material 

development and component design [8]. Based on this, plant operators may run at 

subcritical loading conditions to prolong component lifetime and reduce outage 

frequency, which can cost over €500,000 per day [9], further motivating the 

requirement for enhanced materials. Figure 1.3 shows how greater reductions in 

emissions can be made through increased efficiency of fossil fuel based plants. The 

benefits include prolonged fuel reserves (e.g. coal), increased power output and reduced 

emissions and operational costs [10].  

 

Figure 1.3 Relationship between emissions, efficiency and operating temperature in 

power plants [10]. 

1.3 Component Degradation under Flexible Loading 

One of the primary limitations to plant start times is the resulting level of component 

stress due to thermal fatigue, arising from plant cycling. Start-up and shut-down can 

occur multiple times a day and reduce component lifetime below 200,000 cycles. 

Component and plant designers must consider factors such as material properties, wall 

thickness and yield stress to optimise thermal cycling [3]. Figure 1.4 presents the 

breakdown in power generation by various sources throughout one day, indicating the 

many energy production methods and factors which must be considered for flexible 

operation [11].  
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Figure 1.4 Schematic of a daily load cycle and its impact on combined cycle power 

plants (CCPP) [11]. 

The number of forced outages, due to unplanned component failure or other factors 

requiring component removal, has increased due to flexible operation. Greenhouse gas 

emissions have risen also e.g. nitrogen oxide emissions rose 10% due to larger fuel 

consumption on start-up in a coal generating plant; however, the emissions avoided due 

to renewables far outweigh this increase [12]. Modifications to current base-load power 

plants for flexible operation will include changes to both hardware and operational 

practices. To date, a number of issues have been identified as a result of cycling a coal 

generating station at low loads (<40% capacity), including increased stress, wear and 

tear, and corrosion of components due to large temperature swings [12]. Some examples 

of the effect of cyclic loading on specific components include (i) boiler tube failure due 

to fatigue, corrosion-fatigue and pit formation, (ii) cracking of thick-walled components 

(e.g. headers and valves) and dissimilar metal welds, due to steam temperature 

fluctuation, (iii) generator rotor cracking during slow turning, due to rotor and casing 

movement, (iv) oxidation during start-up, and draining or dislodging of oxides from the 

boiler wall due to thermal variation, and (v) corrosion of turbine components due to wet 

steam and oxides [12].  

Start-up and shut-down of plant causes thermal cycling of the hot-gas-path components 

and can lead to increased cost in terms of reduced component life and time-value for 

money. Other issues include (i) chemical disturbances in feed-water and boiler water, 

(ii) excessive corrosion during start-up and shut-down, and (iii) increased levels of 

deposits, build-up and under-deposit corrosion in the boiler. Computational modelling 

and prediction of component performance in real-time, in terms of damage 

accumulation, requires an understanding of the damage mechanisms associated with 
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specific temperatures and pressures. This will provide plant designers and operators 

with a more realistic cost prediction of components operating at flexible USC loading 

conditions [2,13].  

Combined cycle gas turbines (CCGT), containing a gas turbine, water/steam cycle with 

a steam turbine and heat recovery steam generator (HRSG), provide the fastest response 

time under flexible operation to date, with efficiency up to 60% and less than half the 

emissions of an equivalent steam driven plant. A schematic of the basic layout is shown 

in Figure 1.5. CCGT development has vastly improved in the last 20 years and offers 

significant improvements in efficiency, as well as increased flexible operation in terms 

of (i) rapid start-up, shut-down and load variation, (ii) improved start-up reliability and 

load predictability and (iii) grid system support [3]. 

 

Figure 1.5 Schematic of a combined cycle gas turbine plant. Adapted from [14]. 

HRSG in new combined cycle units, originally designed for base-load operation, are a 

key component in providing increased efficiency. However, early failure due to cycling 

has been found to occur, indicating the limited knowledge of the effect of low cycle 

fatigue in terms of component design and performance in-service. Both the tubes and 

casings of HRSGs are primary locations of component failure in flexible power plants. 

Failure of HRSG tubes (Figure 1.6) often results in a full section being replaced, as 

limited space means significant cutting and welding of the existing system and 

increased costs [2,13]. In particular, a range of issues with HRSG systems under 

flexible operation have been observed in industry, including (i) oxide scale cracking and 

corrosion-fatigue of thin wall components during cycling at low loads, (ii) valve and 

turbine casing cracking due to increased start-ups and shut-downs, (iii) internal and 

external boiler cracking due to thermo-mechanical fatigue (TMF) and increased ramp 
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rates, and (iv) fatigue cracking of components due to boiler resonance, vibration and 

component movement during high-load operation [15]. 

 

Figure 1.6 Tube failure in a HRSG system [16]. 

The effects of fatigue at current and increased loading conditions must be identified to 

allow component designers and plant operators to accurately identify suitable design 

limits and reduce outage times. Furthermore, increased loading of components requires 

an improved range of materials, capable of withstanding such harsh conditions, for 

upgrading of current and future plant. 

1.4 History and Development of 9Cr Steels and Alternative 

Alloys 

9Cr steels were originally developed in the 1930s as a tube alloy. Alloying elements, 

such as vanadium and tungsten, were investigated in terms of improving the long-term 

creep performance, but molybdenum was found to provide the most economical 

improvement in creep strength and corrosion resistance, through solid solution 

strengthening and precipitation of M23C6 particles. Such materials are known as 

modified 9Cr steels. This eventually led to the development of T/P9, a standard material 

for super-heater and boiler components. In the 1970s, nuclear power plant development 

intensified and a large development program in the United States of America resulted in 

the production of modified 9Cr-1Mo steel, P91, at the Oak Ridge National Laboratory 

[8]. Strict control of alloying elements produced enhanced creep rupture strength 

compared to other materials at the time. American Society of Mechanical Engineers 

(ASME) code approval was acquired in 1984 and this material has since been widely 

implemented in fossil fuel power plant applications at operating temperatures of up to 

580 °C. In Japan, further improvements on P91 have been made via optimised 
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molybdenum and tungsten content and the addition of boron, leading to an enhanced 

strength steam pipe steel, P92, with operating temperatures of up to 620 °C. However, 

implementation beyond such temperatures is hindered by steam oxidation resistance, 

and increasing the chromium content was insufficient in producing a steel with 

equivalent strength to P92, hence the requirement for a cost-effective alternative 

remains [8].  

Nickle-based superalloys can provide many of the desired material properties for 

application at elevated loading conditions, but the significant cost associated with these 

materials means retrofitting of an entire plant is not economically viable. As such, 

substantial resources have been focused on the development of further modifications to 

9Cr alloys for these applications [8]. Table 1.1 highlights the significant expense 

associated with Ni-alloys (top row) and, therefore, the use of such components must be 

limited to the highest temperature regions in plant. This is further validation for the use 

of 9Cr steels as a significantly cheaper alternative [17].  

Cast components have widespread applications across power plants and, in the past, 

were manufactured from Cr-Mo and Cr-Mo-V for sub- and supercritical conditions. 

However, these materials have insufficient strength for operation at USC conditions; as 

a result, modified 9Cr steels have become a favoured choice. Martensitic 9-12Cr steels 

have application in some of the hottest areas in plant (e.g. steam lines, outlet headers 

and super-heaters) due to their high creep strength, thermal properties and oxidation and 

corrosion resistance, in conjunction with relatively low cost. There are many benefits to 

cast components including the ability to produce intricate geometries, reproducible 

shape and cost-effectiveness, but some issues can occur during manufacturing, such as 

dendritic shrinkage and inclusion formation [8].  

Table 1.1 Cost per kilogram of various nickel-based alloys and steels [17]. 

Grade A740® A263 A617 A625 A230 A155 

€/kg 19.36 19.36 19.12 17.84 17.51 14.46 

Grade MarBN E911 P92 P91 CMV Cr-Mo 

€/kg 2.76 1.76 1.79 1.39 0.92 0.91 
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Research and development programs, running since the early 1970s, have focussed on 

advanced materials for power plant applications, to allow the maximum operating 

conditions to be increased, therefore, improving efficiency and reducing emissions. The 

European COST (Cooperation in Science and Technology) project, which began in the 

early 1970s until the early 2000s, has been followed by KMM-VIN (Knowledge-based 

Multifunctional Materials Virtual Institute) [8]. This includes UK-based IMPACT 

(Innovative Materials Design and Monitoring of Power Plant to Accommodate Carbon 

Capture) [18] and follow-on IMPULSE (Advanced Industrial Manufacture of Next-

Generation MarBN Steel for Cleaner Fossil Plant) projects [19], both of which focussed 

on the development of MarBN steel. The industry-funded associated project IMPEL 

[20] also has a similar goal in terms of the development of MarBN as an improved high 

temperature material for welded components (i.e. boiler, pipe and turbine). This 

demonstrates the international scope for research and development of MarBN steel, 

from its origin in Japan to widespread investigation across Europe. 

MarBN is a martensitic, ferritic steel originally developed at the National Institute for 

Materials Science (NIMS) in Japan, with a focus on improving (i) microstructural 

stability during long-term creep loading, (ii) oxidation and corrosion resistance, (iii) 

Type IV cracking resistance in welded components, and (iv) flexible operation [21]. 

Welding of modified 9Cr steels is known to produce a fine-grained structure in the heat 

affected zone (HAZ), replacing the hierarchical microstructure, and is a common cause 

of component failure (i.e. Type IV cracking). Figure 1.7 compares the stress versus 

rupture time for parent metal and welded MarBN and P92 at 650 °C. MarBN shows 

almost identical performance between parent and weld metal, and an increase in rupture 

stress of approximately 30%, indicating the importance of preserving the hierarchical 

microstructure for long-term macroscale strength [21].  

Significant research has been conducted on the creep performance of MarBN; however, 

there remains a requirement to improve the understanding of the effects of (i) 

manufacturing process (i.e. casting and forging), (ii) fatigue loading and oxidation 

performance, compared to current generation materials, and (iii) associated mechanisms 

of degradation. Furthermore, the development of a computational model capable of 

capturing the phenomenological behaviour and damage evolution, across a range of 

loading conditions, is a key requirement for design of next generation power plant 

components for advanced modified 9Cr steels. 
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Figure 1.7 Stress versus rupture time for MarBN and P92 parent and weld metal 

samples at 650 °C. Adapted from [21]. 

1.5 Aims and Objectives  

The primary aim of this thesis is to experimentally characterise the high temperature 

cyclic response of cast and forged MarBN steel via (i) a program of high temperature 

low cycle fatigue (HTLCF) and creep-fatigue (CF) testing, (ii) microstructural analysis 

and 3D X-ray micro-computed tomography (µCT) scanning, and (iii) oxidation and 

corrosion studies. A secondary aim is the development of computational models of the 

constitutive behaviour, including isotropic and kinematic hardening, and life prediction 

and fatigue damage behaviour. The key aspects focused on are as follows: 

1. Experimental testing to characterise the fatigue response of MarBN at high 

temperature. HTLCF and CF testing of cast and forged MarBN steel, with a 

view to understanding the effect of manufacturing process and temperature on 

the cyclic response of the material. HTLCF testing of ‘as-received’ (AR) P91 

steel, a widely used material in current generation power plants, is performed for 

comparison. 

2. Microstructural analysis of pre- and post-test MarBN samples to identify 

mechanisms of strengthening and degradation. In particular, the role of 

manufacturing defects (i.e. voids and inclusions) on fatigue crack initiation 

(FCI) and component failure at high temperature will be investigated. 

3. 3D X-ray micro-computed tomography (µCT) scanning of cast and forged 

MarBN, before and after HTLCF testing, will provide a greater understanding of 

the influence of manufacturing process on defect formation and associated FCI. 

Identification of defect volume fraction and shape characterisation will be 
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performed. A 3D analysis of the primary crack path, and micro-cracking 

between defects, away from the primary crack, will be investigated also. 

4. Oxidation and corrosion studies on cast and forged MarBN, as well as AR P91 

steel, in air and with a corrosive ash applied are performed. The rate of oxide 

scale growth and oxide pit formation, particularly around inclusions, is 

investigated. Oxidation and corrosion resistance at high temperature is critical 

for USC application.  

5. Calibration and validation of a unified cyclic viscoplastic material model, 

including uniaxial life prediction and damage effects, is performed for cast 

MarBN at 600 °C and 650 °C, based on the experimental HTLCF and CF 

testing. Material parameter optimisation is performed to ensure accurate and 

unbiased prediction of material behaviour across a range of loading conditions, 

due to the strain-rate sensitivity of the material at high temperature.  

6. Development of coupled and uncoupled multiaxial life prediction and damage 

accumulation methodologies is performed, to quantify the microscale effects of 

manufacturing defects, in terms of localised stresses and strains. Ideal and 

complex defect geometries (identified from 3D X-ray µCT scanning) are 

modelled under HTLCF loading conditions, as part of a HTLCF dog bone 

specimen and power plant component. A robust material model is vital for 

understanding the effect of cyclic loading on components with defects. 

1.6 Thesis overview and scope 

Chapter 2 presents background and a review of the literature related to this work, 

including descriptions of creep, fatigue, oxidation and microstructural strengthening and 

degradation mechanisms in 9Cr steels. The various modelling techniques developed to 

date to describe fatigue loading are also presented, in terms of constitutive behaviour, 

life prediction and damage accumulation. Methods of characterisation of manufacturing 

defects and modelling are also presented.  

Chapter 3 discusses the role of the various alloying elements and heat treatment 

procedures. The results of the HTLCF and CF test program on cast and forged MarBN, 

with comparisons to current generation material, P91 steel, across a range of strain-rates 

and strain-ranges are presented and discussed. This is followed by microstructural 

analysis of pre- and post-test samples (MarBN and P91). Scanning electron microscopy 

(SEM), back-scatter electron (BSE) microscopy, element dispersive X-ray (EDX) 
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spectroscopy and transmission electron microscopy (TEM) techniques are employed to 

identify the primary strengthening and degradation mechanisms, and the role of 

manufacturing defects in sample failure. Oxidation and corrosion studies performed on 

cast and forged MarBN at 600 °C and 650 °C, with comparisons to P91 at 600 °C, are 

then presented. The rate of oxide scale growth is characterised from 1 to 28 days and the 

role of inclusions in terms of oxide pit formation is investigated. BSE is applied to 

identify Laves phase formation as a result of thermal, HTLCF and CF exposure. 

Chapter 4 describes the programme of 3D X-ray µCT scanning of pre- and post-test 

HTLCF cast and forged MarBN samples to identify the role of manufacturing defects in 

crack initiation and propagation under cyclic loading. This is compared with 

microstructural analysis of manufacturing defects in post-test samples. The volume 

fraction of manufacturing defects, and the amount of void growth as a result of HTLCF 

testing, is quantified. Sphericity of each defect, as a result of the respective 

manufacturing process, is calculated and compared also.  

Chapter 5 presents the phenomenological model, and material parameter identification 

and optimisation process, based on HTLCF and CF experimental data for cast MarBN 

at 600 °C. Calibration and validation of a uniaxial hyperbolic sine unified cyclic 

viscoplastic material model for cast MarBN is described, along with the development of 

a uniaxial life prediction and damage evolution material model.  

Chapter 6 presents a computational study of the effect of manufacturing defects on the 

local fatigue cracking behaviour of cast MarBN under HTLCF conditions, using an 

uncoupled life prediction and damage methodology based on experimentally identified 

material parameters. Following this, a coupled critical-plane Ostergren life prediction 

and damage accumulation model is developed as part of a user-material subroutine 

(UMAT) in Abaqus and applied to uniaxial and multiaxial cases, including single and 

multiple manufacturing defect geometries. 

Chapter 7 describes advanced material modelling of complex manufacturing defects, 

identified during 3D X-ray µCT scanning, in HTLCF gauge length models and plant 

component geometries, to identify localised stress and strain concentrations and 

associated damage accumulation and fatigue crack initiation.  

In Chapter 8, the key conclusions of the work are presented and recommendations for 

future work are discussed.  
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2 BACKGROUND AND 

LITERATURE REVIEW 

2.1 Introduction 

There are several aspects to be considered in terms of the design and characterisation of 

high temperature materials including (i) greater flexibility of power plants as the 

contribution from renewable energy sources is increased, (ii) the role of chemical 

composition, manufacturing process and heat treatment, (iii) the complex hierarchical 

microstructure of 9Cr steels, (iv) the range of experimental testing necessary to fully 

characterise the material and (v) calibration and validation of computational models to 

predict component performance.  

The following chapter describes the complexity of these materials in terms of 

manufacturing process, heat treatment, mechanical and high temperature loading, as 

well as the influence of various alloying elements and related strengthening 

mechanisms. An overview of numerical and computational modelling techniques, in 

terms of cyclic plasticity, isotropic and kinematic hardening, life prediction and damage 

are then presented. Finally, manufacturing defects and void formation are discussed in 

terms of their role in crack initiation, and the various methodologies employed to 

characterise their presence.  
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2.2 Manufacturing and Heat Treatment 

2.2.1 Manufacture of Castings and Forgings 

Due to the strict levels of chemical control necessary in manufacturing modified 9Cr 

steels, an increased level of skill is required during melting and refinement of the 

material. Small variations in chemistry throughout the material can have adverse effects 

under ultra-supercritical (USC) loading. Furthermore, trace elements must be stringently 

controlled during deoxidisation of the steel. Secondary refinement is typically required 

for USC grade materials, for example via argon oxygen decarburisation or vacuum 

oxygen decarburisation. The fabrication of a highly homogeneous material, with 

uniform elemental distribution is a vital requirement in the production of a high quality 

steel for USC applications [8]. 

Figure 2.1 is a flowchart of the manufacturing process for forged tempered martensitic 

steel, FB2 [8]. The steel is melted in an electric arc furnace (EAF) and refined in a ladle 

furnace (LF) with deoxidising agents (e.g. aluminium, calcium), followed by argon 

oxygen decarburisation (AOD), and LF, with vacuum degassing (to remove gases such 

as oxygen and hydrogen). The ingot is then cast, hot forming is applied and the material 

is heat treated. Pre-machining is performed, followed by ultrasonic (US) testing to 

identify defects, and further heat treatment. Final machining and testing of the material 

are then performed. This complex and highly skilled process indicates the importance of 

strict chemical control during manufacturing.  

 

Figure 2.1 Flowchart of the manufacturing process of FB2 [8]. 
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Forging of the material can then be performed, through heating of the ingot to the 

desired temperature and forging on a forging press. The temperatures must be strictly 

controlled to produce the desired microstructure and avoid δ-ferrite formation. Further 

heat treatment processes are then applied, followed by machining. Finally, US testing is 

performed, based on a minimal detectable defect size (MDDS). This typically ranges 

from 1.5 mm (for a part diameter of 860 mm) to 2.2 mm (for part diameters between 

1,120 mm and 1,200 mm) [8]. Although this is not the exact manufacturing process for 

the cast and forged MarBN examined in this work, it provides an example of the 

complexities associated with the manufacture of advanced martensitic steels for USC 

applications.  

Formation of manufacturing defects (e.g. inclusions) is a common occurrence during 

steel manufacture. CaO-Al2O3 inclusions have been identified in linepipe steel (X80), 

following the LF-degassing-Ca treatment stage of manufacture, by Wang et al. [22]. 

Modifications to the manufacturing process were investigated and it was suggested that 

an inclusion removal step, before Ca treatment and following a longer degassing step, 

should be performed, reducing the number of inclusions by over 40%, as well as 

reducing their size.  

 

2.2.2 Heat Treatment  

Figure 2.2 is a phase diagram for Fe-Cr steel, based on Cr content. Austenite (γ) 

formation can occur up to 12% Cr, between temperatures of ~1,200 K and 1,400 K. Air 

cooling allows martensitic transformation above ~7%Cr, as bainitic transformation is 

suppressed due to the interaction between Cr and C atoms. Increasing the Cr content to 

above 9% enhances the oxidation resistance of the material also. As the steel cools, δ-

ferrite can form due to an imbalance of alloying elements and transform to γ-austenite, 

through a slow diffusion-controlled growth process. Dissolution of δ-ferrite during 

normalising is also a slow process, meaning it may remain in the finished steel, 

providing soft regions that can promote component failure [8]. 

Figure 2.3 presents the effect of different heat treatment processes on P92 steel, in terms 

of grain size and dislocation density. Grain size is shown to rapidly increase above 

normalising temperatures of 1,100 °C (Figure 2.3(a)) and dislocation density is found to 

rapidly decrease at higher normalising and tempering temperatures, due to sub-grain 
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formation (Figure 2.3(b)). Little change in particle (M23C6 and MX) diameter was 

observed as a result of increased tempering temperature [23].  

 

Figure 2.2 Phase diagram for Fe-Cr steel, as a function of Cr, with 0.1%C [8]. 

 

Figure 2.3 Effect of heat treatment temperatures on (a) grain size and (b) dislocation 

density [23]. 

High dislocation density is a characteristic feature of 9-12Cr steels following low 

temperature tempering (~750 °C) [8]; however, if dislocations glide from the sub-grain 

interior to the sub-boundary, annihilation of dislocations can occur, reducing dislocation 

density, leading to a reduction in the strength of the component and more rapid 

microstructural degradation [24]. Li et al. [25] investigated the effect of an extended 

pre-service heat treatment on the creep performance of T91 and T92 steel at 650 °C. 

Figure 2.4 compares rupture stress for the materials tested in the as-received condition 

(T91 and T92), with the same material having undergone an additional 16 hour heat 

treatment at 765 °C (T91-16 and T92-16), as well as the mean lines from the European 

Collaborative Creep Committee (Grade 91 and Grade 92). A reduction of 20% to 30% 

in rupture stress occurs in all cases; this is attributed to coarsening of M23C6 particles 
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(T91-16), and rapid nucleation and growth of Laves phase particles (T92-16). This 

indicates the importance of an optimised heat treatment process and the substantial 

effect it can have on the microstructure, particularly due to the significant strengthening 

effect of nano- and microscale features in martensitic steels.   

 

Figure 2.4 Rupture stress versus time for T91 and T92 in the as-received and post-heat 

treated condition (T91-16 and T92-16), with comparison to mean code data [25]. 

2.3 Creep of Power Plant Materials  

2.3.1 Introduction  

Creep at high temperature is defined as the slow, continuous deformation of a material 

over time. In general, creep occurs once the temperature exceeds 0.3 to 0.4 of the 

melting temperature of the metal. At room temperature, strain,  , is only dependent on 

stress,  ; however, at high temperature, time, t , and temperature, T , are also 

influencing factors [26], such that: 

  , ,f t T    (2.1) 

The complex response of metals under stress at high temperature is presented 

schematically in Figure 2.5, where three distinct regions of conventional creep 

deformation are shown to occur. After a short period of elastic strain, an initially high 

period of creep occurs, known as the primary creep region (I). This is followed by a 

steady state region, known as secondary creep (II), and can be described using the 

Norton power-law relation: 

 c
nB    (2.2) 

Finally, a period of accelerated creep and rupture is defined as the tertiary region (III).  
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Figure 2.5 Strain-time creep curve. Adapted from [27]. 

Creep in-service causes a reduction in the maximum stress, as well as stress 

redistribution, particularly during tertiary creep. However, more complicated design 

procedures are often necessary, due to highly conservative and cost ineffective life 

predictions as a result of simple, elastic designs, based on a needlessly high maximum 

stress [28]. 

 

2.3.2 Mechanisms of Degradation 

The influence of stress and temperature on the resulting creep degradation mechanism is 

described in Figure 2.6. The primary mechanisms are diffusional creep (linear-viscous 

response) and dislocation creep (power-law type behaviour). At lower stress levels, 

diffusion creep is the dominant mechanism (Figure 2.7). Crystal deformation under 

loading leads to grain elongation and atomic diffusion between grain faces. To resist 

hole formation between grains, grain-boundary sliding must occur [26]. 

Dislocation creep occurs as a result of dislocation motion due to the diffusion of atoms 

under loading. Precipitates act as obstacles to dislocation motion, but a process known 

as climb and glide, shown in Figure 2.8, describes the nature of dislocation creep. Climb 

and glide can occur independently also. Furthermore, bulk crystal diffusion in regions 

of void formation, typically along grain boundaries, leads to a reduced area to withstand 

degradation and eventually fracture occurs [26]. 
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Figure 2.6 Schematic of the degradation mechanisms associated with various stresses 

and temperatures under creep loading [26]. 

 

Figure 2.7 Schematic of the diffusion creep process [26]. 

 

Figure 2.8 Schematic of the climb and glide mechanism of dislocation creep [26]. 

Furthermore, three major categories of creep damage have been defined by Dyson [28] 

in relation to component failure; namely (i) loss of external section (due to uniform 

straining or corrosion-product failure), (ii) microstructural degradation (i.e. particle 

coarsening and loss of dislocation density), and (iii) loss of internal section (as a result 

of environment, cavity nucleation and growth).  
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2.3.3 Creep Testing of Current Generation Materials  

Extensive creep testing of 9Cr steels for power plant applications has been performed to 

date. Microstructural evolution under constant load conditions is a key area of interest 

in identifying the primary microscale strengthening and degradation mechanisms in 

these complex materials [29]. In Figure 2.9, the maximum operating temperature of 

current generation power plant materials is presented, based on an average stress rupture 

strength of 100 MPa after 100,000 hours [30]. Austenitic steels are shown to provide 

comparable performance to martensitic steels, but the large increase in thermal 

expansion coefficient (at least 50%) means that flexible operation of such components 

may lead to excessive thermal stresses and, hence, premature fatigue failure. The high 

creep rupture strength associated with martensitic steels is dependent on the martensitic 

transformation and related strengthening mechanisms, generally associated with a 

reduced martensitic lath width. As early as 3,000 hours, a decrease in dislocation 

density of 75% has been observed in P92 steel, indicating the importance of 

experimental testing and extensive microstructural characterisation [30].  

 

Figure 2.9 Maximum operating temperature of various current generation power plant 

steels [30]. 

The effect of both stress and temperature are presented in Figure 2.10 for P91 steel. It 

should be noted that the specific P91 steel tested by Hyde et al. [31] has a significantly 

lower creep rupture strength than specified in the mean code data. Further evidence of 

the detrimental effects of stress and temperature, as a result of increased strain, is shown 

in Figure 2.11 for P92 steel. The broad range of loads applied indicate the importance of 
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loading level and long-term testing of materials to accurately identify safe loading limits 

at various temperatures. While performance at low stress levels at 600 °C provides 

satisfactory results, the inability of the material to endure a 50 °C increase in 

temperature is a key limiting factor for application of such materials at USC loading 

conditions [23]. 

 

Figure 2.10 The effect of (a) stress at 600 °C (175 MPa and 125 MPa [32], and 80 MPa 

[33]) and (b) temperature at 600 °C [33] and 650 °C [31] on P91 steel. 

 

Figure 2.11 (a, b) Creep strain versus time for P92 at 600 °C and 650 °C, and (c) 

comparison of the minimum creep rate at both temperatures. Adapted from [23]. 
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Figure 2.12 indicates both the effect of tungsten as well as temperature on various 9Cr 

martensitic alloys. The creep rupture stress is greatly improved due to the microscale 

strengthening mechanisms provided by tungsten, in particular at 600 °C [30].  

 

Figure 2.12 Influence of alloying elements and temperature on the rupture stress of 

various modified 9Cr martensitic alloys [30]. 

Laves phase formation in P92 steel has been observed up to 10,000 hours during 

thermal aging or creep exposure at 600 °C and 650 °C, with particles growing to 

significantly larger dimensions at 650 °C [30]. In the case of current generation material 

P91, the precipitation of Laves phase during creep after 100,000 hours at 600 °C, in 

conjunction with M23C6 carbide coarsening, was identified as the key cause of reduced 

creep strength [29]. However, such particles have been identified as early as 2,000 hours 

in 9-12Cr steels [34], indicating the importance of a stabilised microstructure and 

thermally-stable particles. 

 

2.3.4 Next Generation Ultra-Supercritical Steels 

The main advantage of USC loading is increased plant efficiency and reduced 

emissions. The next generation of advanced materials for USC plant applications must 

possess a number of key material properties for successful, long-term and flexible 

operation; namely (i) high temperature capability, (ii) oxidation and corrosion 

resistance, (iii) weldability, (iv) cost-effective and (v) ease of manufacture and 

fabrication. There are a number of benefits associated with modified 9Cr steels, 

compared to conventional ferritic steels. This includes (i) increased rupture strength for 

elevated steam temperatures and pressures (ii) enhanced oxidation and corrosion 

resistance due to Cr content, (iii) longer component life for creep and fatigue loading 

and (iv) reduced wall thickness in components (leading to reduced thermal storage and 
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stress). Wall thickness is particularly important, as it reduces cost and manufacturing 

time, as well as requiring less time to reach thermal equilibrium and, therefore, the 

effects of thermo-mechanical fatigue are reduced. Figure 2.13 describes the 

development of creep-resistant martensitic 9Cr steels over the past 50 years in terms of 

operating temperature, particularly as part of the European Cooperation in Science and 

Technology (COST) project [8]. The creep performance of these materials has been the 

primary focus in terms of mechanical testing. 

 

Figure 2.13 Creep rupture strength versus temperature for various power plant steels 

[8]. 

Compared to cast P91, the key changes in the chemical composition of Cost B2 (CB2) 

are reduced nickel to improve creep strength, controlled amounts of boron and as a 

result, reduced nitrogen. Cobalt is added to counteract δ-ferrite formation, and 

molybdenum content is increased. Jandová et al. [35] have performed creep testing of 

CB2 samples at various applied stress levels at 650 °C, as per Figure 2.14. Samples A 

and B are extracted from a pilot valve at different wall thickness locations, and 

compared to a trial melt.  

FB2 is the forged version of CB2 and has been creep tested by Di Gianfrancesco el al. 

[36], with comparison to Grades 91 and 92 at 600 °C and 650 °C (Figure 2.15). FB2 is 

shown to produce enhanced creep strength for up to 100,000 hours (also compared to 

CB2 in Figure 2.14) and is recommended for applications up to 625 °C, due to its 

superior creep strength compared to current generation materials [36]. 

In Figure 2.16, the creep rupture behaviour of SAVE12AD (9Cr-3W-2.6Co) is 

presented at 600 °C and 650 °C, and is approximately 1.6 and 1.3 times higher than that 
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of Grades 91 and 92 at 600 °C, respectively. This is attributed to long-term 

microstructural stability and reduced precipitate coarsening, for over 45,000 hours at 

600 °C [37]. 

 

Figure 2.14 Applied stress versus rupture time for various CB2 samples [35]. 

 

Figure 2.15 Stress versus time for FB2 and Grades 91 and 92 at (a) 600 °C and (b) 650 

°C [36]. 

 

Figure 2.16 Creep rupture strength versus time for SAVE12AD at 600 °C and 650 °C 

[37]. 
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In Figure 2.17, creep testing of advanced modified 9Cr steels, with 3% tungsten, by Abe 

et al. [38] at 650 °C is presented, with comparison to alternate advanced materials. The 

creep strength is significantly increased and is attributed to precipitate design for 

optimised creep performance.  

 

Figure 2.17 Creep rupture strength of various advanced martensitic steel alloys [38]. 

Shingledecker et al. [39] performed short-term testing of advanced austenitic alloy 

HR6W (23.4Cr-44.8Ni-0.12Ti-6.0W). Figure 2.18 shows the stress-time plot for HR6W 

at a variety of temperatures, with the relevant failure mechanisms. Temperature is 

shown to have a significant effect on both the rupture stress and mode of failure of the 

material. Similar rupture times are observed compared to SAVE12AD (Figure 2.16) and 

MarBN (Figure 2.17). However, the coefficient of expansion of austenitic steels is 

higher than for martensitic steels, leading to increased thermal stresses. Thermal fatigue 

has been identified as a source of component failure in plant under cyclic operation 

using austenitic steels [40] and may cause further issues under USC conditions. 

 

Figure 2.18 Stress versus time for HR6W at a variety of temperatures and mapping of 

the related failure mode [39]. 
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2.4 Oxidation & Corrosion 

2.4.1 Introduction  

Oxidation is the process whereby a chemical reaction of the material with oxygen 

occurs, and corrosion is the irreversible degradation of metals as a result of chemical 

reactions with the environment. Both mechanisms have a significant impact on the in-

service performance of plant components and can cause premature failure if not taken 

into account during the design phase. The matrix material properties determine the rate 

at which oxidation or corrosion will occur e.g. transition metals, such as iron, nickel and 

chromium, have moderate resistance, while alkali and alkaline earth metals, such as 

magnesium and calcium, oxidise more rapidly [41].  

9 to 12Cr steels have been identified as an alternative to expensive Ni-based superalloys 

for plant components up to 650 °C. To ensure sufficient long-term performance, the 

oxidation resistance of such materials must be understood for USC loading conditions. 

Chromium is a key alloying element, however, increasing the content above 12% 

prevents formation of the martensitic microstructure and results in degradation of creep 

strength. This level of chromium is generally too low to allow formation of the 

protective Cr2O3 oxide scale [42]. Three factors are of concern in terms of the oxidation 

and corrosion behaviour of high temperature materials; (i) reduced wall thickness can 

increase stress and, hence, reduce time-to-rupture, (ii) the reduced thermal conductivity 

of an oxide layer provides increased insulation of tube material from cooling fluid, 

therefore increasing metal temperature and corrosion and creep rates, and (iii) spallation 

is more likely as the oxide scale thickness increases during thermal cycling of plant 

components i.e. start-up and shut-down cycles, leading to repeated exposure of the 

matrix material [43].  

 

2.4.2 Structure and Effect of Alloying Elements 

The diffusion coefficient of a material will control the rate at which an oxide scale 

forms and motion of various alloying elements. A lower diffusion coefficient results in 

oxide formation closer to the surface compared to materials with a high diffusion 

coefficient [26]. For Fe-Cr alloys, the structure of the oxide scale generally occurs as 

follows: close to the surface consists of primarily chromium oxide, the outer layer is 

primarily iron oxide with a mixed chromium and iron spinel between the two. 

Chromium has a lower vapour pressure than iron and therefore, forms closer to the 
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surface [44]. An example of this can be seen in Figure 2.19 for ferritic-martensitic steel, 

HCM12A. In the diffusion layer, oxide-formation occurs preferentially along lath 

boundaries, indicating the influence of microstructure on the oxidation behaviour of the 

material [45]. 

 

Figure 2.19 Scanning electron microscope (SEM) image of the oxide scale in HCM12A, 

and element line map of Fe and Cr distribution. Modified from [45]. 

In some cases, an oxide layer that forms close to the surface can be highly beneficial in 

protecting the material from further oxide scale formation and material diffusion e.g. 

chromium and aluminium oxide scales. However, materials with a higher vapour 

pressure travel further from the surface and offer little protection e.g. at high 

temperature, molybdenum and tungsten are extremely volatile and evaporate once they 

form oxides, providing no resistance to oxidation. Oxide films are usually brittle and if 

there is a low volume of oxide, relative to the material, it will crack to relieve strain. For 

the opposite case, the scale will break away from the surface. Thermal gradients can 

cause cracking of the oxide scale and can, in some cases, propagate into the alloy 

depending on the strength of adhesion. A coating is essential to maintaining constant 

molybdenum and tungsten compositions in the matrix and preventing rapid evaporation 

during oxidation (500 °C to 600 °C for tungsten carbides [46]), but breaking of the 

coating can cause significant localised oxidation. The crack growth rate during cyclic 

loading is often largely increased when combined fatigue and corrosion occur, and 

failure due to localised attack, such as pitting, is more likely than under uniform 

conditions [26,47]. 
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2.4.3 Mechanisms of Corrosion 

The factors influencing protective and non-protective oxidation of materials, in terms of 

alloying elements and discontinuities, are of prime importance. Increased degradation of 

high temperature alloys due to thermal cycling occurs as a result of oxide scale cracking 

and spallation. This is due to the mismatch in the coefficient of thermal expansion 

(COE) between the oxide scale and the alloy in conjunction with stresses generated 

from oxide scale growth. In general, high temperature components are exposed to 

multiple atmospheres containing various oxidising components. This can change the 

material response from that observed in air to a less stable rate of oxide scale growth, 

with corrosion products containing the alternative oxidising compounds. As a result, the 

ability of a material to form a protective oxide scale is of great importance for high 

temperature applications in a complex environment [48]. Two main factors govern the 

failure of oxide scales: (i) stresses in the oxide scale and (ii) quality of the scale and 

interface with the matrix. The primary factors influencing the stress situation have been 

identified as:  

 Total IntrGrth GeomGrth Therm Creep Microcrck Mech              (2.3) 

where IntrGrth  is the stress that occurs during oxide growth and formation of new 

oxides, GeomGrth  describes the surface geometry (e.g. roughness) during oxide growth,  

Therm  occurs due to a mismatch in COE between the oxide and metal, Creep  and 

Microcrck  are the stresses due to oxide creep and microstructural damage, and Mech  is 

as a result of mechanical loading [49]. Some types of corrosion related to high 

temperature applications are listed below:  

(i) Uniform corrosion: occurs evenly across the component surface at a 

predictable rate and can be protected against using coatings, inhibitors or 

cathodic protection. 

(ii) Stress corrosion: due to tensile stresses in conjunction with a corrosive 

environment can cause crack initiation and propagation from a metal surface 

i.e. stress corrosion cracking (generally localised). 

(iii) Intergranular corrosion: grain boundary corrosion can cause grain removal, 

weakening the material to further corrosion attack. 

(iv) Pitting corrosion: localised corrosion phenomenon that is highly destructive 

to the component and is largely unpredictable. 
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(v) Erosion-corrosion: flow of solid, liquid or gas occurs around a metal 

component, causing grooves similar to its directional pattern. 

Examples of this are shown schematically in Figure 2.20 [26]. 

  

Figure 2.20 Schematic of different types of corrosion: (a) stress, (b) intergranular and 

(c) pitting. Adapted from [26]. 

Stresses due to oxidation can occur due to a mismatch in the volume of oxide layer and 

metal from which it forms. If this ratio is greater than unity (which it generally is), 

compression of the oxide occurs during inward migration of oxide ions, and results in 

oxide growth at the oxide-gas interface [50]. This can have a number of effects in terms 

of the behaviour of the oxide layer, as shown in Figure 2.21 [26]. Inclusions at or near 

the surface have also been found to contribute to oxide pit formation, as well as oxide 

scale fracture due to a mismatch in COE [44].  

 

Figure 2.21 Effect of loading on the oxide scale: (a) buckling, (b) shear cracking and (c) 

plastic deformation of the oxide and alloy [26]. 

Oxide scale formation on the surface of steel components is dependent on chromium 

content, environment and temperature. Development of a continuous Cr2O3 scale on the 
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surface of components improves oxidation resistance and is aided by increased 

chromium content in the material (Figure 2.22). Once the chromium scale is no longer 

present, iron oxide forms leading to scaling and increased oxidation rates, known as 

breakaway oxidation or corrosion. Figure 2.23 shows mushroom-type oxide nodule 

formation in two layers. Once the outer surface (Fe-rich) formed, accelerated inner 

oxidation occurred and these weakened regions are sites for early crack initiation under 

mechanical loading. Annealing in air can cause heavy Cr-oxide scale formation, leaving 

the subsurface depleted. This becomes critical for thin-walled components, such a sheet 

or tubular products [41]. 

 

Figure 2.22 Oxidation behaviour as a function of chromium content in Fe-Cr alloys at 

1,000 °C in 0.13 atm O2 [41]. 

 

Figure 2.23 Formation of mushroom-type oxide nodules due to an accelerated oxygen 

attack on the surface of a heat exchanger tube, after heating between 620 °C and 670 °C 

in air for over 1,000 hours [41]. 
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High temperature components in plant are generally under both thermal and mechanical 

loading. The mechanical loading can cause stresses in the component as a result of 

welding (residual) or manufacturing processes prior to service, and can remain in the 

component if the operating temperature is too low. Stresses can also occur due to 

external loads during service and can interact with the oxidation or corrosion processes 

due to temperature. Stress-corrosion cracking can occur in a metal under tensile stress 

and may experience cracking of the protective oxide layer as the tensile stresses or 

strains become higher. Abe et al. [41] observed significant internal oxidation in 

conjunction with loading; however, under no load, there was no change in oxide 

penetration depth up to 1,000 hours (Figure 2.24). 

 

Figure 2.24 Internal corrosion depth in undeformed (open data points) and deforming 

(closed data points) 18%Cr specimens at 800 °C and  = 10-8 s-1 [41]. 

2.4.4 Effect of Fuel Type 

Components in high temperature environments under fossil fuel combustion undergo 

accelerated oxidation levels due to salt deposits, known as Hot Corrosion 1. Melting of 

the deposit usually occurs and the rate is approximately linear. Hot Corrosion 2 occurs 

at temperatures below the deposit melting point and is initially slow, then suddenly 
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increases as the salt reacts with the oxidation products, resulting in a lower melt 

temperature [41]. Oxide scale formation is identified as a primary factor in the 

significantly reduced creep strength at 650 °C in a 2.25Cr-1.6W steel for USC power 

plant applications. The long-term creep strength degrades rapidly at 625 °C and 

upwards, in conjunction with microstructural degradation [51].  

The fuel used in power plants can have a substantial effect on the corrosion resistance of 

materials. For example, coal burning is quite different from other fuels and is largely 

dependent on the sulphur (flue gas), sodium and potassium (ash) content. Quantification 

of the effect of these elements is necessary to more realistically identify the response of 

components in-service at high temperature. Design of high temperature alloys for the 

next generation of power plants must achieve at least equivalent levels of oxidation and 

corrosion resistance e.g. Figure 2.25. The effects of varying chemical composition and 

heat treatment, as well as consideration of the service conditions and environment the 

component will experience in plant, must be accounted for. This alone requires a 

substantial amount of research for design of a single alloy and highlights the need for 

improved predictive capabilities in terms of material models [40]. The increased use of 

biomass will further complicate the rate and methods of corrosion in plant and increase 

the range of materials components must be resistant to [44,52,53]. 

 

Figure 2.25 Oxidation resistance of various steels in air after 1,000 hours between 482 

°C and 927 °C [41]. 
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In service, components are exposed to an array of harsh chemicals. For example, coal is 

generally classified into 4 categories, from the lowest rank (lignite) to the highest 

(anthracitic). Properties such as moisture content, volatile matter and sulphur content 

vary between each group and can significantly affect component performance. Sulphur 

content is most detrimental in terms of corrosion in high temperature boiler components 

in plant, as well as the amount and type of emissions generated. Ash generated from 

coal combustion, in conjunction with flue gases, can cause fly-ash erosion on heat-

absorbing surfaces e.g. superheater and furnace wall, leading to heat transfer problems 

(i.e. raising the temperature of the component and reducing the rate of cooling) and 

require regular removal (Figure 2.26). The temperature of components can affect 

whether ash is easily removed or not, as at melting temperature it can form a tightly-

bonded slag on the component wall [41].  

 

Figure 2.26 Schematic of temperature gradient from the inner to the outer oxide scale 

and ash/slag deposits on a tube [41]. 

In an effort to further reduce emissions, the use of carbon-neutral fuel biomass (i.e. 

organic materials such as wood and agricultural crops) has been implemented in some 

plants. However, this has been found to lead to accelerated corrosion of plant 

components due to an altered ash composition. O’Hagan et al. [54] applied salts, 

representative of ash produced during biomass co-firing of peat, to P91 steel at 600 °C 

up to 28 days. In Figure 2.27(a, b), oxide scale spallation and cracking is observed in a 

multi-layer structure. Furthermore, both chlorine and temperature are found to promote 

significant oxide scale growth under short-term conditions (Figure 2.27(c, d)). 
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Figure 2.27 Oxide scale structure of P91 at 600 °C for (a) 7 and (b) 28 days, and (c) 

effect of chlorine content and (d) temperature on oxide scale thickness over time [54]. 

Skrifvars et al. [55] applied a salt (25Na-11K-21S-1.3Cl) with a melt temperature of 

526 °C to a range of power plant steels at various temperatures. In general, oxide scale 

thickness increases rapidly in a short time span (Figure 2.28), as the temperature 

approaches the melt temperature of the salt, indicating the potentially detrimental effect 

of biomass on component performance. Such studies indicate the complexities 

associated with chemical composition of power plant fuels in relation to the oxidation 

and corrosion resistance of components, and the importance of adequate corrosion 

resistance, particularly as temperature increases. 

 

Figure 2.28 Oxide scale thickness as a function of temperature, after 168 hours, for a 

range of steels with salt applied. T0 is the melt temperature of the salt [55]. 
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2.5 High Temperature Low Cycle Fatigue 

2.5.1 Introduction  

Fatigue is the cyclic loading of a component that can lead to failure below the tensile 

strength of the material (and possibly below yield strength) due to fluctuation of 

mechanical or thermal loads. The main classes of fatigue are high cycle and low cycle 

fatigue. High cycle fatigue occurs below yield stress and typically above 10,000 cycles, 

whereas low cycle fatigue is the converse and incorporates plastic deformation. Crack 

growth under low cycle fatigue loading occurs due to tensile stresses in a plastic zone at 

the crack tip, leading to propagation under loading, perpendicular to the loading 

direction [26]. Under compressive loading, crack growth cannot occur as the crack faces 

are in contact, causing crack closure. When inclusions or voids are present in the 

material, hole formation can occur and allow linkage between defects and the crack tip 

(Figure 2.29), increasing the crack growth rate. Local plasticity around a stress 

concentration (e.g. a notch or an inclusion) leads to initially slow crack propagation, but 

eventually increases and component failure occurs [26].  

 

Figure 2.29 Fatigue crack growth (a) without and (b) with the presence of defects [26]. 

2.5.2 Experimental Testing and Microstructural Analysis 

Low cycle fatigue testing of current state-of-the-art 9Cr steels (e.g. P91 and P92) has 

been performed to identify the effect of various alloying elements, in conjunction with 

microstructural analysis to understand the nano- and microscale strengthening and 

degradation mechanisms in operation under high temperature cyclic loading 

[9,47,64,56–63].  

Low cycle fatigue (LCF) testing of 9Cr steel with varying tungsten content was 

performed by Park et al. [65] at room temperature and 600 °C. Significant cyclic 

softening and a reduction in fatigue life is observed at high temperature, with a tungsten 

content of 1.8% identified as the optimal amount for enhanced strengthening effects 

(Figure 2.30) and prevention of δ-ferrite formation. Softening is attributed to a decrease 
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in dislocation density due to redistribution from low to high density regions, forming 

low-energy dislocation configurations, and dislocation annihilation. A combination of 

solid solution and precipitate strengthening are identified as key contributors to the 

improved cyclic strength of the material as tungsten content increases. Mroziński et al. 

[63] investigated the influence of temperature on cyclic strength. In Figure 2.31, cyclic 

softening is clearly observed in all cases for a cast P91 material tested across a range of 

loading conditions, and oxide layer formation further contributes to a reduction in 

fatigue life as temperature increases.  

Nagesha et al. [66] have identified similar behaviour in terms of microstructural 

evolution of 9Cr steels for in-phase (IP) and out-of-phase (OP) thermo-mechanical 

fatigue (TMF) loading, as well as isothermal fatigue. Figure 2.32 shows the effect of 

cyclic loading on the microstructural evolution of the material, where lath widening 

indicates annihilation of lath boundaries. Subgrain growth provides soft regions and 

contributes to the macroscale softening effect observed under cyclic loading. This 

indicates the complexities associated with such materials. 

 

Figure 2.30 Effect of W content on stress amplitude with cycles at 600 °C and a total 

strain-range of (a) 0.5% and (b) 1.5% [65]. 

 

Figure 2.31 Influence of temperature on the stress evolution of cast P91 at a strain-range 

of (a) ±0.25%, (b) ±0.35% and (c) ±0.6% [63]. 
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Figure 2.32 Transmission electron microscope (TEM) images of the microstructure of 

(a) as-received P91 steel with a high dislocation density, and (b) lath coarsening and 

reduced dislocation density due to out-of-phase TMF loading from 300 °C to 500 °C 

[66]. 

Thermo-Calc simulations of Laves phase formation in a 12Cr steel (up to 4% tungsten) 

predict increased thermal stability at higher temperatures, compared to those containing 

molybdenum. As the tungsten content increases, so too does the amount of Laves phase 

and the driving force for nucleation. This can produce an increased and finer precipitate 

distribution, complementing the strengthening due to M23C6 particles [67]. The role of 

Laves phase in 9-12Cr steels containing tungsten is not fully understood due to the 

combined effects of depletion of tungsten from the matrix (reducing the contribution of 

solid solution strengthening), while also increasing the contribution of precipitation 

strengthening [68]. 

2.6 Creep-Fatigue-Oxidation Interaction 

Under realistic plant loading conditions, a component will experience creep, fatigue and 

oxidation effects. Therefore, it is vital to understand the role each of these will have, 

both individually and together, for material and component design. Fournier et al. [56–

58] investigated the combined influence of creep, fatigue and oxidation on the 

behaviour of P91 steel at 500 °C. The influence of a hold period (particularly in 

compression), in conjunction with increased strain-range, is found to have a detrimental 

effect on the fatigue life of the sample (Figure 2.33). This has been attributed to a 

combination of environmental factors and the presence of a positive mean stress under 

compressive loading. Furthermore, the oxide scale is primarily subjected to tensile 

stresses and promotes crack initiation. Figure 2.34 presents measured oxide scale 

thickness as a result of both high temperature loading and static oxidation exposure. 

Formation of a multi-layered morphology (Fe-Cr spinel and magnetite), possibly due to 
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repeated oxide scale cracking, is observed under creep-fatigue conditions at a high 

strain-range. Fatigue and creep-fatigue testing (at lower strain-ranges) results in an 

oxide scale thickness similar to static oxidation testing, highlighting the influence of 

loading level on oxidation behaviour. 

 

Figure 2.33 Effect of tensile and compressive hold periods on fatigue life for a variety 

of strain-ranges under creep-fatigue (CF) and relaxation-fatigue (RF) conditions [57]. 

 

Figure 2.34 Oxide scale thickness as a function of exposure time for samples tested 

under fatigue, creep-fatigue and static oxidation conditions [56]. 

Similar results were observed by Shankar et al. [60] for a modified 9Cr-1Mo steel at 

600 °C, with further reductions in fatigue life due to combined tension and compression 

holds in conjunction with oxidation effects. The influence of hold time on the dwell 

sensitivity factor (the ratio of the number of cycles to failure with a hold to the number 

of cycles to failure without a hold) is shown in Figure 2.35. A variety of 9-12Cr steels 

tested under pure fatigue and creep-fatigue loading at high temperature identified cyclic 

softening, due to reduced dislocation density, and subgrain coarsening as the primary 

degradation mechanism in all cases. A comparison of the as-received and post-test 

microstructure is presented in Figure 2.36 for P91, where significant coarsening of the 
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low angle boundary (LAB) microstructure is observed [69]. Figure 2.37 indicates the 

effect of a hold period on base metal and welded samples of P91, with a greater 

influence observed at higher temperature [70].  

 

Figure 2.35 Influence of (a) hold time and (b) testing time on the dwell sensitivity 

parameter [60]. 

 

Figure 2.36 TEM of the microstructure of P91 (a) as-received and (b) post creep-fatigue 

test at 550 °C [69]. 

 

Figure 2.37 Creep-fatigue life as a function of hold time for P91 base metal and welded 

samples at 550 °C and 600 °C [70]. 
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The effect of different loading types is presented in Figure 2.38 as a function of 

temperature; compared to OP, IP loading produces a greater rate of reduction in fatigue 

life with increasing temperature due to enhanced oxidation kinetics and, therefore, the 

concentration of key strengthening elements is reduced, leading to a weaker matrix 

material [66].  

 

Figure 2.38 Effect of different loading regimes (in-phase, out-of-phase and isothermal 

fatigue) on fatigue life as a function of temperature [66]. 

2.7 Microscale Strengthening Mechanisms in 9Cr Steels 

2.7.1 Martensitic Microstructure 

9Cr tempered martensitic steels have a hierarchical microstructure comprising of prior 

austenite grains (PAG), packets, blocks and laths, as shown in Figure 2.39. A packet is a 

region of parallel laths with the same habit planes; depending on the degree of 

misorientation, laths with similar orientations are subdivided into blocks. Packets and 

blocks are defined as high angle boundaries, where neighbouring packets or blocks have 

angles of misorientation greater than 15°, and laths are low angle boundaries with 

angles of misorientation less than 5° [71–73]. Creep loading has been found to cause 

martensitic lath transformation to equiaxed subgrains due to dislocation motion, leading 

to a reduced creep rate [74]. There are a number of complex strengthening mechanisms 

associated with the hierarchical microstructure. However, it is difficult to quantify the 

individual contribution from each mechanism. Strengthening occurs due to a 

combination of grain boundary (GB) strengthening, precipitates distributed along 

boundaries and within the lath, dislocation substructure and solute atoms [71,72]. 
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Figure 2.39 Schematic of the hierarchical microstructure of martensitic steels, adapted 

from [9]. 

2.7.2 Precipitate and Solute Strengthening  

During heat treatment, precipitation occurs of M23C6 (M = Cr, Fe, W, Mn, Mo) carbides 

along boundaries and MX (M = V, Nb, and X = C, N) carbonitrides distributed 

throughout the matrix. M23C6 carbides are a primary source of creep strength in 9-12Cr 

martensitic steels, as they (i) reduce dislocation motion and subgrain growth and (ii) pin 

boundaries, hence reducing grain growth (Figure 2.40). MX carbonitrides act in a 

similar manner, and have a high thermal stability compared to M23C6 carbides [24,75]. 

A comparison between steels with and without M23C6 particles by Maruyama et al. [24] 

shows improved creep resistance through a reduced rate of recovery of the dislocation 

substructure due to the presence of M23C6 carbides. The addition of MX particles was 

found to significantly reduce the creep rate, where the particles act as obstacles to 

dislocation motion, as well as (i) reducing the rate of dislocation substructure recovery 

and (ii) retaining dislocation hardening for increased time. 

 

Figure 2.40 Schematic of a martensitic lath after tempering and (b) during subgrain 

coarsening. Adapted from [74]. 
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Solid solution hardening occurs when larger atoms (e.g. Mo and W) replace solvent 

atoms in the lattice and produce distortion. As with precipitation strengthening, these 

particles contribute to reduced dislocation motion and resulting plastic deformation [8]. 

The effect of W on the macroscale component performance was presented in Section 

2.3 and Section 2.5 for creep and fatigue loading. However, solid solution hardening 

can lead to the precipitation of Fe2M (M = Mo, W) particles, also known as Laves 

phase. They form along boundaries during service conditions, as the heat treatment 

temperatures are often too high to allow precipitation. Their presence has been shown to 

be both detrimental (rapid particle coarsening and reduced solution hardening) and 

beneficial (refined precipitate diameter and enhanced GB strengthening) to creep 

behaviour, depending on saturated particle diameter and tungsten content in the material 

[23,24,76]. Z-phase (Cr(V, Nb)N) particles can also precipitate in high Cr ferritic steels 

during service and rapidly coarsen, reducing the effect of MX carbonitrides [24]. Phase 

equilibrium diagrams for both P91 and P92 are presented in Figure 2.41, indicating the 

conditions necessary for Laves phase and Z-phase formation.  

 

Figure 2.41 Phase equilibrium diagrams for (a) P91 and (b) P92 steel [77]. 

2.7.3 Dislocation Hardening 

At intermediate temperatures, mobile dislocations pass through the dislocation 

substructure through the aid of an applied stress. However, at elevated temperatures, 

mobile dislocation motion occurs via diffusion, where particles at a region of high 

concentration move to a region of lower concentration, hence reducing yield stress. The 

dislocation substructure is shown to be the primary obstacle to dislocation motion 

during creep testing, where the accumulation of creep strain corresponds to recovery of 

the dislocation substructure [24]. Plastic deformation of the dislocation substructure 

promotes recovery, where subgrain width increases and the dislocation density 

decreases as creep deformation progresses. Two processes that occur during the 
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recovery of the subgrain substructure are (i) annihilation of dislocations on a sub-

boundary, hence annihilating the sub-boundary, and (ii) mutual sub-boundary 

annihilation due to opposite signs (Figure 2.42). Process (i) is dominant in the early 

recovery stage [24]. Guguloth et al. [78] investigated the low cycle fatigue behaviour of 

a modified 9Cr-1Mo steel. Microscale mechanisms of degradation (e.g. dislocation 

annihilation and precipitate coarsening) were identified as primary contributors to cyclic 

softening, particularly as test temperature increased from 500 °C to 600 °C.  

 

Figure 2.42 Schematic of dislocation recovery along boundaries [24]. 

2.8 Effect of Alloying Elements  

2.8.1 Introduction  

This section discusses the effect of various alloying elements on the microscale 

strengthening of modified 9Cr steels. For reference, the chemical compositions of 

various modified 9Cr alloys are presented in Table 2.1. 

Table 2.1 Chemical composition of modified 9Cr steel P91 [59], P92 and MarBN [38]. 

Balance is Fe and * denotes mass (%). 

 

Al B* C Co Cr Mn N Nb P Si V W 

P91 0.007 - 0.12 - 8.60 - 0.060 0.07 0.017 0.34 0.24 0.03 

P92 - 0.002 0.09 - 8.72 0.47 0.050* 0.06 - 0.16 0.21 1.87 

MarBN 

(min) 

- 0.005 0.074 2.91 8.77 0.48 0.001* 0.046 - 0.3 0.18 2.85 

MarBN 

(max) 

- 0.018 0.081 3.1 9.08 0.51 0.065* 0.055 - 0.31 0.2 3.13 
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2.8.2 Chromium 

Figure 2.43 indicates the effect of chromium content in bainitic (low Cr) and martensitic 

(high Cr) steels without MX precipitates. The decrease in creep rupture strength and 

increase in ductile-to-brittle transition temperature (DBTT) at chromium content above 

10% is due to δ-ferrite formation, as no carbides, subgrains and significantly reduced 

dislocation densities are present in these regions. This further indicates the importance 

of the hierarchical microstructure in providing resistance to plastic deformation [38]. 

 

Figure 2.43 The effect of Cr content on creep rupture strength and DBTT at 600 °C for 

1,000 hours [38]. 

2.8.3 Tungsten 

Tungsten has been identified as a key component in providing enhanced high 

temperature creep performance in modified martensitic steels. Figure 2.44 shows TEM 

images of steels containing 1% and 4% tungsten, post-creep test at 600 °C. For 1% 

tungsten (Figure 2.44(a)), a significant reduction in M23C6 carbide distribution along 

boundaries and increased lath coarsening is observed compared to the 4% tungsten 

sample (Figure 2.44(b)).  

 

Figure 2.44 TEM images of creep samples tested at 600 °C containing (a) 1% tungsten 

and (b) 4% tungsten [38]. 
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In Figure 2.45, the effect of tungsten on creep rupture strength, and precipitate and lath 

evolution is presented. Formation of significant quantities of δ-ferrite occurs after the 

concentration of tungsten exceeds 3%. Tungsten reduces the coarsening rate of M23C6 

carbides and laths, enhancing the precipitation hardening effect, but this effect reduces 

with increasing temperature, indicating the enhanced strength due to tungsten occurs 

from a combination of solid solution, precipitation and sub-boundary hardening [38]. 

 

Figure 2.45 (a) Effect of tungsten on the creep rupture strength of martensitic steel at 

10,000 hours, and (b, c) evolution of M23C6 and lath or subgrain size with increasing 

time [38]. 

2.8.4 Boron and Nitrogen  

Grain boundary segregation of boron occurs during normalising. This is followed by 

M23C6 carbide formation along boundaries, as the tempering temperature is reduced, 

resulting in boron enrichment of carbides and reduced coarsening [38]. 
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Figure 2.46 M23C6 carbide formation during (a) normalising and (b) tempering [38]. 

Figure 2.47 shows that for a 9Cr-3W-3Co steel (excluding nitrogen), increasing the 

amount of boron concentration produces a lower creep rate and increased time to 

rupture. Boron provides increased stabilisation of M23C6 carbides along boundaries and, 

hence, reduced lath and block boundary coarsening, preventing recovery of the 

microstructure for longer [8].  

 

Figure 2.47 (a) Effect of increased boron on the creep rate of 9Cr steel at 650 °C and 80 

MPa, and (b) schematic of the mechanism of boron stabilisation of the microstructure in 

terms of creep rate [8]. 

Figure 2.48 shows the effect of nitrogen concentration in a steel containing 140 ppm 

boron, in terms of creep behaviour and BN formation. The peak minimum creep rate 

and rupture time are found to occur between 80 ppm and 100 ppm nitrogen, and BN 

formation during normalising at 1100 °C is dependent on the maximum solid solubility 

of nitrogen and relevant boron content. The amount of nitrogen must be carefully 

controlled to prevent BN formation, that can lead to boron and nitrogen consumption 

and reduced creep strength [79–81].  
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Figure 2.48 (a) Effect of nitrogen content on rupture time and minimum creep rate of 

9Cr steel, and (b) BN formation as a function of nitrogen and boron content at a 

normalising temperature between 1050 °C and 1150 °C [79,80]. 

Such research and development on the effect of various alloying elements has led to the 

production of MarBN steel; the name denotes a martensitic 9Cr steel, with controlled 

levels of boron and nitrogen. Figure 2.49 compares both base metal and welded joints 

for MarBN, P92 and P122 at 650 °C. Failure of welded P92 and P122 occurs much 

more rapidly compared to the base metal, whereas MarBN maintains increased strength 

for the duration of testing, as well as almost identical performance between base metal 

and welded components, indicating Type IV cracking has been suppressed and 

preservation of the hierarchical microstructure in the heat affected zone [82]. Type IV 

fracture in the heat affected zone of 9-12Cr steels at elevated temperatures is a known 

issue, where the hierarchical microstructure is replaced by a weaker fine-grained zone 

during welding, and results in premature cracking and failure. This is a serious issue in 

terms of flexible plant operation, as increased thermal cycles can accelerate damage in 

these areas and further reduce component life [83]. To date, research has focused 

largely on the creep behaviour of MarBN material, but as power plants move toward 

increased flexible operation, the effect of cyclic loading on MarBN must be 

investigated. 
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Figure 2.49 Creep rupture curves for MarBN, P92 and P122 base metal and welded 

joints at 650 °C [82]. 

2.9 Constitutive Modelling 

2.9.1 Introduction  

Modelling of 9Cr steels is an important tool in understanding the material behaviour 

under high temperature loading, in terms of (i) uniaxial and multiaxial macroscale 

response, (ii) microstructure evolution, and (iii) localised behaviour in the region of 

manufacturing defects. Based on experimental testing, a number of models have been 

developed to predict and understand the fatigue response of various materials, as well as 

predict rates of damage accumulation and failure.  

 

2.9.2 High Temperature Low Cycle Fatigue Modelling 

The unified model of Chaboche [84,85], based on a power law flow rule, is broadly 

used to predict the cyclic viscoplastic behaviour of metals. The constitutive equation is 

as follows: 

 
 2J s x

nn
R kf

p
Z Z

  
    (2.4) 

where p  is the accumulated effective plastic strain-rate, s  is the deviatoric stress 

tensor, x  is the kinematic back-stress tensor, R  is isotropic hardening, k  is the initial 

yield stress, Z  is a material constant and n  is the cyclic viscoplastic exponent. The 

various stress components are described graphically in Figure 2.50 [84]. 
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Figure 2.50 Influence of the non-linear kinematic rule for (a) two-surfaces theory and 

(b) fully-reversed cyclic loading [84]. 

The rate of isotropic hardening evolution, R , is calculated as per: 

 ( )R b Q R p    (2.5) 

where b  is the rate of softening and Q  is the asymptotic value of R . The isotropic 

hardening rule assumes equal expansion of the elastic domain in tension and 

compression during plastic flow, as described graphically in Figure 2.51 [86]. 

 

Figure 2.51 Schematic of isotropic hardening and associated stress-strain response [86].  

Kinematic hardening, based on the Armstrong-Frederick model [87], is calculated as: 

 pl

2

3
χ c p ε χ   (2.6) 

where c  and   are material constants, and plε  is plastic strain-rate. Translation of the 

yield surface occurs during kinematic hardening, as per Figure 2.52. The materials 

resistance to yielding in compression, as a result of loading in tension, is therefore 

reduced; this is known as the Bauschinger effect [86]. 
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Figure 2.52 Schematic of kinematic hardening and associated stress-strain response 

[86]. 

This use of this type of model (i.e. power law flow rule) has been effectively 

implemented previously for intermediate to high strain-rate cases [88–92]; however, it 

cannot allow reliable extrapolation to more typical plant conditions, as described in 

Figure 2.53. As a result, the use of a hyperbolic sine material model has been 

implemented by Barrett et al. [93,94], based on the experimentally observed non-linear 

stress-strain behaviour of 9Cr martensitic steels at high temperature. 

 

Figure 2.53 Strain-rate versus stress for 9Cr steels at 600 °C [93]. 

Based on the complex nature of the microstructure of advanced 9Cr martensitic steels, 

modelling of microstructural evolution has been performed from a physical basis to 

identify the individual contribution of the various strengthening mechanisms [95–98]. 

Precipitate and lath coarsening are primary degradation mechanisms associated with 

high temperature cyclic loading of modified 9Cr steels. Crystal plasticity modelling by 

Li et al. [96] of P91 under cyclic loading conditions has predicted a considerable effect 

of both factors, in terms of number of cycles to fatigue crack initiation. In the case of 

prior creep loading of a power plant component under flexible loading conditions, this 

could be detrimental to component lifetime. 
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Barrett et al. [72] implemented a dislocation-based methodology, in conjunction with a 

cyclic viscoplasticity model, to predict the effect of dislocation density and precipitate 

size on cyclic softening and kinematic hardening under high temperature low cycle 

fatigue (HTLCF) loading in P91 steel. This model has been further developed to be 

more physically representative of the microstructural evolution and predict the complete 

effects of various strengthening mechanism, with application to both HTLCF and CF 

loading [97]. In Figure 2.54, the effect of block size predicts that a coarser 

microstructure will reduce stress-range and increase plastic strain-range under strain-

controlled LCF conditions. After 1,000 cycles, an increased volume fraction of 

precipitates (MX and M23C6), is predicted to provide enhanced cyclic strength and a 

reduced plastic strain-range (Figure 2.55). Furthermore, lath width is predicted to be 

dominant in producing enhanced cyclic strength and reducing plastic strain under cyclic 

loading; the rate of cyclic softening is reduced as lath width decreases and, therefore, an 

increase in LCF life is assumed. 

 

Figure 2.54 Influence of block width on the initial stress-strain loop at 600 °C,   = 0.1 

%/s and   = ± 0.5 % [97]. 

 

Figure 2.55 Influence of the volume fraction of (a) M23C6 carbides and (b) MX 

carbonitrides in P91 at 600 °C, for N = 1,000,   = 0.025 %/s and   = ±0.3% [97]. 
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2.9.3 Life Prediction  

Calibration and validation of models to predict damage accumulation and cycles to 

failure (typically based on uniaxial experimental data) allows greater understanding of 

the effect of loading when applied to multiaxial geometries and plant components. 

Figure 2.56 is a schematic of the Basquin and Coffin-Manson laws for each type of 

fatigue loading. In Figure 2.56(a), high cycle fatigue is shown to occur below the yield 

stress of the material, for over 10,000 cycles. The Coffin-Manson law (Figure 2.56(b)) 

is based on the linear relationship obtained by plotting log of the plastic strain-range 

versus log of number of cycles to failure. 

 

Figure 2.56 Schematic of (a) Basquin law for high cycle fatigue and (b) Coffin-Manson 

law for low cycle fatigue loading [26]. 

The Basquin equation [99] is defined as follows: 

 f 1
aN C    (2.7) 

where the stress range is max min     , fN  is number of cycles to failure and a  

and 1C  are material constants. A similar relationship exists for low cycle fatigue 

loading, whereby the Coffin-Manson Law [100] is: 

 
pl

f 2
bN C    (2.8) 

where 
pl  is the plastic strain-range, and b  and 2C  are material constants. The Smith-

Watson-Topper [101] fatigue parameter combines the Basquin and Coffin-Manson 

approaches, as per: 
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where max  is maximum stress,   is maximum strain-range, E  is Young’s modulus, 

the Basquin coefficients are f
'  and d , and the Coffin-Manson constants are f

'  and f . 
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This model has been implemented by Zhang et al. [102], in conjunction with elastic 

modulus reduction due to fatigue damage. 

In terms of energy based models, Ellyin and Kujawski [103] developed a fatigue model 

dependent on plastic strain energy per cycle, as follows: 

 f
aW KN   (2.10) 

where W  is plastic strain energy per cycle, and K  and a  are material parameters 

identified by plotting experimental data for plastic strain energy per cycle versus cycles 

to failure. The Ostergren [104] model is a strain energy based model, which takes into 

account both the stress and plastic strain per cycle, to predict number of cycles to 

failure.  

  pl
f maxN C


     (2.11) 

where max  is the maximum stress range and C  and   are material constants. This 

method has been found to give improved fatigue life prediction compared to the Coffin-

Manson equation, particularly in terms of thermo-mechanical fatigue loading [105]. 

 

2.9.4 Damage  

To identify the effect of increasing cycles on the degradation of the material, a relatively 

large number of models have been developed with respect to simulating fatigue damage. 

The concept of a damage parameter was first introduced by Kachanov [106] and 

following this, Rabotnov [107] introduced an effective stress concept for a material 

under tensile loading, based on the growth of microdefects. A linear damage summation 

rule created by Miner [108] is described by: 

 
i

f

n
D

N
   (2.12) 

where D  is damage and in  is cycle number at a given stress amplitude ( i ). 

However, this method does not account for load history and can produce non-

conservative predictions of life [109]. Damage can be regarded as the degradation of the 

Young’s modulus of the material [110], whereby an effective Young’s modulus is 

defined as: 
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  (2.13) 
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and, therefore, damage is calculated as: 

 1
E

D
E

    (2.14) 

This concept has been implemented in a damage model, based on the total strain 

approach, by Lu et al. [111] for P91 steel at 600 °C under uniaxial cyclic loading 

conditions, in conjunction with a Coffin-Manson law (Equation 2.8), where damage is 

assumed to initiate at the start of loading. 

The Chaboche [112] equation for damage accumulation, based on the current cycle and 

number of cycles to failure, is described as follows: 
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where N  is cycle number, and   and   are material constants. Lemaitre [113] 

developed a damage rate term incorporating the effects of both stress and strain per 

cycle: 
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where max  is the maximum stress in the cycle, vR  is the triaxiality ratio, and S  and s  

are material constants. Nayebi et al. [114] applied this to life assessment of a gas turbine 

rotor steel, and Kyaw et al. [115] implemented this method in conjunction with a 

unified viscoplasticity model for P91 steel. The calculation of damage begins once an 

experimentally identified value of accumulated effective plastic strain has been reached. 

Priyaajit et al. [116] implemented a modified version of this in a plasticity coupled 

continuum damage mechanics model for 1020 steel. 

The work of Neu et al. [47,117] analysed damage in 1070 steel due to fatigue, creep and 

oxidation under isothermal, in-phase and out-of-phase loading. Damage is calculated as: 

 tot fat creep oxD D D D     (2.17) 

where totD  is total damage, and fatD , creepD  and oxD  are damage due to fatigue, creep 

and oxidation. fatD  is calculated using the Smith-Watson-Topper approach. The 

interaction between creep and fatigue loading has also been investigated using a number 
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of approaches, including strain range partitioning and linear damage summation 

[89,118,119]. 

2.10 Influence of Manufacturing Defects and Void Growth 

2.10.1 Introduction 

The presence of manufacturing defects (i.e. voids and inclusions) is often related to the 

reduced cyclic strength of high strength alloys. A number of factors including matrix 

material, inclusion type and interface properties effect the fatigue cracking behaviour 

[120]. Inclusions occur in metallic alloys as a result of chemical reactions with the 

environment during manufacture and substantial financial resources have been invested 

in reducing such discontinuities in steels. The presence of inclusions leads to void 

formation during loading and results in premature cracking of components. The strength 

and toughness of steels, and benefits of microstructural refinement, are detrimentally 

affected, and increased plastic deformation and stress and strain localisation occur at the 

interfaces between inclusions and the matrix [54,121–125]. These regions have been 

found to influence the direction of crack propagation, causing a crack to preferentially 

move from the matrix towards an inclusion. It is important to understand the effect of 

inclusions and voids for various in-service loading conditions via experimental and 

computational methods [54,126–129].  

 

2.10.2 Experimental Testing and Analysis 

In Figure 2.57, the variation of different shapes of creep cavities is defined by Isaac et 

al. [130] for a brass alloy using synchrotron X-ray tomography, where complex cavities 

are found to occur due to coalescence of multiple cavities.  

 

Figure 2.57 (a) Spherical, (b) ellipsoidal, (c) rod and (d) complex creep cavities [130]. 

Kuwazuru et al. [131] have performed 3D X-ray computed tomography (CT) scanning 

of a cast aluminium alloy in the as-received state and after fully reversed fatigue testing 

at room temperature. A combination of fractography (Figure 2.58) and 3D X-ray 
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computed tomography (CT) scanning (Figure 2.59) indicates that near-surface pores 

were the dominant factor influencing fatigue crack initiation; however, clustering 

towards the inner regions was also found to produce cracking and can be related to the 

magnitude of stress concentration in this region. 

 

Figure 2.58 SEM images of the fracture surface post-fatigue test showing (a) the 

location of crack initiation and pores, (b) a shrinkage pore, (c) crack propagation site 

and (d) fatigue striations [131]. 

 

Figure 2.59 Reconstruction of porosities in a cast aluminium alloy (a) frontal view and 

(b) side view in the as-received state, and (c) frontal view and (d) side view post-test 

[131]. 

Schlacher et al. [132] used synchrotron µCT, in conjunction with electron back-scatter 

diffraction (EBSD), to quantify creep void volume in the heat affected zone of a gas 
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tungsten arc welded forged MarBN sample. Localised pore formation is identified at the 

fusion line and along grain boundaries, due to fine grain formation as a result of 

welding. However, scanning of the sample before testing was not performed to identify 

pre-existing manufacturing and welding induced defects. 

 

Figure 2.60 Void distribution in a fractured welded MarBN sample, creep tested at 70 

MPa and 650 °C for ~17,000 hours, and corresponding EBSD maps at the heat affected 

zone. Modified from [132]. 

In Figure 2.61, results by Pessard et al. [133] show anisotropic fatigue behaviour of a 

bainitic steel under fully-reversed high cycle loading conditions, attributed to elongated 

MnS inclusions in the direction of rolling. Similar results were also observed by 

Temmel et al. [134] for a range of 50CrMo4 steel specimens and varying orientations.  

 

Figure 2.61 Wöhler curves for a bainitic steel with different specimen orientations in 

relation to the direction of rolling [133]. 
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2.10.3 Modelling of Manufacturing Defects 

Modelling of idealised (i.e. spherical) defect geometries has been performed by multiple 

authors [127,129,135,136] to identify the localised effects of such discontinuities on the 

matrix and fatigue crack initiation. This has provided insight into the primary micro-

scale mechanisms of degradation occurring; primarily, the influence of the localised 

stress-strain field on decohesion of the inclusion from the matrix, as well as strain 

accumulation (ratchetting) and the importance of defect shape, size and location. 

The modelling of inclusions was first investigated by Eshelby [137] in 1957 and has 

since become a widely investigated research topic under thermal and mechanical 

loading. A mismatch in the material properties of inclusions and the matrix during high 

temperature loading (e.g. heat treatment or power plant start-up and shut-down) can 

cause decohesion of the inclusion from the matrix material. A greater mismatch in these 

properties can further increase the localised stress and strain concentrations at the 

interface and promote early crack initiation [54,126,133,138–140]. Fatigue crack 

nucleation is further promoted when decohesion of the inclusion from the matrix occurs, 

and sufficiently large inclusions, in conjunction with clustering, are found to have 

detrimental effects under cyclic loading [54,123,125,127–129]. 

Common pores identified in a cast aluminium alloy are presented in Figure 2.62 [141] 

and can range in size from 10 µm to 1,000 µm. Such locations are preferential for 

localisation of damage, leading to crack initiation and propagation under cyclic loading 

and as a result of residual stresses. 2D methods are lacking in terms of identification and 

characterisation of the complex morphology of shrinkage pores, indicating the 

importance of 3D methods. In Figure 2.63, modelling of shrinkage pores via plane 

strain 2D finite element (FE) methods indicates the localised stress concentration factor 

associated with these complex shapes. Further to this, modelling of the gas pore in 3D 

(Figure 2.64) indicates both the local notch root radius and the loading direction can 

produce stress concentration factors of between 3 and 3.5. Similar results are predicted 

for both gas and shrinkage pores. 3D modelling predicts half the stress concentration of 

that in 2D and indicates the importance of 3D computational modelling [141,142].  
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Figure 2.62 Reconstructed X-ray CT images of (a) gas and (b) shrinkage pores in a cast 

aluminium alloy [141]. 

 

Figure 2.63 (a) SEM image of shrinkage pore and (b) predicted 2D stress distribution 

(loaded horizontally) [142]. 

 

Figure 2.64 von Mises equivalent stress distribution around the surface of a gas pore in 

a uniaxial fatigue specimen [42]. 

Hardin et al. [143] investigated the relationship between elastic modulus and non-

uniform porosity distributions for a range of cast steel specimens, with varying porosity 

levels (0.08 – 0.2) [128]. The elastic modulus, based on porosity, is defined as: 
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where 0E  is the elastic modulus of a material with negligible porosity,   is porosity 

fraction, 0  is the critical porosity fraction and n  is a power exponent. Mapping of the 

measured tomographic porosity field onto a finite element mesh is performed, for node 

spacing between 0.2 mm to 2 mm, with local degradation of the elastic modulus using 

Equation 2.18. Results for the predicted stress and strain distributions are shown in 

Figure 2.65, indicating non-uniform stress and strain concentrations in the region of 

porosities. Furthermore, Young’s modulus is predicted to decrease non-linearly with 

increasing porosity fraction. 

 

Figure 2.65 Abaqus predicted (a) porosity fraction, (b) axial stress and (c) axial strain in 

a cast steel under a nominal stress of 96 MPa at room temperature [128]. 

2.11 Conclusions 

There is an extensive amount of literature available in relation to the high temperature 

experimental characterisation and computational modelling of 9Cr steels, in particular 

under creep loading conditions and the related mechanisms of degradation. However, as 

power generation transitions to flexible operation to accommodate the increased 

contribution from renewable energy sources, the need for fatigue characterisation of 

current and next generation materials becomes increasingly obvious. Furthermore, as 

the requirement to operate under higher temperatures and pressures increases, the key 
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role of oxidation and corrosion is highlighted. As a result, there is increased importance 

on the role of manufacturing process, chemical composition and heat treatment in terms 

of microstructurally-driven component performance, and with the development of 

improved non-destructive test methods (i.e. 3D X-ray CT scanning), characterisation of 

the role of manufacturing induced defects in component failure is becoming more 

widespread. The main conclusions from the current literature are: 

 The influence of chemical composition and heat treatment can greatly affect the 

resulting material microstructure (e.g. dislocation density) and in-service 

performance. Therefore, strict control of the manufacturing process and 

optimisation of the resulting heat treatment is necessary to ensure maximum 

component life. 

 Significant creep testing of 9Cr steels has been performed, and is a common 

method for experimental characterisation of current and next generation 

advanced martensitic steels for power plant applications.  

 Microstructural analysis is a necessary tool in understanding the nano-scale 

strengthening and degradation mechanisms (e.g. void growth, particle 

coarsening and loss of dislocation density) in tempered martensitic steels, to aid 

future material design and development. 

 Preservation of the martensitic microstructure is vital to long-term macroscale 

component performance under high temperature loading, primarily due to 

combined precipitate, dislocation and solute strengthening mechanisms. The 

addition of tungsten, in conjunction with controlled amounts of boron and 

nitrogen (i.e. MarBN), has been found to produce an advanced martensitic steel 

with enhanced creep strength, capable of operating up to 650 °C. 

 As operating temperatures are increased, in conjunction with the use of 

alternative fuel sources (i.e. biomass), understanding the resulting oxidation and 

corrosion behaviour of martensitic steels is vital for preventing premature 

component failure. 

 Computational modelling, based on experimentally observed phenomena, can 

provide enhanced insight into the influence of microstructural strengthening 

mechanisms on macroscale component performance (e.g. precipitate size on 

cyclic strength). Furthermore, implementation of damage and life prediction 

methods allows greater understanding of failure mechanisms during loading.  
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 Non-destructive 3D analysis (i.e. CT scanning) is a powerful tool in quantifying 

and understanding the role of manufacturing-induced defects and void formation 

in crack initiation and failure. In conjunction, modelling of idealised and 

experimentally-measured defect geometries can provide more realistic 

representation of the as-received material, and greater understanding of their 

influence on the localised matrix response. 

 

The gaps in the literature to date relate to the following topics: 

 Experimental testing of 9Cr steels is primarily related to creep, with little 

analysis of the role of fatigue or combined creep-fatigue loading. Understanding 

the cyclic behaviour of the material, and related strengthening and degradation 

mechanisms (via microstructural analysis), is necessary for material 

development and component design for USC loading conditions. 

 Characterisation of the oxidation and corrosion performance of next generation 

materials at USC loading conditions, in terms of oxide scale growth and oxide 

pit formation, to ensure equivalent performance to current generation materials. 

 3D X-ray CT scanning has identified manufacturing defects as a primary source 

of crack initiation under creep and fatigue loading in various materials. 

However, the role of manufacturing process on defect formation has received 

relatively little attention, particularly for 9Cr steels, where variation in chemical 

composition and manufacturing method can strongly influence the resulting 

microstructure and, therefore, component performance.  

 9Cr steels are strain-rate dependent materials and cyclically soften at high 

temperature. Therefore, the development and implementation of 

phenomenological models, in conjunction with life prediction and damage 

methodologies, are of particular importance in accurately predicting component 

performance and failure. Furthermore, computational modelling of components 

with manufacturing defects can provide enhanced insight on the resulting in-

service behaviour.  
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3 HIGH TEMPERATURE 

EXPERIMENTAL TESTING 

AND MICROSTRUCTURAL 

ANALYSIS OF MARBN 

3.1 Introduction 

In this chapter, a high temperature low cycle fatigue (HTLCF) and creep-fatigue (CF) 

test program for MarBN is presented in conjunction with oxidation and corrosion 

testing, and compared to current generation material, P91 steel. The application of a 

range of microstructural analysis techniques are presented for pre- and post-test 

samples, including optical microscopy, scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDX), back-scatter electron microscopy (BSE) and 

transmission electron microscopy (TEM), to characterise the nano- and microscale 

phenomena.  

The fatigue response of cast MarBN at 600 °C and 650 °C was investigated across a 

range of loading conditions to identify the effects of cyclic loading, tensile hold periods 

and temperature on the material response. Initial testing of forged MarBN at 600 °C is 

also performed. The fatigue life and cyclic viscoplastic response of materials is a key 

aspect in terms of component design and also provides the necessary data for calibration 

and validation of material models with application to more realistic plant conditions and 

geometries. The cast and forged MarBN material presented and tested here was 
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produced by Goodwin Steel Castings as part of the IMPACT project [18], and the work 

presented in this chapter is part of a collaboration between NUI Galway and GE Power, 

UK. Comparisons are made between test results from the NUI Galway and GE Power 

test rigs, and repeat testing is performed to establish consistency. MarBN test results are 

compared to corresponding results for P91 produced at NUI Galway.  

Cast and forged MarBN was tested under high temperature oxidation and corrosion 

conditions to investigate the performance of MarBN in relation to a current power plant 

material, rolled P91 steel. It is essential that next generation materials display at least 

equivalent performance in this area, as plant operators look to increase loading 

conditions, as well as variation in fuel type e.g. biomass.  

Microstructural analysis is a key aspect in understanding and characterising the 

behaviour of advanced martensitic steel. A short summary of the principle of operation 

of each technique is provided, and the sample preparation method for each type of 

analysis is also described in detail; this includes polishing, etching, carbon replica and 

twin-jet polishing. Key strengthening and degradation mechanisms in MarBN in the as-

received and post-test condition are identified in terms of fatigue, creep-fatigue, 

oxidation and corrosion. This chapter identifies manufacturing defects (generally 

inclusions) as the primary mechanism of degradation in cast and forged MarBN, based 

on their role in crack initiation and propagation under high temperature loading, and 

their relationship with oxide pit formation and oxide scale fracture.  

3.2 Chemical Composition and Heat Treatment 

As discussed in the previous chapter, preservation of the microstructure of 9Cr steels is 

critical to long-term high temperature performance. The different strengthening 

mechanisms (e.g. precipitate and dislocation) interact to provide resistance to plastic 

deformation via resistance to or retardation of dislocation motion under loading. This is 

attributed to the carefully controlled chemical composition, followed by heat treatment 

to ensure sufficient strength and ductility. The chemical composition and heat treatment 

for cast and forged MarBN is confidential information as part of the IMPACT project 

[18] and, therefore, cannot be disclosed here. A similar composition was presented in 

Chapter 2 (Table 2.1) for MarBN, as published by Abe et al. [38], with comparison to 

P91 [59] and P92 [38]. The most notable changes to MarBN, in relation to P91 and P92, 

are the addition of increased tungsten, boron and cobalt, and reduced vanadium and 

carbon content.  
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Chromium is known to enhance oxidation and corrosion resistance at high temperature 

through the formation of a protective chromium oxide scale on the surface of 

components, as well as contributing to enhanced creep strength (between 10% and 12% 

concentration). Tungsten and molybdenum also contribute to the strength of the 

material through solute strengthening. Vanadium and niobium combine with carbon and 

nitrogen to form MX carbonitrides, dispersed throughout laths to resist dislocation 

motion. Boron and nitrogen content is strictly controlled to prevent BN particle 

formation during heat treatment. Boron also reduces the minimum creep rate via 

providing enhanced stabilisation of carbides along boundaries, and hence, preventing 

lath coarsening for longer periods of time. Nitrogen further contributes to improving the 

long-term creep strength, and cobalt has been found to inhibit δ-ferrite formation and 

enhance material toughness [40,79,80,144]. 

The heat treatment for cast MarBN, undertaken at NUI Galway, is similar to the process 

described by Li et al. [81], to ensure that BN formation does not occur. Figure 3.1(a) 

shows the phase transformation diagram for chromium containing steel with 0.1% 

carbon. Normalisation (in the 850 °C to 1250 °C temperature range) is required to 

produce a martensitic transformation upon rapid cooling, as well as providing increased 

yield and tensile strength. Upon removal from the furnace, transformation of austenite 

to martensite occurs as the material air cools below approximately 380 °C (martensitic 

transformation temperature for 9Cr steel), as shown in Figure 3.1(b) [30,145]. The 

hierarchical microstructure of martensite is key to the enhanced creep performance of 

9Cr steels via the various micro-strengthening mechanisms. Minimal, if any, δ-ferrite, 

which can cause severe degradation of high temperature strength at increased quantities, 

is expected to occur [30]. Once the steel has cooled to room temperature, tempering is 

performed, at a lower temperature than that of normalizing, to increase toughness and 

improve ductility. This also reduces the dislocation density of the material and allows 

precipitation of carbides (M23C6) and carbonitrides (MX), which are essential to the 

long-term creep strength of the material [30]. 

To manufacture samples for testing at NUI Galway, cast MarBN bars were extracted 

from the cast plate shown in Figure 3.2 and heat treatment was performed using a UAF 

14/10 Lenton high temperature oven for normalization, followed by an AWF 130/12 

Lenton high temperature oven for tempering. A similar geometry was produced for 

testing at GE Power. The forged MarBN was received in the heat treated condition (a 

different procedure to that of the cast material). Casting allows the manufacture of large, 
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complex geometries generally at a reduced tooling cost compared to forged 

components; in contrast, forging produces a refined grain structure, with increased 

material toughness and reduced porosity [146]. Therefore, it is expected the forged 

material will exhibit superior fatigue performance due to the reduced grain size and 

number of defects. 

 

Figure 3.1 (a) Phase transformation diagram for Fe-Cr-0.1C steel [145] and (b) 

temperature versus chromium content and the regions where austenite, ferrite and 

martensite occur [30]. 

 

Figure 3.2 As-received cast MarBN plate at NUI Galway, manufactured by Goodwin 

Steel Castings (UK) [9]. 

3.3 High Temperature Strain-Controlled Testing Facilities 

Following heat treatment and cooling, HTLCF specimens were machined from the bars 

at NUI Galway, as per the dimensions in Figure 3.3 and according to standard ASTM 

E606 – 04 for strain-controlled fatigue testing. A similar component geometry is used at 

GE Power. Strain-controlled HTLCF testing is performed at NUI Galway and GE 
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Power (UK). At NUI Galway, the test rig is an INSTRON 8500, and a Denison Mayes 

Group cyclic test machine is used at GE Power, both in conjunction with an INSTRON 

8800 controller, as shown in Figure 3.4. Thermal calibration was previously performed 

for MarBN up to 700 °C at NUI Galway using high temperature thermocouples [9]. 

Three blind holes and one through the gauge length of the sample were drilled into a 

cylindrical dog bone specimen and high temperature K type stainless steel sheathed 

thermo-couples were inserted. Soak times of between six and twelve hours were 

identified for stabilisation and uniform temperature distribution for P91 and MarBN 

[9,86]. For the current test program, the oven controller was set to the appropriate 

temperature based on this study and soaking of the samples was performed overnight in 

all cases. It is assumed that the mechanical properties of the sample are not affected 

during this time. 

 

Figure 3.3 HTLCF specimen geometry for testing at NUI Galway [86]. 

 

Figure 3.4 NUI Galway (left) and GE Power (right) high temperature strain-controlled 

test rigs. 

At GE Power, high temperature thermocouples are attached to the top and bottom 

shoulders of the sample throughout testing and secured with high temperature string 

(Figure 3.5); therefore, thermal calibration was not necessary. The samples is allowed to 
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soak overnight. Following this, thermocouple data is monitored and adjustments are 

made manually to the top and bottom furnace inputs, to ensure that the sample is at the 

correct, uniform temperature. Following each temperature adjustment, the sample is left 

for one hour to reach steady-state. Heating of both set-ups is performed at a slow rate 

over-night to allow a uniform temperature distribution throughout the sample. 

 

Figure 3.5 Thermocouples attached to the HTLCF sample at GE Power. 

Figure 3.6 compares testing performed at NUI Galway and GE Power under the same 

loading conditions. Repeat testing was performed to ensure confidence in the results 

produced between both test facilities, with almost identical maximum stress evolution 

and similar plastic strain evolution; a difference of approximately 2.5% in stress and 

4.7% in plastic strain was measured at the 300th cycle. 
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Figure 3.6 Repeat HTLCF test of cast MarBN at 650 °C, at NUI Galway and GE Power, 

comparing (a) maximum stress and plastic strain evolution up to 500 cycles, (b) initial 

cycles, (c) half-life, (d) initial stress-strain loops and (e) half-life stress-strain loops. 

3.4 Analytical Methods 

3.4.1 Optical Microscopy 

Optical microscopy combines visible light with a system of lenses to increase the 

magnification of the sample of interest. Throughout this work, an Olympus BX51M 
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optical microscope was used and provides up to 100 times magnification for analysis of 

polished and etched metal samples. A real image of the sample is focused via a lens 

close to the surface, which collects light, and increasing the number of lenses produces 

greater magnification. Figure 3.7 is a schematic representation of this process [147]. An 

example of an optical microscope image of the grain structure of cast MarBN steel is 

shown in Figure 3.8, following polishing and etching. 

 

Figure 3.7 Schematic representation of the principle of operation of an optical 

microscope. Adapted from [147]. 

 

Figure 3.8 Example of an optical microscope image of cast MarBN steel after polishing 

and etching. 

3.4.2 Scanning Electron Microscopy  

Figure 3.9 presents the basic operating principle of an SEM with EDX and BSE [148]. 

For increased magnification requirements (e.g. investigation of crack propagation and 

oxide scale formation), the Hitachi S-4700 SEM with EDX and Hitachi S2600N 
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Variable Pressure SEM with backscatter at NUI Galway are used. The increased levels 

of magnification are, in brief, achieved by emission of electrons from an electron gun 

and focused through one or multiple condenser lenses (between 0.4 nm and 5 nm 

diameter). As the beam passes through the scanning coils, it is deflected in the x and y 

axes and allows the beam to be scanned across the sample surface, providing a large 

depth of field for analysis, to nanometre resolution. The column and chamber are under 

vacuum conditions and the level of magnification can be controlled by the user. Upon 

contact of the beam with the sample, electrons lose energy through repeated scattering 

and absorption. Secondary electrons are produced if the electrons interact with the 

nucleus and electrons of the sample. Back-scattered electrons are those reflected back 

with little interaction with the surface [149,150]. The use of a backscatter detector 

allows heavier elements (e.g. tungsten) to be viewed with greater contrast compared to 

lighter elements (e.g. chromium) and can be used to visually identify different 

precipitate types (e.g. Laves phase) [68]. The chemical composition of a sample can be 

analysed using SEM in conjunction with an EDX detector, based on the interaction 

between the electrons in the beam and the atoms in the sample. A histogram of the 

intensity of various elements is then produced [151]. Figure 3.10 presents an example of 

an SEM image of the grain structure of cast MarBN steel 

 

Figure 3.9 Schematic representation of a scanning electron microscope with BSE and 

EDX detectors. Adapted from [148]. 
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Figure 3.10 Example of an SEM image of cast MarBN steel after polishing and etching. 

3.4.3 Transmission Electron Microscopy 

The general structure of a TEM is presented in Figure 3.11. In a similar method to SEM, 

electrons are generated from the electron gun at the top of the electron column and 

travel through a small hole down the column under vacuum conditions. A number of 

apertures are located below the gun that can be inserted to vary the precision of the 

beam. Electromagnetic lenses are used and provide magnification up to 1,000,000 times 

and a resolution in the range of fractions of nanometres. A key difference is that the 

beam passes through the samples and projects an image onto a viewing screen at the 

base of the TEM. This allows very small details, such as precipitates and dislocations, to 

be analysed, as well as being able to identify the crystal structure of specific artefacts 

using diffraction patterns [152]. In Figure 3.12, an example of a TEM image of the cast 

MarBN hierarchical microstructure is presented. 
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Figure 3.11 Generalised internal structure of a TEM [152]. 

 

Figure 3.12 Example of a TEM image of thin foil cast MarBN sample. 

3.5 Sample Preparation Techniques 

3.5.1 Optical and Scanning Electron Microscopy 

Samples are cut from (i) as-received heat-treated bars and (ii) the gauge length of post-

HTLCF test MarBN samples using a Buehler IsoMet low-speed saw. The extracted 

samples are then placed in plastic mounts and an epoxy resin is added. Upon hardening, 

samples are removed from the mounts and polished using a Buehler EcoMet/AutoMet 

250 Pro automatic polisher. Initially, grinding of the samples is performed using silicon 

carbide paper from P200 to P1200 grit. Polishing is then performed, using a diamond 

suspension, to a 0.06 µm finish. At this point, a mirror-like finish exists on the sample 
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surface and some of the grain structure becomes visible. The etchant, Vilella’s reagent, 

is applied to the sample for thirty seconds to allow the entire martensitic microstructure 

to be analysed via optical microscopy and SEM. Vilella’s reagent was provided by ESB 

International (Cork), as per the standard material safety data sheet. Cleaning is 

performed between all steps using deionised water in an ultrasonic bath. Figure 3.13 

shows sample optical microscopy images of the surface of cast MarBN; a rough surface 

finish is observed following grinding up to P1200 grit (with all lines in the same 

direction), a smooth surface finish is then produced with some evidence of the grain 

structure following polishing up to 0.06 µm, and finally etching allows the entire 

microstructure to be analysed. 

 

Figure 3.13 Optical microscopy images of cast MarBN after (a) grinding up to P1200 

grit, (b) polishing to a 0.06 µm finish and (c) etching. 

3.5.2 Transmission Electron Microscopy 

Two methods of sample preparation were used for TEM analysis: (i) carbon replica and 

(ii) twin-jet polishing. The carbon replica technique specifically allows the precipitate 

distribution to be analysed, whereas twin-jet polishing produces samples with the entire 

microstructure exposed (i.e. laths, precipitates, dislocations). Preparation of carbon 

replica samples is the same as that described above for SEM, followed by application of 

a continuous carbon layer to the top of the samples using a vacuum carbon evaporator. 

To extract the carbon replica samples, a grid is cut on the sample surface using a scalpel 

(approximately 2 mm2 sections), and the sample is then placed in Vilella’s reagent until 

the carbon layer (containing the precipitates) detaches from the sample. Each carbon 

film is placed on a copper mesh grid for analysis.  

For twin-jet polishing, a thin section of metal is cut from a larger section using a slow 

speed saw and gradually ground until the thickness of the sample is between 50 µm and 

100 µm, and a P4000 grit finish is achieved. Three millimetre discs of metal are 

extracted from the larger sample using a disc punch. Cleaning in methanol is performed 

and samples are then placed in the twin-jet polisher, containing a methanol-based 
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etchant (methanol – 59 %, perchloric acid – 6 %, buchanol – 35 %), at -27 °C and a 

voltage of 20.5 V. The etchant is fired at both sides of the centre of the sample until a 

hole is achieved, with a surrounding area thickness of approximately 200 nm. Cleaning 

is again performed in methanol, followed by water, and then samples are placed in 

containers with ethanol to prevent rusting. TEM of carbon replica and thin foil samples 

is performed using a Hitachi H7000 TEM at NUI Galway and a JOEL JEM-2100F 

TEM at University of Limerick. Figure 3.14 shows sample TEM images of cast MarBN 

using the above mentioned methods.  

 

Figure 3.14 TEM images of cast MarBN using the sample preparation method (a) 

carbon replica and (b) twin-jet polishing. 

3.6 Oxidation and Corrosion Test Methods 

The oxidation and corrosion experimental method employed here is based on that of 

O’Hagan [44]. 10 mm × 5 mm × 3 mm samples of cast and forged MarBN and rolled 

P91 steel were tested in air at 600 °C and 650 °C, with and without power plant ash 

applied (one sample per loading condition). Before testing, samples were polished using 

progressively finer SiC grit paper, up to grade P1200, to ensure a uniform surface finish, 

free of significant roughness. The samples were cleaned in deionised water in an 

ultrasonic bath and, where appropriate, ash was applied using a spatula. The chemical 

composition of the ash (obtained from the West Offaly Power Plant) is shown in Table 

3.1. All samples were placed in the furnace to be removed at time periods of 1, 7, 14, 21 

and 28 days. Replenishment of the ash to the surface of the samples was not necessary 

over the course of testing. Upon removal, samples were air cooled, then fixed in an 

epoxy resin. Samples were sectioned and prepared using mechanical polishing with the 

SiC grit papers mentioned previously, followed by 9 µm, 3 µm and 0.06 µm diamond 

suspensions. The etchant, Vilella’s reagent, was applied to the samples to reveal the 

microstructure and any possible defects. Analysis was then performed using optical 
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microscopy, SEM, BSE and EDX to identify the detailed mechanisms of oxidation and 

corrosion occurring across the given time periods. 

Table 3.1 Chemical composition of the power plant ash (as a result of peat burning) 

applied to MarBN and P91 samples. 

Element Ca S Fe Si C Al Mg K Cl Na 

Weight (%) 43.16 15.12 12.77 10.18 5.93 4.80 3.94 2.43 1.33 0.35 

3.7 High Temperature Low Cycle Fatigue of MarBN 

3.7.1 Introduction  

Figure 3.15 shows schematic representations of typical strain-controlled fatigue and 

creep-fatigue tests. An experimental test program of fully reversed (triangular), strain-

controlled HTLCF and CF testing was previously published for cast MarBN at 600 °C 

[9]. In this work, a similar test program, shown in Table 3.2, has been performed on cast 

MarBN at 650 °C, as well as testing of cast and forged MarBN at 600 °C, to identify the 

effect of temperature and manufacturing process on the cyclic response of the material. 

One sample is tested in all cases, excluding repeat testing of cast and forged MarBN, as 

presented in Section 3.7.4. Strain-controlled CF testing is also performed on cast 

MarBN, with a one hour strain-hold period in tension, to identify the effect of a dwell 

period on failure mechanisms and life. Failure corresponds to a 20% drop in load after 

the first 150 cycles of testing (i.e. after the primary phase of cyclic softening), where 

macroscale cracking sufficiently reduces the load bearing capacity of the sample [9], as 

per the BS7270:2006 standard for constant amplitude strain controlled axial fatigue of 

metallic materials. Testing is not performed to fracture as it may lead to damage or 

fracture of the extensometer legs. 

 

Figure 3.15 Schematic representation of applied strain-time histories for strain-

controlled (a) fatigue testing and (b) creep-fatigue testing, with a hold period in tension. 
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Table 3.2 Test program for HTLCF and CF testing of cast MarBN at 650 °C and 

corresponding fatigue life.  

Type Δε  (%)   (%/s) f  (-) 

HTLCF 

±0.5 0.1, 0.03, 0.01 515, 587, 551 

±0.4 0.03, 0.01 861, 809 

±0.3 0.03, 0.01 2091, 1901 

CF ±0.5 0.1 389 

 

3.7.2 High Temperature Low Cycle Fatigue Testing 

Figure 3.16 compares the stress-strain loops for the initial and half-life cycles for cast 

MarBN at 650 °C, for two different strain-rates and three different strain-ranges. The 

strain-rates at which power plants typically operate are much lower than those applied 

under laboratory conditions, therefore, characterisation of the material across various 

strain-rates and strain-ranges is essential [153]. The effect of strain-rate in cast MarBN 

at 600 °C has been presented previously by Barrett et al. [9] across two orders of 

magnitude; similar results are observed here across an order of magnitude, with a 

greater effect presumed to occur as the strain-rate is further decreased.  

Masing behaviour occurs when stress-strain loops (across various strain-ranges) are 

geometrically coincident with the monotonic stress-strain curve (magnified by two). 

Non-Masing behaviour is linked to precipitation hardened materials or those with a high 

dislocation density, leading to cyclic hardening or softening [154]. Such behaviour has 

been identified previously in P91 steel at 400 °C and 600 °C, and cast MarBN at 600 °C 

[9], and is again observed here for cast MarBN at 650 °C (Figure 3.16). Figure 3.17 

shows the evolution of the maximum stress as a function of cycles for cast MarBN at 

600 °C and 650 °C across a range of loading conditions. As the temperature is 

increased, a significant reduction in cyclic strength occurs, as well as reduced fatigue 

life. 
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Figure 3.16 (a – d) Stress-strain curves for cast MarBN at 650 °C across a range of 

strain-rates and strain-ranges at the initial and half-life cycles. 

 

Figure 3.17 Measured evolution of maximum stress with cycles during HTLCF testing 

of cast MarBN at 600 °C and 650 °C across a range of strain-ranges and (a)   = 0.03 

%/s and (b)   = 0.1 %/s. 

Figure 3.18 compares the cyclic stress-strain behaviour of cast MarBN (600 °C and 650 

°C) and rolled P91 (600 °C) for the initial and half-life cycles at multiple strain-rates. 

Cast MarBN at 600 °C shows superior cyclic strength throughout the test compared to 
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P91 at the same temperature, with comparable performance between P91 at 600 °C and 

cast MarBN as the temperature is increased to 650 °C. 

In Figure 3.19, the evolution of maximum stress as a function of cycles is shown for 

cast MarBN (600 °C and 650 °C) and P91 (600 °C) under HTLCF loading, at two 

different strain-rates and an applied strain-range of ± 0.5%. At the lower strain-rate 

(Figure 3.19(a)), cast MarBN at 650 °C behaves almost identically to P91 at 600 °C in 

terms of cyclic strength, with only marginally lower cycles to failure, and has 

significantly increased cyclic strength at 600 °C. The higher strain-rate results of Figure 

3.19(b) show that at 650 °C, cast MarBN exhibits a higher rate of cyclic softening than 

P91 at 600 °C.  

 

Figure 3.18 Comparison of cast MarBN (600 °C and 650 °C) and rolled P91 (600 °C) 

for the initial and half-life cycles at a strain-rate of (a, b) 0.1 %/s and (c, d) 0.03 %/s. 
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Figure 3.19 Comparison of the maximum stress evolution for cast MarBN (600 °C and 

650 °C) and rolled P91 (600 °C) under HTLCF loading at (a)   = 0.03 %/s and (b)   = 

0.1 %/s and   = ±0.5%. 

Figure 3.20 shows the evolution of cyclic softening stress with cycles under the same 

conditions as Figure 3.17. The cyclic softening stress is the change in maximum stress 

from the initial cycle ( max,0 maxR    ). A large decrease in maximum stress was 

observed in Figure 3.17 for the higher temperature cases, but when the softening stress 

is plotted separately, the results are generally similar for both temperatures, up to the 

point of fatigue crack propagation and sample failure.  

 

Figure 3.20 Cyclic softening stress evolution with cycles for cast MarBN at 600 °C and 

650 °C across a range of strain-ranges and (a)   = 0.03 %/s and (b)   = 0.01 %/s. 

Figure 3.21 presents the accumulated effective plastic strain with cycles for the data 

presented in Figure 3.20. The accumulated effective plastic strain is the sum of the 

absolute plastic strain with increasing cycles 
f

pl

1

2 ε

N

N

p N


 
  

 
 . In general, a similar 

rate of effective plastic strain accumulation occurs in all cases at a strain-rate of 0.1 %/s 

(Figure 3.21(b)); however, greater differences are observed as the strain-rate is 

decreased, particularly at lower strain-ranges (Figure 3.21(a)).  
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Figure 3.21 Accumulated effective plastic strain with cycles for cast MarBN at 600 °C 

and 650 °C across a range of strain-ranges and (a)   = 0.03 %/s and (b)   = 0.01 %/s. 

3.7.3 Effect of a Hold Period 

In Figure 3.22, the introduction of a hold period is shown to significantly reduce fatigue 

life (by 25% compared to the equivalent HTLCF test). An increase in the rate of cyclic 

softening is also observed, as well as more rapid degradation of the maximum stress 

towards the end of the test. 

 

Figure 3.22 Maximum stress evolution for cast MarBN under HTLCF and CF loading at 

650 °C,   = 0.1 %/s, and   = ±0.5%. 

The stress-strain loops of the data presented in Figure 3.22, comparing the HTLCF and 

CF response of cast MarBN, are shown in Figure 3.23 for the initial and half-life cycles. 

An increase in the plastic strain-range is observed due to CF loading, as well as 

increased compressive non-zero mean stress (~26% greater than the HTLCF sample) 

during the initial loading cycle. 
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Figure 3.23 Comparison of the stress-strain loops for cast MarBN at 650 °C under 

HTLCF and CF loading for the (a) initial and (b) half-life cycles. 

Figure 3.24 shows the evolution of stress under strain-controlled loading in tension, 

during the first cycle for MarBN at 600 °C and 650 °C. A reduction in the maximum 

stress is observed due to the effect of increased temperature on yield stress; a decrease 

in stress of ~60% and ~43% occurs at 600 °C and 650 °C respectively, compared to the 

initial maximum stress. 

 

Figure 3.24 Stress evolution in CF testing of cast MarBN during the first cycle under 

strain-controlled tension loading up to (a) 120 seconds and (b) one hour at 600 °C and 

650 °C.  

Figure 3.25(a) shows the effect of temperature on the maximum plastic strain evolution 

for cast MarBN at 600 °C and 650 °C under CF loading during the initial hold period. 

An increase in plastic strain of ~11% occurs due to a 50 °C increase in temperature. In 

Figure 3.25(b), the maximum plastic strain evolution during HTLCF and CF testing is 

compared, and an increase in plastic strain of ~28% is observed due to the hold period, 

resulting in early failure compared to the same sample under HTLCF loading. 
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Figure 3.25 (a) Plastic strain evolution with time for cast MarBN at 600 °C and 650 °C 

and (b) maximum plastic strain evolution with cycles for HTLCF and CF loading ( = 

0.1 %/s,   = ±0.5% and temperature = 650 °C). 

3.7.4 Cast versus Forged MarBN 

To investigate the influence of manufacturing process on the high temperature cyclic 

behaviour of MarBN, HTLCF testing of cast and forged MarBN is performed at 600 °C, 

as described by the test program in Table 3.3. The forged material is produced from the 

same melt as the cast material and provided by the IMPACT project [18]. 

Table 3.3 Test program for HTLCF testing of cast and forged MarBN at 600 °C. The ‘*’ 

denotes samples that are 3D X-ray µCT scanned before and after testing.   is 

percentage difference in cycles to failure between samples.  

Material ε  (%) ε  (%/s)  (-) 
 
(%)

 

Cast_01 ±0.5 0.1 715 

13.1 

Cast_02* ±0.5 0.1 627 

Forged_01* ±0.5 0.1 987 

17.7 

Forged_02 ±0.5 0.1 1178 

 

The individual stress-strain loops are presented in Figure 3.26 for the initial, half-life 

and final cycles. The yield stress of Cast_02 (~250 MPa) is found to decrease by 

approximately 25% compared to Cast_01 and both forged samples (~330 MPa). Jumps 

in measured response of the Forged_01 sample (red dashed circle in Figure 3.26(f)) 

fN
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occurred due to cracking at the top extensometer leg in later cycles, as shown in Figure 

3.27.  

 

Figure 3.26 Stress-strain evolution of (a – c) cast and (d – f) forged MarBN for the 

initial, half-life and final cycles at 600 °C,  = 0.1 %/s and   = ±0.5%. 

 

Figure 3.27 Cracking at the top extensometer leg during testing of Forged_01, causing 

distortion of the measured stress and strain.  

Figure 3.28 presents the evolution of maximum stress and plastic strain for two cast and 

forged MarBN samples. The forged samples exhibit almost identical performance in 

terms of stress-strain, maximum stress and plastic strain evolution, with greater 
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variability observed between the cast samples. Forged MarBN has an increased fatigue 

life compared to cast also (Figure 3.29). These variations (i.e. yield stress, maximum 

stress and plastic strain evolution) are potentially related to manufacturing defects 

formed during the casting process. This will be discussed in more detail in Chapter 4, 

where 3D X-ray micro-computed tomography (µCT) scanning of cast and forged 

samples is presented (pre- and post-test) to characterise the role of manufacturing 

defects on fatigue cracking behaviour. 

 

Figure 3.28 Maximum stress and plastic strain evolution with cycles for (a) cast and (b) 

forged MarBN samples tested at 600 °C,  = 0.1 %/s and   = ±0.5%. 

 

Figure 3.29 Plastic strain versus reversals to failure for cast and forged MarBN at 600 

°C,  = 0.1 %/s and   = ±0.5%. 

3.7.5 Damage and Life Prediction 

Fatigue damage in metals is primarily attributed to irreversible plastic deformation, 

generally as a result of dislocation motion, and is dependent on factors such as 

precipitates, inclusions and grain boundaries in the material [155,156]. At an early stage 

of fatigue loading, microstructural changes occur in the bulk of the material under cyclic 
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loading, whereby irreversible dislocation movement occurs [155]. Plastic deformation 

of ductile materials can cause decohesion of the particle-matrix interface or fracture of 

inclusions, leading to microvoid growth and microcrack initiation at elevated 

temperatures. Decohesion or inclusion fracture primarily results from stress 

concentrations, due to dislocation pile-up at inclusions, for example [121,123,156–158].  

A key challenge for the case of 9Cr steels, which cyclically soften due to microstructure 

evolution, is the identification of macroscale fatigue damage evolution for prediction of 

crack initiation and hence failure. To separate cyclic softening and damage in 9Cr steels 

a modified damage term, 
expD , is developed and defined as: 

 exp

0

1
Z

D
Z

    (3.1) 

where 

    maxZ N R N    (3.2) 

and 
max  is the maximum tensile stress per cycle, 

0Z  is the maximum value of Z , and

R  is the isotropic cyclic softening stress, calculated as: 

 

0 0

( )

pR

R b Q R p     (3.3) 

where b  and Q  are material constants, and p  is the accumulated effective plastic 

strain-rate. As illustrated in Figure 3.30(a), the rate of primary cyclic softening is 

significantly greater than during the secondary phase. This is followed by a rapid 

decrease in the cyclic softening stress as macroscale crack propagation occurs and the 

component fails. To demarcate natural material softening from macroscale damage, the 

Z  term is used, as per Figure 3.30(b). Figure 3.31 compares the damage curves for 

MarBN at 600 °C and 650 °C across a range of loading conditions. The rate of damage 

accumulation rapidly increases as macroscopic crack propagation occurs and is similar 

in all cases.  
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Figure 3.30 (a) Identification of the primary and secondary softening regions under 

cyclic loading, followed by macroscopic crack propagation and bulk sample failure, and 

(b) demarcation of softening from the maximum stress evolution and identification of 

Z0. 

 

Figure 3.31 Damage accumulation with cycles for cast MarBN at 600 °C and 650 °C 

across a range of strain-ranges and a strain-rate of (a) 0.03 %/s and (b) 0.01 %/s.  

Various methods of life prediction have been discussed in Chapter 2, which are 

calibrated based on experimental data. The Coffin-Manson [100] relationship is defined 

as:  

  
pl

'
f f2

2

c
N





   (3.4) 

where pl  is the plastic strain-range, 
fN  is number of cycles to failure, and 

'
f  and c  

are the fatigue ductility coefficient and exponent. In Figure 3.32, the low cycle fatigue 

(LCF) strain-life plot for cast MarBN at 600 °C and 650 °C is presented and the Coffin-

Manson constants, 
'
f  and c , are identified at half-life. Similar plastic strain-ranges are 

generally observed in all cases, with a small reduction in number of reversals to failure 
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as a result of increasing temperature. For MarBN, the constants were identified based on 

a strain-rate of 0.03 %/s. 

 

Figure 3.32 Strain-life plot for cast MarBN at 600 °C and 650 °C at various strain-rates 

and strain-ranges.  

The Ostergren [104] life prediction equation (applicable for both thermo-mechanical 

and isothermal fatigue), based on both plastic strain-range and maximum stress (
max ), 

is given by: 

  pl
f maxN C



    (3.5) 

where C and   are material parameters. Identification of the Ostergren [104] 

parameters is performed by plotting the Ostergren product at half-life  pl
max   

against cycles to failure for a set of fatigue tests across various strain-ranges. The 

identified Coffin-Manson and Ostergren constants for MarBN at 600 °C and 650 °C are 

presented in Table 3.4. 

Table 3.4 Coffin-Manson and Ostergren life prediction constants for MarBN at 600 °C 

and 650 °C, at a strain-rate of 0.03 %/s. 

Temp (°C) 𝜺𝐟
′  (-) 𝒄 (-) 𝑪 (MPa) 𝜹 (-) 

600 0.42 -0.68 167.30 -0.69 

650 0.30 -0.64 152.82 -0.72 
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3.8 Microstructural Analysis 

3.8.1 As-Received MarBN 

BSE images of the as-received microstructure of rolled P91, and cast and forged 

MarBN are shown in Figure 3.33. Significant differences can be observed in terms of 

grain size as a result of the different manufacturing processes. Rolled P91 has a refined 

grain size of approximately 20 µm, while cast MarBN has a greater variation in grain 

size in the range of 200 µm to 400 µm, and forged MarBN has intermediate grains that 

are approximately 100 µm in length. 

 

Figure 3.33 As-received microstructure of (a) rolled P91, (b) cast MarBN and (c) forged 

MarBN. 

3.8.2 Fractography of High Temperature Low Cycle Fatigue and Creep-

Fatigue MarBN 

Fractography of cast MarBN samples post-test, for a range of HTLCF and CF loading 

conditions at 600 °C and 650 °C, is performed using SEM. Images of the fracture 

surface of forged MarBN are also presented. Characteristic features of crack initiation 

and propagation based on HTLCF and CF loading are observed, independent of strain-

rate, strain-range and temperature. Figure 3.34(a) and Figure 3.34(b) show fatigue 

striations in the region of crack propagation in a cast MarBN sample tested under 

HTLCF loading at 600 °C. In Figure 3.34(c) and Figure 3.34(d), ductile dimples can be 

seen in in the area of static fracture, and inclusions are also observed in both regions on 

the cast fracture surfaces examined.  
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Figure 3.34 SEM images of the fracture surface of HTLCF cast MarBN samples 

showing (a, b) fatigue striations and (c, d) ductile dimples. 

Figure 3.35(a) and Figure 3.35(b) present examples of dendritic shrinkage on the 

fracture surface of various cast MarBN samples tested under HTLCF loading. Their 

presence on the fracture surface, as well as crack propagation from these regions, 

indicates localised stress and strain concentrations, leading to cracking and sample 

failure under HTLCF loading. Figure 3.35(c) and Figure 3.35(d) show the influence of 

voids and inclusions on the cracking behaviour in terms of both initiation and 

propagation. In Figure 3.36, similar features are observed in the case of forged MarBN 

as a result of HTLCF testing (e.g. cracking at inclusions, ductile dimples). A notable 

difference is the presence of tear ridges in the region of static fracture (i.e. away from 

the region of primary cracking), indicating local crack initiation. 
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Figure 3.35 (a, b) Dendritic shrinkage and (c, d) cracking at inclusions on the fracture 

surface of post-HTLCF cast MarBN samples. 

 

Figure 3.36 SEM images of the forged MarBN fracture surface showing (a) cracking 

from an inclusion and fatigue striations, (b) a void in the region of ductile dimples, (c, 

d) tear ridges and ductile dimples. 

Fatigue striations and ductile dimples are also observed on the fracture surface of the 

cast MarBN sample tested under CF conditions at 650 °C; the primary difference 

between the CF and HTLCF fracture surfaces is the presence of cleavage facets, and 

associated cracking, in the region of static fracture. Figure 3.37 presents multiple 

examples of this. 
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Figure 3.37 (a – d) Cracking and cleavage facets on the fracture surface of the CF cast 

MarBN sample tested at 650 °C. 

3.8.3 Sectioned Post-Test MarBN 

Following fractographic analysis, the above samples are placed in resin and polished as 

described in Section 3.5.1, for sectioned microstructural analysis. Secondary cracking, 

away from the fracture surface, is observed in all cases. In Figure 3.38, complex shaped 

Ca-Al-O inclusions are shown to influence cracking behaviour near the surface, whereas 

cracking at a spherical MnS does not occur. The role of oxidation is also investigated 

and Figure 3.39 shows an oxygen element map demonstrating oxide penetration of the 

matrix through a secondary crack. 

 

Figure 3.38 SEM image of secondary cracking around complex shaped inclusions in a 

cast HTLCF MarBN sample tested at 600 °C. 
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Figure 3.39 (a) Oxide layer growth in a secondary crack of a cast HTLCF MarBN 

sample tested at 600 °C and (b) the corresponding element map for oxygen. 

Further examples of secondary cracking are presented in Figure 3.40 and Figure 3.41, 

for HTLCF samples at 600 °C and 650 °C. There is no significant difference observed 

between the amount of secondary cracking or oxide growth for the two temperatures. 

Similar behaviour is also observed in the forged MarBN sample (Figure 3.42). 

However, when compared to a sample tested under CF loading conditions (Figure 3.43), 

the amount of secondary cracking and internal oxidation is found to increase, as a result 

of prolonged high temperature exposure. Inclusions are seen to play a vital role in terms 

of both crack initiation at the surface and propagation through the matrix, as well as 

oxide pit formation, in the majority of cases presented. 

 

Figure 3.40 BSE image of secondary cracking and oxide scale growth in a cast HTLCF 

MarBN sample tested at 600 °C. 
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Figure 3.41 BSE images of (a) crack branching along the gauge length at inclusions and 

a casting defect, with internal oxide scale growth, and (b) crack propagation and internal 

oxidation in a cast HTLCF MarBN sample tested at 650 °C. 

 

Figure 3.42 BSE images of (a) crack propagation towards a stringer-type inclusion, with 

oxide pitting, and (b, c, d) secondary cracking at an inclusion, and oxide scale formation 

and pitting, in a forged HTLCF MarBN sample tested at 600 °C 
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Figure 3.43 BSE images of secondary cracking (a, b, c) at inclusions and oxide scale 

formation, and (d) oxide scale formation, in the CF cast MarBN sample at 650 °C. 

Figure 3.44 shows an element map of the crack in Figure 3.43(a). The distribution of 

oxygen, iron, chromium and tungsten are presented and confirms oxide growth in the 

secondary crack, as well as chromium and iron rich layers in the oxide scale. Tungsten 

is shown to be coarsely distributed and this is assumed to be due to its segregation in 

solute and precipitate form in the large-grained cast microstructure.  

 

Figure 3.44 Element map of (a) oxygen, (b) iron, (c) chromium and (d) tungsten 

corresponding to Figure 3.43(a). 
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3.8.4 Casting Defects and Inclusions 

Crack initiation and propagation, due to the presence of manufacturing defects (i.e. 

voids and inclusions) near the gauge length surface, has been confirmed in both cast and 

forged MarBN in the previous section. However, alternative factors such as shape and 

decohesion also play an important role in relation to crack initiation and propagation 

[155,158]. Figure 3.45 shows examples of the varying complexity of casting defects 

observed via SEM in sectioned post-test cast MarBN samples under HTLCF loading 

conditions. Cracking as a result of low cycle fatigue loading typically originates from 

the sample surface and no internal cracking is observed in the samples examined here. 

The influence of defects on cracking will be presented in greater detail in Chapter 4. In 

terms of the manufacturing defects observed in the forged material, complex shaped 

defects were not typically observed; the geometry was generally identified as either 

spherical or elongated stringer-type defects. Figure 3.46 presents SEM images of a 

number of inclusions and voids observed in sectioned cast MarBN samples post-

HTLCF testing, where decohesion has occurred or the inclusion has fallen out or 

become damaged during mechanical polishing. The typical composition of these 

inclusions is presented in Table 3.5 and shows high calcium content in all cases. 

 

Figure 3.45 (a – d) Examples of various manufacturing defects observed using SEM in 

sectioned cast MarBN HTLCF samples. 
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Figure 3.46 (a – d) Examples of various manufacturing defects observed via SEM in 

sectioned cast MarBN HTLCF samples post-test. 

Table 3.5 Elemental composition of the inclusion shown in Figure 3.46(b) (first row), 

and others identified via EDX in cast MarBN. 

Element O Al Si S Ca Cr Mn Mg Fe 

Weight% 

28.6 7.1 3.4 6.1 36.4 4.0 14.4 - - 

58.1 16.4 - 0.6 20.2 - - 2.8 2.1 

35.6 16.7 7.1 - 34.1 - - 2.5 4.2 

53.1 15.5 4.9 - 23.4 - - 2.1 1.2 

 

3.8.5 Transmission Electron Microscopy 

TEM is used to investigate the effect of cyclic loading at high temperature on precipitate 

and lath evolution in cast MarBN. In Figure 3.47, bright field images of AR and post-

test cast MarBN are presented. Significant lath coarsening is observed to occur as a 

result of low angle boundary annihilation due to HTLCF loading.  
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Figure 3.47 Bright field TEM images of carbon replica cast MarBN samples. (a) As-

received and (b) post-HTLCF test at 600 °C. Red lines denote lath boundaries. 

A histogram of the most common Feret diameters (the longest distance between any two 

points within a boundary) is presented in Figure 3.48. To perform this measurement, the 

images are converted to a binary format and watershed segmentation is applied to 

identify individual particle dimensions using image processing software, ImageJ [159]. 

The frequency of particles post-test is found to be approximately double that for pre-

test, with little change in diameter. It is conjectured that regions of Laves phase have 

formed along grain boundaries in the post-test MarBN samples as a result of the high 

temperature loading. Thus, the significant increase in particle density observed via TEM 

(Figure 3.48) is attributed to Laves phase formation. In Figure 3.49, low angle boundary 

annihilation and dislocation motion in post-test thin foil MarBN samples is identified, 

indicating the effect of cyclic loading on the microstructure. Formation of equiaxed 

subgrains is also observed, as per Figure 3.50. 

 

Figure 3.48 Histogram of the frequency of precipitate Feret diameter in carbon replica 

cast MarBN samples in the as-received and post HTLCF test condition. 
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Figure 3.49 (a, b) Bright field TEM images of the lath microstructure in thin foil cast 

MarBN samples post-HTLCF test at 600 °C. Dashed circles are M23C6 carbides and 

arrows are dislocation chains within a lath. 

 

Figure 3.50 (a, b) Bright field TEM images of equiaxed subgrain formation in thin foil 

cast MarBN samples post-HTLCF test at 600 °C. Red arrows are equiaxed sub-grains. 

3.9 Oxidation and Corrosion Testing 

To characterise the oxidation and corrosion resistance of MarBN, cast and forged 

samples were exposed to air and corrosive ash at 600 °C and 650 °C up to 28 days. P91 

samples were also exposed to the same conditions at 600 °C, for comparison to a 

current state-of-the-art power plant material. Figure 3.51 and Figure 3.52 show 

measured oxide scale thickness with time for oxidation and corrosion MarBN and P91 

samples. A loosely adhered and inconsistent scale occurs due to high temperature 

oxidation exposure. In contrast, the scale thickness dramatically increases for all 

samples due to the application of corrosive ash (from ~6 µm to ~60 µm in all cases after 

28 days exposure). No significant effect on scale thickness is identified due to increased 

temperature.  



Chapter 3. High Temperature Experimental Testing and Microstructural Analysis of MarBN 

101 

 

Figure 3.51 Oxide scale growth with time in air for cast MarBN (M-C) and forged 

MarBN (M-F) at (a) 600 °C and (b) 650 °C, with a comparison to P91 at 600 °C. 

 

Figure 3.52 Oxide scale growth with time and ash applied, for cast MarBN (M-C) and 

forged MarBN (M-F) at (a) 600 °C and (b) 650 °C, with a comparison to P91 at 600 °C. 

Figure 3.53 shows BSE images of the oxide scale on sectioned corrosion samples of 

MarBN and P91 after high temperature exposure for 28 days. Spallation of the oxide 

scale can be seen, as well as oxide pit formation at inclusions, in the case of P91. Figure 

3.54 shows examples of oxide pit formation at inclusions, and oxide scale spallation and 

cracking for P91 and MarBN samples, corrosion tested for 28 days.  
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Figure 3.53 BSE images of oxide scale growth on (a) P91, (b) cast MarBN and (c) 

forged MarBN at 600 °C, and (d) cast MarBN and (e) forged MarBN at 650 °C, 

corrosion tested for 28 days. Solid yellow arrows denote oxide spallation and dashed 

red arrows are oxide pits at inclusions. 

 

Figure 3.54 Role of inclusions in oxide scale detachment and oxide pit formation at the 

surface in (a) P91, (b) cast MarBN and (c) forged MarBN at 600 °C, and (d) cast 

MarBN and (e) forged MarBN at 650 °C for 28 days. Solid yellow arrows denote oxide 

spallation and dashed red arrows are oxide pits at inclusions. 
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Figure 3.55(a) shows an SEM image of a cast MarBN sample, tested in air at 600 °C for 

28 days. Decohesion of an inclusion at the surface, as well as the oxide scale, is 

observed. EDX measurements of the chemical composition are taken along the oxide 

scale and the distribution of tungsten and chromium are plotted in Figure 3.55(b). The 

distribution of tungsten and chromium approaching the surface is also presented in 

Figure 3.56 for a cast MarBN sample, oxidation tested at 650 °C for 21 days. The oxide 

scale is still adherent to the surface in this case. Significant variations in chemical 

composition are observed close to the oxide scale, compared to the as-received matrix 

composition (dashed lines).  

 

Figure 3.55 (a) SEM image of oxide scale detachment and inclusion decohesion in cast 

MarBN in air at 600 °C for 28 days, and (b) EDX measured Cr and W concentrations 

through the oxide scale at locations labelled in part (a). Dashed lines indicate original 

composition. 

 

Figure 3.56 (a) SEM image of an oxide scale on cast MarBN in air at 650 °C for 21 

days, and (b) EDX measured Cr and W concentrations through the matrix at locations 

labelled in part (a). Dashed lines indicate original composition. 
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Figure 3.57 is an element map of oxygen, molybdenum and tungsten in a cast MarBN 

sample, oxidation tested at 650 °C for 28 days. Although the oxide scale is very thin (~5 

µm), an oxide-affected zone is observed adjacent to the oxide scale. 

 

Figure 3.57 Element map of oxygen (blue), molybdenum (red) and tungsten (green) in 

cast MarBN in air at 650 °C for 28 days. 

Figure 3.58 shows element maps of the oxygen, iron and chromium distributions in cast 

and forged MarBN samples, corrosion tested at 650 °C for 28 days. Iron is found to 

diffuse to the outer region of the oxide scale, while chromium remains close to the 

surface. The same maps are shown in Figure 3.59 for P91, corrosion tested at 600 °C for 

28 days, and similar distributions are observed.  

In Figure 3.60, element maps of cobalt, chlorine and tungsten are presented for cast and 

forged MarBN samples, corrosion tested at 650 °C for 28 days. Figure 3.60(a) shows 

high concentrations of chlorine in the oxide scale of cast MarBN that is not observed for 

forged MarBN (Figure 3.60(b)). For the cases where inclusions are located at the 

surface (Figure 3.60(c) and Figure 3.60(d)), segregation of chlorine towards inclusions 

occurs. The presence of tungsten and cobalt in the oxide scale is also observed. 
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Figure 3.58. Element maps of (a – d) cast MarBN and (e – h) forged MarBN showing 

the distribution of oxygen, iron and chromium after 28 days at 650 °C with ash applied. 



Chapter 3. High Temperature Experimental Testing and Microstructural Analysis of MarBN 

106 

 

Figure 3.59. Element map of P91 showing the distribution of oxygen, iron and 

chromium after 28 days at 600 °C with ash applied. 

 

 

Figure 3.60 Element maps of cobalt (blue), chlorine (red) and tungsten (green) in (a, c) 

cast and (b, d) forged MarBN at 650 °C for 28 days with ash applied. 
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3.10 Laves Phase Formation 

BSE has been used previously to identify Laves phase (Fe2W) particles in tungsten 

containing steels [25,68,160], due to the high atomic weight of tungsten resulting in a 

high contrast between the particles and matrix. Figure 3.61 shows examples of Laves 

phase formation along boundaries in cast MarBN samples tested under HTLCF loading 

at 600 °C and 650 °C. Inclusions near the surface are shown to promote fatigue crack 

initiation. In Figure 3.62, similar results for Laves phase formation are observed as a 

result of CF loading at 650 °C. Laves phase formation has also been observed in 

oxidation (Figure 3.63) and corrosion (Figure 3.64) MarBN samples at both 600 °C and 

650 °C. In Figure 3.65, linear regions of Laves phase are identified in the oxide scale, 

and may explain the high concentration of tungsten previously identified in the oxide 

scale in Figure 3.55. 

 

Figure 3.61 BSE images of Lave phase formation in cast MarBN after HTLCF testing at 

(a – d) 600 °C and (e, f) 650 °C. Red arrows indicate Laves phase along boundaries and 

dashed circles are inclusions.  
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Figure 3.62 (a – d) BSE images of Laves phase formation in cast MarBN after CF 

testing at 650 °C. Red arrows are Laves phase and dashed circles are inclusions. 

 

Figure 3.63 BSE images of Laves phase in cast MarBN oxidation samples at (a) 600 °C, 

and (b) 650 °C, and forged MarBN oxidation samples at (c, d) 650 °C, after 14 days 

(left) and 28 days (right). Bright regions are Laves phase. 



Chapter 3. High Temperature Experimental Testing and Microstructural Analysis of MarBN 

109 

 

Figure 3.64 BSE images of Laves phase in cast MarBN corrosion samples after (a) 21 

and (b) 28 days, and forged MarBN corrosion samples after (a) 7 and (b) 28 days at 650 

°C. Bright regions are Laves phase. 

 

Figure 3.65 BSE images of linear regions of Laves phase (red arrows) in the oxide scale 

of corrosion samples of cast MarBN at (a) 600 °C after 28 days, and (b) 650 °C after 14 

days, and forged MarBN at (c) 650 °C after 1 day and (d) 650 °C after 21 days. 
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3.11 Discussion 

3.11.1 General 

The HTLCF behaviour of a cast nano-strengthened martensitic steel, MarBN, has been 

characterised via a programme of strain-controlled cyclic tests covering different strain-

rates and strain-ranges at 650 °C, with comparisons to the same material at 600 °C, as 

well as a forged equivalent and current generation power plant material, P91 steel. The 

characterisation includes measurement of cyclic evolutions of stress, plastic strain, 

softening and fatigue damage. High temperature oxidation and corrosion testing has 

been performed to identify oxide scale growth rates and the role of inclusions in oxide 

pit formation and crack initiation. A range of microstructural analysis techniques have 

been employed to characterise the microstructure, both before and after high 

temperature exposure. Observation of the influence of manufacturing defects on crack 

initiation and propagation has also been investigated using these techniques, with a view 

to identification of key factors affecting high temperature cracking and damage. 

 

3.11.2 High Temperature Low Cycle Fatigue Behaviour of MarBN 

Both the manufacturing and heat treatment processes for MarBN steel must be carefully 

controlled due to the strict limitations on the chemical composition and risk of harmful 

BN formation during normalizing, that can rapidly coarsen under high temperature 

loading. Degradation of long term high temperature creep strength can then occur at the 

expense of (i) thermally-stable M23(CB)6 carbides and (ii) MX (VN) carbonitrides 

[161]. The optimisation of boron and nitrogen concentration on the creep behaviour of 

modified 9Cr steels has been extensively investigated [21,71,82,162,163]; however, 

there is a need to identify the effect of flexible loading on MarBN, as investigated here.  

The initial and half-life stress-strain behaviour for cast MarBN and P91 is presented in 

Figure 3.18. In spite of MarBN being a cast material, compared to rolled P91, MarBN is 

shown to be superior, with equivalent cyclic strength as the temperature is increased to 

650 °C. This can also be seen in Figure 3.19 in terms of maximum stress evolution; 

however, more rapid failure of the cast MarBN sample occurs at the higher strain-rate at 

650 °C. The initial grain size in cast MarBN is shown to be many times larger than for 

P91, and approximately two to four times larger than the equivalent forged material 

(Figure 3.33). This result conflicts with the Hall-Petch relationship, where grain size is 

inversely proportional to yield strength, and is attributed to thermally stable, boron-
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enriched M23C6 carbides along boundaries, providing barriers to dislocation motion, 

combined with enhanced tungsten solute strengthening and high dislocation density. 

Maruyama et al. [24] have shown that tungsten also reduces the coarsening rate of 

M23C6 carbides, enhancing the effect of precipitate strengthening. This is a key benefit 

of MarBN for application to higher temperatures and pressures, compared to materials 

currently used in steam header applications for current generation fossil fuel power 

plants, and is particularly encouraging considering this work is comparing cast MarBN 

to rolled P91. Despite a reduced fatigue life at 650 °C, similar rates of softening and 

effective plastic strain accumulation are identified in cast MarBN for a range of loading 

conditions across each temperature, prior to failure (Figure 3.20 and Figure 3.21). 

Cyclic softening is a known phenomenon in 9-12Cr steels and is attributed to dynamic 

recovery of the microstructure. This involves a reduction in dislocation density, and low 

angle boundary annihilation due to dislocation annihilation, resulting in lath coarsening, 

the extent to which depends on temperature and strain amplitude. Therefore, even small-

amplitude cycling of plant components (e.g. warm starts, hot starts or fluctuations) can 

cause microstructural degradation and reduce strength [69,72,164].  

The introduction of a hold period is found to further decrease the fatigue life of cast 

MarBN at 650 °C (Figure 3.22), as a result of increased cyclic softening and plastic 

strain (Figure 3.23 and Figure 3.25(a)). However, the significant increase of almost 30% 

maximum plastic strain over the course of testing, compared to HTLCF loading, is a 

dominant factor in the reduced fatigue performance. The stress range due to CF loading 

is ~26% greater than for LCF conditions at the initial cycle, whereas the stress range at 

half-life is approximately equal, although an increased plastic strain-range is observed 

for CF loading in both cases. This is attributed to significant microstructural changes 

during the primary cyclic softening phase, namely subgrain boundary annihilation (due 

to dislocation annihilation) and plastic strain (as a result of dislocation motion), as 

identified by Fournier et al. [165] for 9Cr steel. CF loading generally results in an 

overall reduction in life, compared to pure fatigue loading [56] and is an important 

factor to consider in terms of the complex operational cycles plant components will face 

under flexible loading conditions (i.e. creep-fatigue-oxidation).  

HTLCF testing of cast and forged MarBN, manufactured from the same melt, allows the 

influence of the manufacturing process to be investigated. As shown in Figure 3.33, 

forging, in conjunction with a shorter heat treatment, results in a reduced grain size 

compared to cast MarBN. The stress-strain loops (Figure 3.26) and maximum stress and 
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plastic strain evolution (Figure 3.28) of cast and forged MarBN indicate greater 

differences in the behaviour of the two cast samples tested, but no significant difference 

overall in terms of cyclic strength or plastic strain-range. The fatigue life of forged 

MarBN is increased (Table 3.4 and Figure 3.29), almost double that of the cast in the 

case of Cast_02 and Forged_02, indicating the substantial influence of manufacturing 

process on fatigue life. The reasons for this will be discussed in more detail in Chapter 

4, based on 3D X-ray µCT scanning and analysis of cast and forged samples.  

The initiation point of macroscale crack propagation in MarBN has been defined in 

Figure 3.30, where the secondary region of cyclic softening ends and a large reduction 

in maximum stress occurs. It can be seen from Figure 3.31 that damage, and, therefore, 

macroscale crack propagation, is limited to a small portion of fatigue life. In contrast, 

crack initiation under low cycle fatigue loading has been found to occur within 3% to 

10% of fatigue life [166], indicating the importance of understanding microstructural 

strengthening and degradation mechanisms to design against premature component 

failure. Based on experimental testing, life prediction constants are identified that will 

be implemented in various life prediction models in later chapters. 

 

3.11.3 Microstructural Analysis 

To understand the mechanisms of degradation in cast and forged MarBN as a result of 

high temperature testing, microstructural analysis has been performed. Under LCF 

loading, fatigue cracking generally initiates on the sample surface, but during high cycle 

fatigue loading, crack nucleation is found to occur within the sample as a result of 

discontinuities in the material [124]. Therefore, the location of manufacturing defects, in 

conjunction with the applied loading conditions, can significantly affect the failure 

mode of a component.  

Fatigue striations have been observed on the fracture surface of 9Cr steels tested at high 

temperature [75,167,168] and were observed on both the HTLCF and CF MarBN 

samples parallel to the fatigue crack. The presence of fatigue striations and ductile 

dimples on the fracture surface of both cast and forged MarBN are characteristic of 

fatigue failure in metals (Figure 3.34 and Figure 3.36). Fatigue striations are generated 

by repeated crack blunting and sharpening as a result of dislocation slip in the plastic 

zone at the crack tip, and can be used as a measure of the rate of microcrack propagation 

under constant loading. It is estimated from the SEM images presented here, that crack 
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propagation occurs at approximately 6 µm and 3 µm per cycle for cast and forged 

MarBN, respectively. Ductile dimples on the fracture surface occur due to localised 

plastic strain and dislocation accumulation, and void growth around inclusions occurs as 

a result of decohesion from the matrix. These phenomena have been observed 

previously on the fracture surface of stainless and martensitic steels [169–171], as well 

as for the MarBN samples presented here.  

Dendritic shrinkage has also been observed on the fracture surface of cast MarBN 

samples (Figure 3.35). Formation occurs due to shrinkage of the solidified metal during 

casting, and can cause expansion of porosities i.e. entrapped or discharged gases. This 

feature has been identified in cast materials as a source of crack initiation, both at the 

surface and towards the centre of the specimen, as a result of clustering and the 

complicated shape producing an increased stress concentration. The complexity of the 

geometry, as opposed to the size of the pore, is identified as the important factor [131], 

as observed in Figure 3.38. 

The main difference between the HTLCF and CF fracture surfaces is the presence of 

cleavage facets and cracking between adjacent crystals as a result of CF loading (Figure 

3.37). The density of cracks, both at the surface and internally, is found to increase due 

to the tensile hold period. CF testing of P91, with a two minute hold period, produced 

similar results and is linked to combined creep and fatigue degradation [59]. This 

highlights the importance of understanding the failure mechanisms in martensitic steels 

as a result of different loading conditions.  

Sectioned images of cast and forged MarBN (Figure 3.38, Figure 3.40 to Figure 3.43) 

provide further evidence of the role of manufacturing defects in fatigue crack initiation 

and propagation. The complex shape of inclusions appears to have a greater influence 

on the cracking behaviour of MarBN under cyclic loading, compared to spherical 

inclusions i.e. Ca-Al-O compared to Mn-S (Figure 3.38); however, proximity to the 

gauge length surface is also a factor. The size, shape, location and distribution of 

manufacturing defects is of particular importance, as impurities have been identified as 

a primary source of failure, particularly when the defect is located close to the surface 

[123,155,156,172]. Both shape (Figure 3.45) and decohesion (Figure 3.46) have been 

identified here as key factors influencing crack initiation under high temperature 

loading [155,158]. The mechanical properties of inclusions differ from the matrix and 

there is generally a low-strength interface bond between inclusions and the matrix. 

Decohesion or inclusion fracture is found to primarily result from stress concentrations 
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due to dislocation pile-ups at inclusions [21,85,155,156]. In terms of micro-scale 

mechanisms of degradation in MarBN, inclusions have been identified as playing a 

primary role in crack initiation under both HTLCF and CF loading. The effects of 

inclusions in the relatively small samples examined here is possibly greater than for 

more realistic, thick section components, as in real plant (e.g. a valve chest), particularly 

as the applied strains tested here are also higher than for typical plant conditions in 

order to achieve short-term failure. Nevertheless, a more refined manufacturing process 

would undoubtedly further improve the cyclic and CF response of the material and be 

advantageous for prolonged life.  

Transgranular cracking is observed along the gauge length of cast MarBN samples 

during mechanical testing, with oxide scale formation in the cracks (Figure 3.38 to 

Figure 3.44). Oxide scale cracking, due to mechanical loading, promotes diffusion of 

oxygen along microstructural boundaries, resulting in a weakened matrix material to 

resist crack initiation and propagation [56]. The oxide scale shown in Figure 3.44, as a 

result of CF testing for ~14 days, is up to 40 µm thick, with an inner layer of Fe-Cr 

spinel and an outer layer of primarily iron oxide (magnetite). Oxide penetration of the 

matrix is also observed, below the Fe-Cr spinel. Similar results have been observed 

elsewhere, where high strain-range CF testing has been found to produce thicker oxide 

scale formation, compared to pure fatigue and low strain-range CF loading, due to 

repeated fracture of the oxide layer [56]. Furthermore, inclusions are shown to promote 

oxide pit formation; therefore, the likelihood of crack initiation and propagation in such 

regions of both increased stress concentrations and weakened matrix material is 

increased.  

The effect of cyclic loading on the nano-scale mechanisms of degradation in MarBN 

has been examined via carbon replica and thin foil sample analysis using TEM. The 

macro-scale cyclic softening behaviour of MarBN, as discussed earlier in this chapter, 

can be attributed to a number of micro- and nano-scale mechanisms. Evidence of lath 

coarsening (Figure 3.47), dislocation motion (Figure 3.49) and subgrain formation 

(Figure 3.50) has been observed in carbon replica and thin foil samples. The loss of low 

angle boundaries through dislocation annihilation, resulting in equiaxed subgrain 

formation, has been identified as a primary mechanism contributing to cyclic softening, 

as the amount of boundaries available to resist plastic deformation is reduced [173,174]. 

The initially large grain size in the cast material, compared to forged MarBN, may 

promote this and be a factor in the reduced fatigue life observed. Boron and tungsten 
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have been identified as key elements in reducing the rate of precipitate growth and 

promoting a fine distribution of precipitates along boundaries, hence enhancing the 

precipitate strengthening effect [38]. In addition, nitrogen promotes a fine dispersion of 

MX particles through the microstructure and provides increased obstacles to dislocation 

motion [79,80]. Therefore, a refined grain structure, in conjunction with a thermally-

stable precipitate distribution, is a key source of enhanced HTLCF performance for 

MarBN steel. 

 

3.11.4 Oxidation and Corrosion Performance of MarBN 

The rate of oxide scale growth in cast and forged MarBN has been measured for 

oxidation and corrosion testing conditions at 600 °C and 650 °C, with a comparison to 

rolled P91 steel at 600 °C. A parabolic rate of oxide scale growth is observed for 

corrosion samples (Figure 3.52) and is significantly larger (~10 times after 28 days) 

than for samples tested under oxidation conditions (Figure 3.51). In air, the rate of oxide 

scale growth is in line with that measured by Fournier et al. [175] for a 9Cr steel at 600 

°C also. 

The corrosive ash applied is more representative of the environment power plant 

components will be exposed to (i.e. fireside conditions), in particular for biomass, as its 

use as an alternative fuel source increases. The low melt temperature of the biomass can 

cause highly-adherent melts to form on the component surface, leading to insulation of 

the component, an altered coefficient of thermal expansion and enhanced thermal 

fatigue [44]. Inclusions have been identified as playing a primary role in oxide pit 

formation, and oxide scale spallation and cracking (Figure 3.54). The repeated fracture 

and regrowth of the oxide scale exposes the material to increased element diffusion and 

reduces the load bearing capability of the material. High levels of tungsten, many times 

that of the original material composition, have been identified in the oxide scale (Figure 

3.55) and values of both tungsten and chromium are found to increase approaching the 

oxide scale from within the matrix material (Figure 3.56). Similar results have been 

identified for forged MarBN also. Diffusion of chromium, in an attempt to form a 

protective oxide scale is a known phenomenon; however, high levels of tungsten 

diffusion also occurs. Degradation of hardness and increased rate of tungsten carbide 

diffusion has been identified as the temperature exceeds 600 °C [46]. Tungsten is a key 

element in terms of the strength of MarBN, and this may present issues for long-term 

performance under ultra-supercritical loading conditions.  
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Due to the level of chromium in MarBN and P91 (below 12%), a protective oxide scale 

cannot form [42] leading to the formation of an oxide affected zone, as observed in 

oxidation samples (Figure 3.57). In the case where the scale remains intact, iron-oxide 

forms at the outer surface due to diffusion, resulting in a depleted zone in the substrate 

and internal oxidation of the metal. Otherwise oxide scale cracking occurs, due to 

stresses or a mismatch in the thermal expansion coefficient, exposing the underlying 

metal to further oxidation [176,177]. Cracking of the oxide scale occurs in the case of 

corrosion samples, promoting internal oxidation. This can lead to weakening of the 

substrate through outward diffusion of elements, such as chromium, iron and tungsten. 

The structure of the oxide scale is the same across all samples tested here (Figure 3.58 

and Figure 3.59), as described previously for the CF sample, with an inner Fe-Cr spinel 

and an iron oxide outer layer.  

The role of chlorine has been found to play a significant role in the corrosion of 9Cr 

steels, promoting oxide scale detachment and repeated scale formation [54] and has 

been attributed to the failure of superheater tubes in plant, as early as 6 months [178]. 

Chlorine has also been identified in concentrated regions at MnS inclusions in 304 SS, 

and can cause dissolution of inclusions and promote oxide pit formation [179]. Chlorine 

can penetrate the oxide scale, through pores and cracks, and react with matrix elements 

to form metal chlorides. At the scale-metal interface, metal chlorides have a high vapour 

pressure and this promotes both diffusion through the scale as well as evaporation 

[180]. Chlorine has been identified in both the oxide scale and at inclusions in MarBN 

corrosion samples. Although the amount of chlorine in the ash applied to samples here 

is low (~1.3 wt. %), it is identified as a key element in the corrosion behaviour of 

MarBN. In terms of tungsten carbides, oxidation readily occurs in air between 500 °C to 

600 °C, and is susceptible to chlorine attack above 400 °C [46]. Cracking of the cast 

MarBN oxide scale (Figure 3.60(a)) has allowed chlorine to diffuse through both the 

inner and outer scales. Preferential diffusion is also observed toward inclusions in both 

cast and forged samples (Figure 3.60(c) and Figure 3.60(d)), and promotes these 

location as sites for oxide pit formation and crack initiation.  

 

3.11.5 Laves Phase Formation at High Temperature 

In Figure 3.48, little change in the distribution of precipitate Feret diameter was found 

to occur, although the number of particles in cast MarBN increased with HTLCF 

exposure; this is attributed to Laves phase (Fe2W) formation. Laves phase particles are 
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observed close to the surface and near regions of cracking and oxidation; the high 

concentration of tungsten in these particles, which commonly grow along grain 

boundaries, indicates that absorption into the oxide layer would result in reduced 

strengthening. The presence of Laves phase in cast (600 °C and 650 °C) and forged 

(650 °C) MarBN has been confirmed through the use of BSE for HTLCF (Figure 3.61), 

CF (Figure 3.62), oxidation (Figure 3.63) and corrosion (Figure 3.64) samples, as well 

as in the oxide scale (Figure 3.65). The precipitation hardening effect of boron-enriched 

M23C6 carbides along boundaries is said to be the primary strengthening mechanism in 

modified 9Cr steels, and is further enhanced through the addition of tungsten [8,181]; 

however, tungsten is known to form Laves phase particles, that are prone to rapid 

coarsening during prolonged exposure under typical service conditions [160]. In P92 

steel, these particles have been identified as significant contributors to precipitate 

strengthening, as particles reach a similar saturated size to M23C6 carbides in less than 

10,000 hours and contribute to precipitate strengthening along boundaries [76,182]. The 

saturated particle size of Fe2W in cast MarBN, as a result of HTLCF loading, cannot be 

concluded from this work alone, but presents an interesting focus for future work on the 

possible effects of Laves phase in modified 9Cr steels under long-term flexible loading. 

3.12 Conclusions 

The key conclusions of this chapter are: 

 Cast MarBN exhibits equivalent fatigue performance to rolled P91 at 600 °C, 

exhibiting superior cyclic strength at the same temperature and comparable 

performance at 650 °C. 

 The introduction of a tensile hold period increases the rate of plastic strain 

accumulation, hence reducing fatigue life. This more realistically represents 

component loading conditions in plant and must be considered for component 

design, as opposed to pure fatigue or creep loading. 

 The mechanisms responsible for cyclic softening are observed at the nano-scale 

(i.e. low angle boundary annihilation and lath widening). Laves phase particles 

have been identified, with the measured mean precipitate diameter shown to be 

equivalent to M23C6 precipitates for short-term HTLCF loading at 600 °C. 

 A primary cause of fatigue crack initiation is identified at the micro-scale in the 

form of manufacturing defects distributed throughout the cast and forged 

material. The complex shapes of manufacturing defects results in localised stress 
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and strain concentrations, and strongly influences the crack initiation and 

propagation behaviour under high temperature loading. 

 Both cast and forged MarBN exhibit equivalent oxidation and corrosion 

resistance, when compared to P91 steel. Inclusions at the surface are identified 

as key contributors to oxide pit formation, and oxide scale fracture. 

 The forging process produces a reduced grain size and approximately doubled 

fatigue life compared to both cast MarBN and rolled P91. This indicates the 

importance of a refined manufacturing process in providing resistance to plastic 

deformation and fatigue crack initiation under HTLCF loading.  
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4 2D AND 3D MICROSCALE 

CHARACTERISATION OF 

MANUFACTURING DEFECTS 

IN CAST AND FORGED 

MARBN 

4.1 Introduction 

Microstructural analysis is adopted for identification of manufacturing defects relevant 

to fatigue crack initiation in both cast and forged MarBN samples. The effect of 

manufacturing process on the microstructure and high temperature low cycle fatigue 

(HTLCF) life of MarBN was presented in Chapter 3. However, the refined grain size as 

a result of forging may not fully explain the approximately doubled fatigue life, 

compared to cast MarBN. This chapter presents 3D X-ray micro-computed tomography 

(µCT) scanning, in conjunction with microstructural analysis, of manufacturing defects 

in cast and forged MarBN samples, before and after HTLCF testing, to identify the role 

of such discontinuities in fatigue cracking. 

4.2 Principle of Operation 

X-ray µCT scanning is a non-destructive method of analysing both the internal and 

external features of a component. Figure 4.1 is a schematic of the principal imaging 

components. Radiation is produced in the micro-focus X-ray tube, and aligned in a 
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parallel trajectory when passed through the collimator. Attenuation (loss of intensity) of 

the rays occurs as they pass through the sample, resulting in reduced beam intensity. A 

phosphor-detector then converts the X-rays to visible light, and the level of attenuation 

is measured by the charge-coupled device camera. 2D grey images are then produced, 

and mathematical reconstruction of the image set allows the production of a 3D voxel 

model. A voxel is the 3D equivalent of a pixel and the grey value of the voxel equates to 

the materials absorptivity (directly related to density). Rotation of the sample allows 3D 

reconstruction of the sample, through transformation of 2D slices output in the form of 

dicom files [183,184].  

 

Figure 4.1 Schematic of the principal components of a µCT scanner. Adapted from 

[183]. 

Though valuable, this method is not without artefacts and noise. For example, deflection 

of the X-rays can lead to a halo forming around the workpiece, and noise can occur due 

to many factors including quantization of X-rays or amplification of signals. 

Furthermore, beam hardening effects can occur as the X-rays move through the sample, 

leading to a gradient in grey value from the sample surface towards the centre. This 

occurs due to low energy photons being more rapidly attenuated than high energy 

photons. Placing a thin plate (e.g. copper or aluminium) between the X-ray source and 

sample is one solution to filter out the low energy photons. Beam hardening parameters 

can also be applied to the software calculation for reconstruction of the scan data [184]. 

4.3 3D X-Ray µCT Scanning  

4.3.1 Methodology 

Components were scanned at the South Eastern Applied Materials (SEAM) research 

centre at Waterford Institute of Technology, before and after HTLCF testing at NUI 



Chapter 4. 2D and 3D Microscale Characterisation of Manufacturing Defects in Cast and Forged MarBN 

121 

Galway. The scanner is a GE VTOMEX L300 (Figure 4.2) and the scan parameters are 

as follows: voltage = 230 V, current = 65 mAs, resolution = 10 µm and slice thickness = 

10 µm. An image of the HTLCF sample is shown in Figure 4.3, highlighting the 20 mm 

section of the sample that was scanned. Due to beam hardening effects in the top and 

bottom regions of the sample, only 18 mm of the cast and 16 mm of the forged samples 

were used for 3D reconstruction. The software used for thresholding and reconstruction 

of the dicom files was Materialise Mimics 18.0 and Materialise 3-Matic 10.0. Both 

inclusions and voids are identified (evidence of which has been presented in detail in 

Chapter 3), as a result of the significant difference in density compared to the matrix 

material and are referred to collectively as manufacturing defects. A filter is applied in 

3-Matic to remove noise and image-based artefacts in the samples below a surface area 

of 0.005 mm2 in the cast and 0.0001 mm2 in the forged samples.  

 

Figure 4.2 GE VTOMEX L300 at SEAM, Waterford Institute of Technology. 

 

Figure 4.3 HTLCF MarBN sample highlighting the scanned region (red box).  
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4.3.2 Cast MarBN 

Figure 4.4 shows the 3D reconstruction of the cast MarBN sample pre-test (blue) and 

post-test (red) from the top (Figure 4.4(a, b)) and side (Figure 4.4(c, d)) views. A large 

crack is clearly visible in the post-test sample, as a result of HTLCF loading at 600 °C, 

  = 0.1 %/s and   = ±0.5%.  

 

 

Figure 4.4 3D reconstruction of manufacturing defects in cast MarBN before (blue) and 

after (red) HTLCF testing, viewed from the (a, b) top and (c, d) side view.  
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Figure 4.5 shows examples of some of the complex shaped defects in the as-received 

sample (blue), with a comparison to the same defect post-test (red). They are formed 

during solidification of the material during casting. Many of the defects are shown to be 

elongated and have multiple branches. Holes in the defects (e.g. Figure 4.5(c, f)) appear 

to be prime regions for void growth as a result of HTLCF testing also. Table 4.1 

quantifies the change in area and volume of each defect shown in Figure 4.5, and both 

values are found to increase in all cases. In Figure 4.6, the key pre-test defects (in terms 

of primary cracking) are highlighted in relation to the crack. In Figure 4.6(c), a scanning 

electron microscope (SEM) image of one of the defects on the fracture surface is 

identified in the 3D reconstruction. The crack, with embedded post-test defects, is 

presented in Figure 4.7.  

 

Figure 4.5 (a – f) Comparison of various manufacturing defects in cast MarBN before 

(blue) and after (red) HTLCF testing. 

Table 4.1 Change in cast manufacturing defect area ( areaΔ ) and volume ( volumeΔ ) after 

testing, as shown in Figure 4.5. 

Part ∆𝐚𝐫𝐞𝐚 (%) ∆𝐯𝐨𝐥𝐮𝐦𝐞 (%) Part ∆𝐚𝐫𝐞𝐚 (%) ∆𝐯𝐨𝐥𝐮𝐦𝐞 (%) 

(a) 24.9 39.5 (d) 46.8 63.4 

(b) 20.1 35.7 (e) 6.6 8.8 

(c) 35.1 51.5 (f) 57.2 64.3 
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Figure 4.6 (a, b) Top and side views of key manufacturing defects in the pre-test cast 

MarBN sample, in relation to the post-test crack, and (c) SEM image of a 

manufacturing defect on the fracture surface, as identified in the 3D reconstruction. 

 

Figure 4.7 3D reconstruction of the primary crack in a post-HTLCF cast MarBN 

sample, with manufacturing defects highlighted. Dashed red lines indicate the sample 

surface and red arrows denote the direction of loading.  
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In Figure 4.8, the pre-test and post-test scans in Figure 4.4 are overlaid on one another, 

based on the location of a single defect, due to the significant misalignment between 

defects as a result of HTLCF testing. The arrows in Figure 4.8(a) indicate the location 

of the post-test defects, relative to the as-received defects. Motion in the radial and 

axial, as well as tangential directions, is found to occur, and indicates the effect of 

HTLCF loading and cracking on sample deformation. 

 

Figure 4.8 Overlap of pre-test and post-test manufacturing defects in cast MarBN, from 

the (a) top and (b) isometric view. Black arrows denote the direction of motion of 

defects due to HTLCF testing. Solid black circle denotes the defect aligned pre- and 

post-test. 
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4.3.3 Forged MarBN 

In Figure 4.9, a 3D reconstruction of the forged MarBN sample before (blue) and after 

(red) HTLCF testing at 600 °C,   = 0.1 %/s and   = ±0.5% is presented. Stringer 

type defects [22], elongated in the direction of forging, are identified, as distinct to the 

complex shapes in the cast material (Figure 4.5). Multiple cracks are also found to occur 

in the forged sample around the majority of the circumference, compared to a single 

large crack in the cast (Figure 4.4).  

 

Figure 4.9 3D reconstruction of manufacturing defects in forged MarBN before (blue) 

and after (red) HTLCF testing, viewed from the (a, b) top and (c, d) side view. 
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In Figure 4.10, examples of manufacturing defect coalescence and growth, as a result of 

HTLCF loading, are presented, and the change in area and volume is quantified in Table 

4.2.  

In Figure 4.11(a), two cracks that propagate towards manufacturing defects are 

highlighted. Figure 4.11(b) and Figure 4.11(c) show these cracks in greater detail, and 

the presence of a manufacturing defect in both cracks is identified.  

 

Figure 4.10 (a – c) Comparison of various manufacturing defects in forged MarBN 

before (blue) and after (red) HTLCF testing. 

Table 4.2 Change in forged manufacturing defect area ( areaΔ ) and volume ( volumeΔ ) 

after testing, as shown in Figure 4.10. 

Part ∆𝐚𝐫𝐞𝐚 (%) ∆𝐯𝐨𝐥𝐮𝐦𝐞 (%) 

(a) 15.0 46.4 

(b) 38.4 58.5 

(c) 79.4 89.5 
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Figure 4.11 (a) Side view of manufacturing defects in the post-test forged MarBN 

sample, (b) secondary crack and (c) primary crack at a stringer type defect. Dashed red 

lines indicate the sample surface and red arrows denote the direction of loading.  

In Figure 4.12, alignment of the pre-test and post-test defects is presented for forged 

MarBN, based on a single defect. Similar apparent deformation trajectories to the cast 

sample (i.e. radial, axial and tangential) are observed.  
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Figure 4.12 Overlap of pre-test and post-test 3D reconstructions of manufacturing 

defects in forged MarBN, viewed from the (a) top and (b) isometric view. Black arrows 

denote the direction of motion of post-test defects. Solid black circle denotes the defect 

aligned pre- and post-test. 
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4.3.4 Shape Characterisation of Manufacturing Defects 

To quantitatively compare the defects identified in the cast and forged MarBN samples, 

sphericity, S , has been applied. This is the ratio of the surface area of a sphere with the 

equivalent volume as the defect (
eqA ), to the surface area of the defect ( defectA ) and is 

plotted against the effective radius of the sphere [185]. This methodology has been 

applied to previously for characterisation of casting defects in Al-alloys [141] and creep 

cavity formation in 9Cr steels [186]. Sphericity is calculated as per: 

 
eq

defect

A
S

A
   (4.1) 

This has been applied to each individual manufacturing defect identified in pre- and 

post-test cast and forged MarBN samples. Figure 4.13 plots sphericity versus effective 

radius (of a sphere with an equivalent volume) for the cast (Figure 4.13(a)) and forged 

(Figure 4.13(b)) defects, before and after testing. Similar trends are observed in both 

cases, with the least spherical defects typically having an increased effective radius. 

HTLCF testing appears to have a greater influence on defect growth in the forged 

sample also. In Figure 4.13(c), the pre-test cast and forged defects with the ten largest 

volumes have been isolated and similar values of sphericity are calculated for both 

samples, but the effective radius of cast defects is generally larger.  

 

Figure 4.13 Sphericity of manufacturing defects identified in pre- and post-test (a) cast 

and (b) forged MarBN, and (c) largest volumes in pre-test samples. 
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Table 4.3 presents the volume fraction of manufacturing defects pre- and post-HTLCF 

test in cast and forged MarBN samples. The volume fraction after testing includes the 

crack(s), and is found to increase approximately seven- and five-fold from the as-

received cast and forged volume fractions, respectively. In Table 4.4, the number of 

defects identified in the cast and forged samples are compared, before and after testing, 

with significantly more defects in the as-received cast sample, compared to the forged. 

Table 4.3 Volume fraction of manufacturing defects before and after HTLCF testing. 

Sample 𝐕𝐏𝐫𝐞 (%) 𝐕𝐏𝐨𝐬𝐭 (%) 

Cast 0.0311 0.2276 

Forged 0.0019 0.0096 

Table 4.4 Number of defects identified in the cast and forged samples before (npre) and 

after (npost) testing, including cracks, and percentage increase (∆). 

Type 𝐧𝐩𝐫𝐞 𝐧𝐩𝐨𝐬𝐭 ∆ (%) 

Cast 855 978 14.4 

Forged 295 445 50.9 

4.4 Microstructural Analysis 

4.4.1 Fractography 

After post-test µCT scanning, samples are fractured at room temperature and the gauge 

length is removed using a low speed saw, as per Section 3.5.1. SEM images of the 

influence of manufacturing defects on crack initiation and propagation behaviour on the 

fracture surface of cast (Figure 4.14) and forged (Figure 4.15) MarBN are presented. In 

Figure 4.16, some evidence of complex shaped defects on the fracture surface of the 

cast MarBN sample is presented also. Tear ridges and ductile dimples are observed on 

both cast and forged samples, as shown in Figure 4.17. 
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Figure 4.14 (a – d) Cracking around defects (dashed regions) and fatigue striations in 

cast MarBN. 

 

Figure 4.15 (a – d) Cracking around defects (dashed regions) in forged MarBN. 

 

Figure 4.16 (a, b) Complex manufacturing defects on the cast MarBN fracture surface. 
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Figure 4.17 SEM images of (a, b) tear ridges (yellow arrows) and (c, d) ductile dimples 

on the fracture surface of cast (left) and forged (right) MarBN. 

4.4.2 Sectioned Analysis 

Following fractographic analysis, the cast and forged MarBN samples are prepared for 

sectioned microstructural analysis using the method described in Section 3.5.1. 

Backscatter electron (BSE) microscopy images of secondary cracking along the gauge 

length of cast (Figure 4.18) and forged (Figure 4.19) MarBN samples indicate that 

manufacturing defects close to the surface are influential in crack initiation and 

propagation behaviour. Oxide scale growth, in secondary cracks and at defects, has been 

identified in both samples. Examples of complex shaped defects in the cast sample is 

presented in Figure 4.20(a, b) and stringer defects are identified in the forged sample in 

Figure 4.20(c, d), with smaller spherical defects also visible in both cases.  
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Figure 4.18 (a – d) BSE images of secondary cracking along the gauge length of cast 

MarBN with oxide scale formation and defects (dashed circles). 

 

Figure 4.19 (a – f) BSE images of secondary cracking along the gauge length of forged 

MarBN with oxide scale formation and defects (dashed circles). 
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Figure 4.20 BSE images of (a, b) complex-shaped defects in cast MarBN and (c, d) 

stringer defects in forged MarBN. 

4.5 Discussion 

Non-destructive imaging has been performed to characterise manufacturing induced 

defects, formed as a result of casting and forging MarBN steel. Samples were 3D X-ray 

µCT scanned before and after HTLCF testing to identify the role of defects in failure 

behaviour. Microstructural analysis of post-test samples has also been performed for 

comparison between 2D and 3D analysis methods. 

The manufacturing process plays a significant role in both the amount and geometry of 

defects in cast and forged MarBN, as shown in Figure 4.4 and Figure 4.9. The cracking 

behaviour of both samples is noticeably different also. The cast sample has one large, 

dominant crack that is 5.5 mm in width and 4.6 mm in height (Figure 4.4). In contrast, 

the forged sample has multiple smaller cracks, distributed around almost the entirety of 

the circumference, and the largest is 4.9 mm in width and 1.8 mm in height (Figure 4.9). 

In Figure 4.4(c), the density of defects is greater in the region where fatigue cracking 

occurs post-test (Figure 4.4(d)), and void growth around defects can also be seen as a 

result of HTLCF loading. Similar coalescence of complex cavities has been identified in 

an Al-alloy for superplastic forming applications using µCT methods, and the rate of 

growth of cavitation volume increases exponentially as the strain level is increased 

[187]. Defect geometry in the cast sample is highly complex (Figure 4.5), comprising of 

multiple branches, and the influence of these discontinuities is clearly identified in 

Figure 4.7, where multiple complex-shaped defects are identified as part of the primary 



Chapter 4. 2D and 3D Microscale Characterisation of Manufacturing Defects in Cast and Forged MarBN 

136 

crack. Proximity of the defects to the surface, regardless of geometry (Figure 4.6(c)), is 

also identified as a key factor in crack initiation. Isaac et al. [130,188] have used X-ray 

tomography methods to quantify the volume change of creep cavities in a brass alloy, 

with void growth occurring below 25% of time to rupture, particularly at complex 

shaped defects. Although this chapter presents results for samples in the as-received 

condition and after HTLCF testing, it is assumed that micro-cracking at defects occurs 

in the primary stages of loading, leading to propagation and coalescence during the 

remainder of testing.  

The forged material is manufactured from the same melt as the cast sample scanned 

here. Therefore, it is concluded that the forged material originally had the same defect 

characteristics as the cast (pre-forging). It is interesting to see the dramatic change in 

defect geometry and distribution as a result of this manufacturing process. The complex 

shaped defects are now replaced with stringer type geometries, aligned in the direction 

of forging (Figure 4.9). As per Table 3.4, this results in a significant increase in fatigue 

life; the number of cycles to failure for the forged sample (Forged_02) is approximately 

57% higher than the cast sample (Cast_02). It could be assumed that the more consistent 

performance of the forged sample, as opposed to the cast (compared in Section 3.7.3 

and Figure 3.25), is as a result of (i) reduced complexity in terms of defect geometry 

and (ii) reduced volume fraction of defects. This study did not examine the effect of 

orientation on the stringer defects in the forged sample, in relation to the direction of 

loading. However, fully-reversed fatigue testing of bainitic steel indicates a reduction in 

the average fatigue limit of ~13% for samples taken perpendicular to the rolling 

direction of the material [133]. This has not been observed for MarBN for high 

temperature creep testing, but may be influential under cyclic loading [189].  

The forging process is clearly effective in both reducing the amount of defects and 

altering their geometry. It can be seen from sectioned microstructural analysis (Figure 

4.19) that small defects (below the scan resolution) and coalescence of stringer type 

defects, up to 2.5 mm in length (Figure 4.11(b)), are shown to influence cracking 

behaviour under cyclic loading. The growth of defects, in terms of area and volume 

after HTLCF testing, is quantified for the cast and forged samples in Table 4.1 and 

Table 4.2. Coalescence of multiple defects in the forged sample (Figure 4.10) appears to 

occur more commonly than in the cast sample and may be due to a combination of 

geometry and loading direction.  
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For industrial application of MarBN, in terms of cast components under cyclic loading, 

it is recommended that a refined manufacturing process be applied to reduce the volume 

fraction of casting defects, as forging may not be applicable for complex geometries. 

Forging further increases the cost of component production; however, the enhanced 

mechanical performance of the material and significantly reduced volume fraction of 

defects highlights its suitability for highly flexible thin-walled plant components. 

Significant differences are observed between the shape of defects identified during µCT 

scanning of pre- and post-test cast and forged samples cast i.e. complex and stinger. 

Based on this, sphericity has been used as a method of directly comparing defects based 

on shape and an effective radius value. In general, similar levels of sphericity and an 

increase in the effective radius of defects post-test (due to void growth) is observed for 

all cases, and the amount and size of defects is greater in the cast sample. This trend has 

been identified elsewhere for carbon fibre/PEEK laminates [185]. The defects with the 

ten largest volumes have been isolated in Figure 4.13(c), indicating that for similar 

levels of sphericity, the effective radius is generally larger for cast defects. The number 

of defects identified before and after testing (Table 4.3 and Table 4.4) increased in both 

samples, indicating that the rate of defect growth (possibly from defects below the scan 

resolution of 10 µm), is greater than the rate of defect coalescence. Although similar 

levels of sphericity are identified between cast and forged defects, this does not quantify 

the substantial differences in shape between samples. An alternative method, for 

example the extreme vertices model, may be more applicable for the complex 

geometries presented here [190]. 

The effect of loading on both samples (Figure 4.8 and Figure 4.12) leads to 

misalignment of defects before and after testing. This is not surprising in the axial and 

radial directions, due to necking during HTLCF loading. However, it is conjectured that 

as cracks grow under cyclic loading, regions of uncracked matrix material are then 

subject to increased and non-uniform loading to compensate for the reduced undamaged 

area. Cracks do not grown uniformly through the sample (Figure 4.6 and Figure 4.11) 

and, therefore, torsion of the sample and tangential motion of defects occurs.  

In contrast to the complex defects observed via 3D X-ray µCT scanning, those 

identified via fractography (Figure 4.14 and Figure 4.15) and sectioned sample analysis 

(Figure 4.18 and Figure 4.19) generally appear to be spherical. Similar microstructural 

features are identified in the post-test cast and forged samples, as those presented in 

Chapter 3 i.e. cracking at defects, fatigue striations, ductile dimples and oxide scale 
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growth. This chapter highlights the importance of combined 2D and 3D analysis 

methods in fully understanding the effect of manufacturing process and resulting defects 

on component failure, particularly as defects, even smaller than the scan resolution (10 

µm), are identified in regions of cracking along the gauge length (Figure 4.18 and 

Figure 4.19). The development of damage and life prediction models for cast MarBN 

under HTLCF loading will be presented in Chapters 5 and 6. This is followed by the 

development and application of a multi-axial damage and life prediction model to the 

HTLCF gauge length section and plant component geometries, based on the 

experimentally identified cast and forged manufacturing defects presented in this 

chapter. 

4.6 Conclusions 

The key conclusions of this chapter are: 

 For the first time, µCT scanning has been applied to cast and forged MarBN 

before and after HTLCF testing. The complex shape of defects, in conjunction 

with factors such as coalescence and location, have been identified as key 

factors promoting fatigue cracking and failure. The various defect geometries 

provide valuable information for realistic computational modelling of uniaxial 

test samples and in-service components. 

 µCT scanning is a powerful non-destructive tool in understanding the influence 

of manufacturing process on defect size, shape and distribution. This technique 

can also be applied to samples after testing to identify the role of defects in 

component failure. 

 Forging reduces the volume fraction of defects by a factor of 16, compared to 

casting, and reduces the complexity of defect geometry. This contributes to 

~57% higher HTLCF life of forged MarBN, when loaded parallel to the forging 

direction, compared to cast MarBN and P91 steel. The localised influence of 

defect shape, location and forged manufacturing defect orientation on crack 

initiation will be investigated in greater detail in Chapter 7 via computational 

modelling. 

 The combined microscopy and µCT scanning results of this chapter provide 

motivation for further process refinement efforts in order to minimise the 

number and size of defects due to manufacturing, and maximise fatigue life.  
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5 DAMAGE AND LIFE 

PREDICTION MATERIAL 

MODELLING 

5.1 Introduction 

In this chapter, a unified cyclic viscoplastic material model, modified to include damage 

accumulation and life prediction, is presented for cast MarBN (600 °C) and P91 (500 °C 

and 600 °C) under high temperature low cycle fatigue (HTLCF) conditions, based on 

experimental testing presented in Chapter 3 and by Barrett [9]. The Coffin-Manson 

[100] life prediction law has been combined with a variation of the Chaboche [112] 

damage law, and implemented in a modified hyperbolic sine unified cyclic viscoplastic 

material model, originally developed by Barrett et al. [9,94]. The model is implemented 

in MATLAB for cast MarBN at 600 °C, based on experimentally identified material 

parameters. An optimisation procedure has also been developed to automate and 

expedite material parameter identification, and increase accuracy of prediction of 

material response. A Chaboche non-linear isotropic softening model is employed, in 

conjunction with the Z -parameter methodology discussed in Section 3.7.4, to identify 

the onset of macroscale crack initiation. For subsequent cycles, both cyclic softening 

and fatigue damage accumulation are assumed to contribute to material degradation and 

hence failure. This new approach is applied to the cast MarBN and rolled P91 materials 

for prediction of macroscale cracking and component failure. 
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5.2 Material Model 

The material model is an extension of a hyperbolic sine unified cyclic viscoplastic 

material model [94], to incorporate life prediction and damage accumulation. A key 

aspect of the model is the use of strain-rate independent material parameters due to the 

significant strain-rate effect observed in 9Cr steels above 500 °C. Alternative 

approaches employ uncoupled creep and plastic strain and this is convenient for 

application of the strain-range partitioning method [118], for example. However, the 

unified approach is more generally applicable to combined cyclic fatigue and creep 

conditions [93] and, more importantly, permits more reliable extrapolation and 

interpolation to the lower strain-rates observed during power plant operation, based on a 

relatively small amount of laboratory testing [94]. The model calculates cycles to failure 

and damage simultaneously, based on a set of optimised material parameters for MarBN 

and also P91. The plastic strain-rate, pl  , is defined as: 

    pl sinh sgnR k             (5.1) 

where   and   are the viscoplastic material constants,   is the effective stress,   is 

the kinematic back-stress (accounting for the Bauschinger effect), isotropic softening 

behaviour is described by the R  term, and k  is initial cyclic yield stress. Damage is 

included in the model via an effective stress, as follows:  

 
 1 D


 


  (5.2) 

where   is the stress, and D  is damage. The initial and later strain hardening stages are 

described through the use of two hardening terms in the kinematic hardening evolution 

model of Armstrong-Frederick, such that 1 2    . The evolutionary equation for 

the Armstrong-Frederick [87] model is:  

 
pl

i i i i1( )C D p        (5.3) 

where iC  is the hardening modulus, i  is a recall parameter and p  is the accumulated 

effective plastic strain-rate. Two Chaboche [84,85] isotropic softening terms are used to 

simulate the primary and secondary stages of softening, such that 1 2R R R   [9]. The 

evolution of R  is defined as follows:  

 i i i i i1( )R bQ D p b R p     (5.4) 
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where the rate of decay is controlled by ib  and iQ  is the saturated cyclic softening 

stress. The fatigue damage model of Chaboche [112] is defined as:  

 

1
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  (5.5) 

where N  is cycle number, 1  and 2  are damage constants, and fN  is number of 

cycles to failure, in conjunction with the Coffin-Manson [100] model for low-cycle 

fatigue: 
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where 
'
f  and c  are the fatigue ductility coefficient and exponent, respectively. 

Differentiation of Equation (5.5), with respect to number of cycles, gives an equation 

for the damage rate, as follows: 
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  (5.7) 

5.3 Identification of Initial Material Parameters 

The material model, including damage, contains 17 material parameters, which can be 

classified as follows: (i) elastic ( E  and k ), (ii) isotropic softening ( ib  and iQ ) and 

kinematic hardening ( iC  and i ), (iii) cyclic viscoplastic (  and  ) and (iv) damage 

and life prediction ( 1 , 2 , 
'
f  and c ). Poisson’s ratio (0.3) is also included. Young’s 

Modulus, E , and the initial cyclic yield stress, k , are determined from the initial stress-

strain cycle. Identification of the cyclic viscoplastic material parameters is based on the 

method developed by Zhan [191] and implemented by Barrett for P91 steel [9]. 

The Chaboche isotropic softening model [84,85] incorporates two isotropic softening 

terms to describe the primary and secondary softening behaviour, characteristic of 9Cr 

steels [94]. The material parameters are identified by integrating Equation (5.4) and 

fitting this model to experimental cyclic softening data, as per Figure 5.1.  
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Figure 5.1 Identification of isotropic cyclic softening material parameters for cast 

MarBN at   = 0.03 %/s,   = ± 0.3% and 600 °C. 

The kinematic hardening constants are identified by dividing the stress into its various 

components, such that: 

    v sgnR k           (5.8) 

where v  is the viscous stress. Differentiation of Equation (5.8) with respect to plastic 

strain gives: 

   pl
i ipl pl

ln ln
R

C
 

 
 

 
   

 
  (5.9) 

where calculation of 
pl

/   is performed using a Ramberg-Osgood smoothing 

function to describe the non-linear stress-strain relationship near the yield point. The 

kinematic hardening constants are then identified by plotting (i)

 pl plln / /R     for the later stages of strain hardening, and (ii) 

 pl pl pl
2ln / / /R        for the initial stages of strain hardening, against 

pl , as shown below in Figure 5.2.  
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Figure 5.2 Identification of the kinematic hardening material parameters. 

The viscoplastic material parameters,   and   are identified using an analytical model 

for stress as a function of time during a dwell period [9]: 
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  (5.10) 

where 0t  and 0  are the time and stress at which the hold period begins. Figure 5.3 

shows fitting of the model to the stress-relaxation data of the initial cycle of strain-

controlled creep-fatigue (CF) testing up to 120 seconds. The Coffin-Manson constants, 

'
f  and c , are determined from the measured plastic strain-range data, 

pl 2/ , at half-

life and corresponding number of reversals to failure, as shown in Figure 5.4.  

 

Figure 5.3 Fitting of the model to experimental data to allow identification of the cyclic 

viscoplastic material constants. 
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Figure 5.4 Identification of Coffin-Manson constants for cast MarBN and rolled P91. 

Calculation of experimental damage is described in Section 3.7.5. The assumption in 

this model is that softening consists of (i) microstructurally induced softening (such as 

low angle boundary annihilation and particle coarsening) represented by R  and (ii) 

fatigue damage induced softening represented by Z . The Chaboche damage constants, 

1  and 2 , are identified from the experimentally measured evolution of damage, 
expD , 

with number of cycles, N , via a least squares fitting procedure. All parameters are 

presented in Table 5.1 and experimental testing (MarBN and P91) and parameter 

identification (P91) is performed by Barrett [9]. 

Table 5.1 Coffin-Manson and Chaboche damage constants for cast MarBN at 600 °C 

and rolled P91 at 600 °C and 500 °C, at   = 0.03 %/s. 

Material Temp (°C) 𝜺𝐟
′  (-) 𝒄 (-) 𝝓1 (-) 𝝓2 (-) 

MarBN 600 0.42 -0.68 0.79 15.41 

P91 600 0.35 -0.59 0.80 29.23 

P91 500 4.96 -0.92 0.85 18.52 

5.4 Optimisation Procedure 

A flowchart of the material parameter optimisation process, in conjunction with the 

hyperbolic sine cyclic viscoplastic material model, is shown in Figure 5.5. To increase 

the accuracy of the material model, and reduce the error between the model and the 

experimental data, an optimisation procedure is developed using MATLAB for the 

present viscoplasticity model and applied to cast MarBN at 600 °C. The initial user 

estimates for the optimisation function correspond to the set of material parameters 
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identified using the method of the previous section. These are, namely, the initial yield 

stress, isotropic softening, kinematic hardening and cyclic viscoplastic material 

parameters. The optimisation procedure is performed using the Levenberg-Marquardt 

algorithm, as part of the lsqnonlin function in MATLAB. The function optimises an 

array, x0, of user-defined constants to fit a range of experimental data by minimising the 

error between the predicted results and experimental data. Optimisation of the cyclic 

viscoplastic material parameters is based on experimental test data (i) during the initial 

cycle ( k , iC , i ,   and  ) and (ii) maximum cyclic values up to macroscale damage 

propagation ( ib  and iQ ). Similar methods for the optimisation of high temperature 

material parameters for modified 9Cr steel, rolled P91, have been implemented 

elsewhere [171,192,193]. 

 

Figure 5.5 Flowchart of the material parameter optimisation process, in conjunction 

with the cyclic viscoplastic material model, applied to the MarBN material parameters. 

5.5 Results  

The initial and optimised material parameters for cast MarBN at 600 °C are presented in 

Table 5.2, as well as the parameters for P91 at 600 °C and 500 °C, previously identified 
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by Barrett [9]. Figure 5.6 and Figure 5.7 show the results of the optimisation process in 

terms of model fit to the experimental data for the initial cycle and half-life of MarBN at 

600 °C. The model is shown to accurately capture the stress-strain behaviour across a 

range of strain-rates and strain-ranges. Figure 5.8 and Figure 5.9 compare the effect of 

strain-range on the predicted and measured damage evolutions for both MarBN and 

P91.  

Table 5.2 Coffin-Manson life prediction and Chaboche damage constants for cast 

MarBN at 600 °C and rolled P91 at 600 °C and 500 °C. 

Material 
E 

(GPa) 

k 

(MPa) 

Q1 

(MPa) 
b1 (-) 

Q2 

(MPa) 
b2 (-) 

MarBN (Initial) 162 100.0 -74.14 5.90 -73.81 0.25 

MarBN (Optimised) 162 100.5 -68.35 11.11 -70.88 0.41 

P91 (600 °C) 144 54.04 -72.90 3.02 -52.11 0.13 

P91 (500 °C) 173 121.04 -46.67 2.00 -52.11 0.13 

       

Material 
C1 

(MPa) 
γ1 (-) 

C2 

(MPa) 
γ2 (-) α (s-1) 

β 

(MPa-1) 

MarBN (Initial) 296,262 5,492.1 61,574.3 601.9 2.0x10-6 0.031 

MarBN (Optimised) 296,256 5,610.1 61,545.7 626.3 9.1x10-7 0.035 

P91 (600 °C) 275,130 3,397.2 38,101.2 626.6 9.0x10-7 0.055 

P91 (500 °C) 304,370 3,422.5 48,484.5 406.7 8.0x10-7 0.055 
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Figure 5.6 Comparison of the model to experimental data for cast MarBN across 

multiple strain-ranges (  = 0.01 %/s and T = 600 °C), for the (a) initial cycle and (b) 

half-life. 

 

Figure 5.7 Comparison of the model to experimental data for cast MarBN across 

multiple strain-ranges (  = 0.03 %/s and T = 600 °C), for the (a) initial cycle and (b) 

half-life. 
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Figure 5.8. Comparison of effect of strain-range on predicted and measured damage 

evolutions for cast MarBN at 600 °C for strain-rates of (a) 0.01 %/s and (b) 0.03 %/s. 

 

Figure 5.9. Comparison of effect of strain-range on predicted and measured damage 

evolutions for rolled P91 at a strain-rate of 0.03 %/s and temperature of (a) 500 °C and 

(b) 600 °C. 

Figure 5.10 shows the evolution of the maximum plastic strain for MarBN and P91 at 

600 °C, with the model generally capturing the experimental behaviour for the majority 

of the test. Figure 5.11 demonstrates the effect of increasing cycles on the cyclic stress-

strain loop as a result of cyclic softening and fatigue damage accumulation. Figure 5.12 

presents a comparison of the predicted number of reversals to failure against the 

experimental data for all of the above cases. In general, the fatigue life is predicted 

within ±15% of the experimental data. 
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Figure 5.10 Comparison of the predicted and measured maximum plastic strain in (a) 

cast MarBN and (b) rolled P91 at 600 °C at a strain-rate of 0.03 %/s and multiple strain-

ranges. 

 

Figure 5.11 Material modelling of cast MarBN at 600 °C for a strain-rate of 0.03 %/s, 

demonstrating the effect of damage on the cyclic stress-strain loop. 

 

Figure 5.12 Comparison of the predicted and experimental number of reversals to 

failure for cast MarBN at 600 °C, and rolled P91 at 600 °C and 500 °C. 
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5.6 Discussion 

The material parameter identification and optimisation procedure, outlined here with 

application to cast MarBN and rolled P91 for high temperature cyclic behaviour and 

fatigue damage prediction, is shown to provide excellent correlation with the measured 

failure lives across a range of strain-rates and strain-ranges. A key novel aspect of the 

present work is the application of the Chaboche non-linear isotropic softening equation, 

with primary and secondary softening parameters (
1R  and 

2R ), in comparison to the 

measured softening behaviour, to demarcate the onset and evolution of fatigue damage-

induced softening, characterised by the Z  variable. The accuracy achieved in relation 

to numerical simulation of the evolving cyclic viscoplasticity behaviour of the material 

(Figure 5.6 and Figure 5.7), preceding fatigue damage, is key to this demarcation 

process. The increase in plastic strain predicted by the model, as failure begins to occur 

(Figure 5.10), results in rapid damage accumulation, decreasing the stress range over a 

small number of cycles (Figure 5.11). Conservative numbers of cycles to failure is 

generally predicted, particularly at lower strain-ranges (Figure 5.12). Therefore, it is 

recommended that future calibration and validation of this model is performed based on 

experimental testing including strain-ranges more typical of plant conditions, to ensure 

accurate prediction of material degradation for such loading conditions. 

A damage rate term (Equation 5.7) has been developed, based on combination of the 

Chaboche [112] damage law with the Coffin-Manson [100] model for low-cycle 

fatigue, to predict cyclically evolving damage and cycles to failure, based on the current 

plastic strain-range. The unified viscoplastic constitutive model used here has been 

previously applied to multiaxial conditions, without damage and life prediction [93]. 

Undoubtedly, future work should also focus on the development of more physically-

based models, such as the dislocation mechanics based approaches of Fournier et al. 

[194], Giroux et al. [195], and more recently Barrett et al. [72,95,97]. Nonetheless, from 

a design perspective, the phenomenological modelling of the present work is ideal for 

rapid turnaround of results and potential simulation of complex geometries and loading 

conditions, based on the HTLCF characterisation methods used at NUI Galway and also 

GE Power, for identification of suitable design limits for plant components. However, 

again, the Coffin-Manson fatigue model used here has the advantage of facilitating 

expedient identification of parameters. Interestingly, a key ingredient in the success of 

the predictive method presented is the accurate prediction of evolving plastic strain 

range, which is central to the Coffin-Manson equation.  
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5.7 Conclusions 

This chapter presents constitutive modelling of the HTLCF behaviour of cast MarBN 

and rolled P91, including damage accumulation and life prediction. Some key 

conclusions are: 

 A fatigue life and damage accumulation model is developed for rapid prediction 

of HTLCF material response across a range of loading conditions, in 

conjunction with a hyperbolic sine unified cyclic viscoplasticity material model 

and non-linear combined isotropic softening and kinematic hardening. 

 A key aspect of the model is the demarcation of fatigue damage from 

microstructure-induced softening via comparison of the non-linear isotropic 

evolution with the measured softening response.  

 The new fatigue damage methodology is applied to MarBN at 600 °C and P91 at 

600 °C and 500 °C. The results show excellent correlation of predicted and 

measured fatigue lives for different strain-rate and strain-range conditions as a 

result of material parameter optimisation processes. 

 This model is an initial step in predicting damage evolution and cycles to failure 

in advanced modified martensitic steels at high temperature for multiaxial 

loading conditions. 
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6 CONTINUUM DAMAGE 

MECHANICS FOR HIGH-

TEMPERATURE LOW-CYCLE 

FATIGUE OF VOIDS AND 

INCLUSIONS  

6.1 Introduction 

Microstructural analysis and 3D X-ray micro-computed tomography (µCT) of high 

temperature low cycle fatigue (HTLCF) MarBN samples have clearly demonstrated the 

role of voids and inclusions in crack initiation of cast and forged MarBN samples under 

cyclic loading (Chapter 3 and Chapter 4). This chapter presents the development of both 

coupled and uncoupled methodologies for the prediction of cycles to crack initiation in 

the region of voids and inclusions under strain-controlled loading at high temperature. 

In order to facilitate fitness-for-service of candidate next generation materials, a robust 

material model that can be calibrated and validated from relatively simple tests, and 

which can be applied to multi-axial component analysis and design, is required.  

An uncoupled approach for prediction of cycles to crack initiation and damage at single 

inclusions and voids is presented first, based on a localised ductility exhaustion model 

and the predicted ratchetting behaviour in the region of defects [196,197]. Linear 

summation of the damage due to both fatigue loading and ratchetting is then performed 
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to quantify the effect of each mechanism. Conventional uncoupled macro-scale failure 

prediction methods are applied locally to 2D axisymmetric Abaqus models containing 

single idealised (i.e. spherical) voids and inclusions, to predict the number of cycles to 

crack initiation.  

Furthermore, in order to design against premature failure, a robust multi-axial fatigue 

damage methodology is required. The use of the critical-plane method, as an uncoupled 

tool, has been widely applied [198–200], but has not typically been used for damage 

calculation within a continuum damage mechanics method. Following on from the 

uncoupled methodology, a coupled critical-plane method is implemented in a user-

material (UMAT) subroutine in Abaqus, in conjunction with Ostergren [104] life 

prediction and a Chaboche [112] damage law, within a non-linear isotropic and 

kinematic hardening, cyclic viscoplasticity constitutive equation set. Calibration and 

validation is performed via comparison with HTLCF and creep-fatigue (CF) 

experimental data. The UMAT is applied to a cast MarBN section, containing single 

and multiple idealised inclusions, to identify the micro-scale effects on MarBN during 

cyclic loading, particularly in terms of damage accumulation and cycles to fatigue crack 

initiation.  

6.2 Uncoupled Life Prediction at Manufacturing Defects 

6.2.1 Material Model 

The constitutive behaviour of the material is represented using a unified cyclic 

viscoplastic material model, implemented in an implicit UMAT subroutine for use with 

the commercial finite element (FE) code Abaqus, as developed by Barrett et al. 

[9,94,201]. The viscoplastic strain-rate, 
pl
ε , is defined as:  

 
   

  pl
2

2 2

3 3
sinh sinh J

2 J 2 J

s χ s χ
ε s χ

σ χ σ χ
f R k   

 
    

 
  (6.1) 

where s  is the deviatoric stress tensor and   and   are the cyclic viscoplastic material 

constants. The Bauschinger effect is accounted for using the Armstrong-Frederick 

model to describe the initial and later strain hardening stages, such that 1 2χ χ χ  , via 

the following equation: 

 
pl

i i i iεC p     (6.2) 
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where iC  is hardening modulus, i  is a recall parameter and p  is the accumulated 

effective plastic strain-rate. The isotropic softening behaviour is described by the R  

term, such that 1 2R R R  . Two isotropic softening terms are used to simulate primary 

and secondary stages of softening. The evolution of iR  is defined using the Chaboche 

model as follows:  

 i i i i iR bQ p b R p    (6.3) 

where ib  is the rate of decay and iQ  is the saturated cyclic softening stress. The iterative 

increment in accumulated effective plastic strain, d p , is: 
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where cosh f    and G  is shear modulus.   is the accumulated effective plastic 

strain-rate for the previous iteration, defined as: 

  tr
esinh 3G p R k          (6.5) 

where 
tr
e  is the effective trial stress (as part of the radial return method [9]). As shown 

in later sections, localised plasticity for both inclusions and voids is predicted to lead to 

ratchetting. Hence, a localised ductility exhaustion model is adopted based on the Rice 

and Tracey [196] void growth model for ductile solids in triaxial stress fields, and the 

work of Yatomi et al. [197] on a C-Mn steel under multiaxial loading and high stress 

triaxiality states. In this model, the multiaxial failure strain, 
*
f , is defined as: 
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  (6.6) 

The ratio of the hydrostatic stress, m , to the equivalent stress, eq , is the triaxiality 

ratio and f  is the uniaxial failure strain, taken here to be 18% for MarBN at 600 °C 

(based on experimental tensile testing). The number of cycles to crack initiation due to 

ratchetting, i,rN , is calculated based on an approach developed elsewhere 

[102,202,203], and defined as: 
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  (6.7) 

where r  is equivalent (multiaxial) ratchet strain increment, determined from 

individual ratchet strain components r
ij  . The number of cycles to low cycle fatigue 

(LCF) crack initiation, i,fN , is calculated here using the local (void and inclusion) 

hysteresis loops via the Coffin-Manson relationship, and constants identified from 

uniaxial (macroscale) tests in Chapter 3, as follows: 

  
pl

c'
f i,f2

2
N





   (6.8) 

where 
'
f  and c  are the fatigue ductility coefficient and exponent, respectively. 

Assuming linear damage summation for ratchetting and LCF, the total damage per cycle 

for crack initiation is taken here as i,r i,f

i,r i,f

1 1
D D D

N N
     . A localised strain 

concentration factor (SNCF) is identified from the models, and is defined as the ratio of 

maximum local strain-range ( loc ) to nominal applied strain-range ( nom ): 

 loc

nom

SNCF







   (6.9) 

6.2.2 Uniaxial Calibration and Validation 

Figure 6.1(a) presents a 2D axisymmetric geometry developed in Abaqus for calibration 

and validation of the material parameters identified for MarBN at 600 °C, as described 

in Chapter 5, with a UMAT. To date, the UMAT described in the previous section has 

only been calibrated and validated by Barrett et al. for P91 steel [9,94,201]. The 

MATLAB model, presented in the previous chapter, and unified cyclic viscoplastic 

UMAT are compared in Figure 6.1(b), in terms of the stress-strain response at the initial 

and half-life cycles for cast MarBN at 600 °C. Almost identical results are predicted for 

uniaxial and multiaxial implementation of the model. 
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Figure 6.1 (a) 2D axisymmetric geometry with boundary conditions, and (b) comparison 

of predicted stress-strain response between the UMAT and MATLAB models, for cast 

MarBN at the initial and half-life cycles (𝜀̇ = 0.1 %/s, ∆𝜀 = ± 0.5%, and T = 600 °C). 

Further validation against the measured responses from Chapter 3 are presented in 

Figure 6.2 for a range of strain-controlled cyclic test conditions, including different 

strain-rates and strain-ranges at 600 °C, at the initial and half-life cycles. In general, the 

maximum compressive stress and plastic strain-range are captured by the model. 

However, greater variation is predicted between the model and the experimental data in 

terms of the maximum tensile stress. A non-zero mean stress occurs during 

experimental testing, due to significant cyclic softening, that is not captured by the 

model, and is a possible source of disagreement between the two. 
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Figure 6.2 (a – d) Calibration and validation of the UMAT for MarBN at 600 °C, across 

a range of loading conditions, for the initial and half-life cycles. 

6.2.3 Multiaxial Model for Manufacturing Defects 

The axisymmetric FE model for voids and inclusions is shown in Figure 6.3, including 

the geometry, symmetric boundary conditions and loading (T = 600 °C, = 0.1 %/s and 

 = ±0.5%). Models are run up to 715 cycles, as per the experimentally determined 

number of cycles to failure for Cast_01 under the same loading conditions. Based on 

experimental observations (Figure 3.43), three different void and inclusion diameters 

are investigated: 12 µm, 23 µm and 30 µm. The model uses axisymmetric stress 

elements and mesh convergence is achieved to within 1.5% in terms of maximum 

principal strain (MPS) and axial stress evolution. The inclusion model uses frictionless, 

hard contact between the inclusion and the MarBN matrix material. The inclusion is 

assumed to be elastic i.e. very hard compared to the matrix, therefore, a Young’s 

modulus of 390 GPa and Poisson’s ratio of 0.35 are assigned to the inclusion, based on 

experimental measurements by Melander et al. [204] of MnS inclusions. The focus is on 

isothermal fatigue, therefore, thermal loading is not considered at this time.  
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Figure 6.3 Mesh and boundary conditions of the Abaqus model containing an inclusion. 

The void model is almost identical, except for the omission of the inclusion. 

6.2.4 Results 

The MPS distributions are presented in Figure 6.4 for a 30 µm void and inclusion for 

the initial and 50th cycles (T = 600 °C, = 0.1 %/s and  = ±0.5%). The location of 

MPS for the void model is consistent with that of a notch [9,201], i.e. at the minimum 

section location (labelled ‘Root’ in Figure 6.4(a)). However, for the inclusion case, the 

MPS occurs at the top of the inclusion-matrix interface (labelled ‘Interface’ in Figure 

6.4(b)), due to contact during fully-reversed cyclic loading, resulting in a higher SNCF 

of ~3.7 compared to ~2.5 for the void.  

 

Figure 6.4 MPS distributions for the 30 µm void and inclusion models at (a, b) N = 1 

and (c, d) N = 50.  
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Figure 6.5 compares the predicted MPS distributions for the 12 µm and 23 µm void and 

inclusion models at the 715th cycle for maximum tension. The maximum value of MPS 

increases with increasing void or inclusion size, and is higher for inclusions than voids. 

 

Figure 6.5 MPS distributions at N = 715 for a (a) 12 µm void, (b) 12 µm inclusion, (c) 

23 µm void and (d) 23 µm inclusion.  

Figure 6.6 presents the MPS distribution for a 30 µm void at N = 715 and the 

corresponding stress-strain evolution at the void root (labelled ‘A’ in Figure 6.6(a)) and 

location of MPS (labelled ‘A’’ in Figure 6.6(a)); multiple locations are investigated due 

to strain redistribution during cyclic loading. At location A, ratchetting with 

increasingly more negative mean strain occurs, and this changes to an increasingly more 

positive mean strain at location A’, away from the root. Figure 6.7 presents the results 

for a 30 µm inclusion case; only ratchetting with an increasingly more positive mean 

strain is predicted, and higher strain accumulation than for the void case. As damage is 

not coupled in this model, saturation of the maximum stress evolution will eventually 

occur, based on the isotropic hardening constants identified in Chapter 5. 
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Figure 6.6 (a) Contour plot of MPS at N = 715 for a 30 µm void case, (b) stress-strain 

evolution at the void root (A) and (c) stress-strain evolution at the site of MPS (A’). 

 

Figure 6.7 (a) Contour plot of MPS at N = 715 for a 30 µm inclusion case, (b) stress-

strain evolution at the top of inclusion-matrix interface (B) and (c) stress-strain 

evolution at the site of MPS (B’). 
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The increment in ratchetting strain with cycles in the axial direction is compared for a 

30 µm void and inclusion in Figure 6.8(a). Similar significant reductions in the rate of 

ratchet strain increment are seen experimentally by Zhang et al. [205] for P91 during 

initial cycles and this slowly increases over later cycles due to cyclic softening. Figure 

6.8(b) compares SNCF in the axial direction for each void and inclusion case, and is 

shown to increase linearly with cycles up to a SNCF of ~10 after 715 cycles. Similar 

behaviour is predicted between the 23 µm and 30 µm voids and inclusions, particularly 

when compared to the 12 µm cases at later cycles. Larger inclusion and void diameters 

are generally predicted to increase the SNCF, with a greater concentration at inclusions 

than voids in all cases. A slightly larger SNCF is predicted for the 23 µm inclusion than 

the 30 µm inclusion case; however, the value of MPS is greater for the 30 µm inclusion; 

therefore, it is assumed that during redistribution of the location of MPS with cycles, 

strains in the non-loading directions are increased at larger inclusions. 

 

Figure 6.8 (a) Ratchetting strain increment with cycles for the 30 µm void and inclusion 

cases and (b) SNCF at the location of MPS for all models.  

The calculated multiaxial failure strains and average triaxiality ratios for the various 

critical locations of each void and inclusion size are plotted in Figure 6.9, based on 

Equation 6.6 and the FE predicted triaxiality, with a comparison to the experimental 

uniaxial case. There is a significant attenuation of ductility as a result of the presence of 

a void and, furthermore, an inclusion in all areas, with larger voids and inclusions again 

having a greater influence. 

Explicit modelling of decohesion of an inclusion was carried out to understand the 

effect on the localised behaviour of the matrix material surrounding an inclusion. The 

results, as per Figure 6.10, are similar to the void case in terms of the MPS distribution 

(Figure 6.6(a)), with increased maximum stress and strain. Rapid stress redistribution 
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occurs at the root (C), causing a large decrease in stress in the initial stress-strain loop 

(Figure 6.10 (b)). Ratchetting behaviour, similar to the void case, is observed also 

(Figure 6.6(b) and Figure 6.6(c)). 

 

Figure 6.9 Multiaxial failure strain as a function of average triaxiality ratio at multiple 

locations, with a comparison to the uniaxial case. 

 

Figure 6.10 (a) Contour plot of the MPS at N = 715 for a 30 µm inclusion case with 

decohesion (inset is a magnified view of the decohesion), (b) stress-strain evolution at 

the top of inclusion-matrix interface (C) and (c) stress-strain evolution at the site of 

MPS (C’), and 𝜀̇ = 0.1 %/s, ∆𝜀 = ± 0.5%, and T = 600 °C. 
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The predicted crack initiation lives for 30 µm void and inclusion cases (with and 

without decohesion), for combined ratchetting and LCF damage, are compared to the 

measured total fatigue life and assumed cycles to crack initiation, based on the transition 

from cyclic softening to fatigue induced damage (as per Chapter 5), in Figure 6.11. The 

predicted cycles to crack initiation are in line with those identified experimentally by 

Okamura et al. [206] for a maximum crack length of ~0.3 mm and f/N N = 20% in a 

modified 9Cr-1Mo steel at 600 °C. LCF loading is predicted to be the dominant factor 

in crack initiation, with little change in the predicted value when ratchetting is included, 

indicating plastic strain-range is the dominant factor in crack initiation, as opposed to 

triaxiality ratio. 

 

Figure 6.11 Comparison of 30 µm void and inclusion (with and without decohesion) 

crack initiation lives against measured total life.  

6.3 Coupled Ostergren Life Prediction and Damage Model 

6.3.1 Implementation of Fatigue Damage Model 

Due to the minor effect of ratchetting predicted by the uncoupled methodology on 

cycles to crack initiation (Figure 6.11), damage due to ratchetting is not incorporated 

here. Therefore, the material model, as described in Section 6.2.1 is modified to include 

a coupled Ostergren critical-plane life prediction and damage methodology for cyclic 

loading. A flowchart of the constitutive damage UMAT, in conjunction with Abaqus, is 

presented in Figure 6.12.  



Chapter 6. Continuum Damage Mechanics for High-Temperature Low-Cycle Fatigue of Voids and 

Inclusions 

164 

 

Figure 6.12 Flowchart for implicit implementation of the Ostergren critical plane 

UMAT, in conjunction with Abaqus. 
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The constitutive behaviour is defined by a hyperbolic sine viscoplastic flow rule, with 

isotropic and kinematic hardening; however, the plastic strain-rate tensor, pl
ε  is now 

defined as: 

   pl
2

e

3
sinh J

2 σ

σ χ
ε σ χ R k 


      (6.10) 

where 
 1

σ
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 is the damaged stress tensor and D  is fatigue damage. The 

kinematic [87] and isotropic [207,208] hardening laws are also modified to include 

damage. 
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The approach adopted to accumulate damage is to assume a Chaboche non-linear 
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where 1  and 2  are damage constants. The use of an incremental damage term, 
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was also investigated and compared to the method described above (Equation 6.13). 

The predicted number of cycles to failure evolves with plastic strain, which in turn 

evolves due to (i) cyclic softening and (ii) damage accumulation. Liu et al. [105] 

investigated the use of the Coffin-Manson [100] and Ostergren [104] equations for 

prediction of cycles to failure for a nickel-based superalloy under thermo-mechanical 

fatigue (TMF) loading. The Coffin-Manson approach was found to be significantly non-

conservative, and, therefore, the use of the Ostergren equation [198–200], based on a 

critical-plane methodology, is implemented here as follows: 
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where fN  is number of cycles to failure, N  is current cycle number and C  and   are 

the Ostergren constants. Although this work examines isothermal loading only, the use 

of the Ostergren equation allows application of the model to TMF loading conditions 

[199]. Maximisation of the Ostergren damage parameter with respect to plane 

orientation, n , requires identification of the maximum stress, 
max,n , and plastic strain-

range, 
pl
n , over a cycle. The cycle time is defined in the UMAT based on (a) the time 

for initial fatigue loading and (b) the time for one cycle, within which the maximum and 

minimum stress and strain components are identified and stored as state variables. The 

critical-plane approach requires calculation of the direction cosines over the range of 

candidate planes, spanning a 180° half-space incrementally (10° increments are used 

here), with the normal stresses and strains calculated on each candidate plane. The 

direction cosines are given by:  
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where   and R  are two angles which uniquely define the candidate planes [199]. The 

associated normal stress and strain are given by:  
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where ij  and ij  are the shear stress and shear strain for a given direction, as described 

schematically in Figure 6.13. This method allows calculation of number of cycles to 

failure (uniaxial test sample) and crack initiation (in the region of manufacturing 

defects), via Equation 6.15, for the identified critical Ostergren product.  
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Figure 6.13 Schematic of (a) the angles,   and R , defining the candidate planes and 

(b) the normal stress vector, n  [86]. 

6.3.2 Material Parameter Identification 

This model is applied to MarBN at both 600 °C and 650 °C. The complete constitutive 

and damage model requires identification of 17 material parameters; Young’s modulus, 

E , Poisson’s ratio,  , initial cyclic yield stress, k , four isotropic ( ib  and iQ ) and 

kinematic ( iC  and i ) hardening parameters, two viscoplastic constants,   and  , 

and four life prediction ( C  and  ) and damage ( 1  and 2 ) constants. Initial 

identification of the cyclic and viscoplastic material parameters for MarBN at 650 °C 

follows the method described in Chapter 5. The Levenberg-Marquardt algorithm, as part 

of the lsqnonlin non-linear optimisation toolbox in MATLAB, is used in conjunction 

with a uniaxial implementation of the constitutive material model in MATLAB to 

predict the cyclic viscoplastic and stress-relaxation response of MarBN at 650 °C. The 

material parameter optimisation procedure of Chapter 5 is modified here, whereby the 

overall final error is minimised with respect to (i) maximum stress evolution, (ii) cyclic 

response at initial and half-life cycles and (iii) stress-relaxation data. The identification 

of Ostergren and Coffin-Manson life prediction constants was described in Chapter 3. 

The damage constants (based on macroscale sample failure) are the same as those 

identified for MarBN at 600 °C in Table 3.4.  

 

6.3.3 Results  

Figure 6.14 shows calibration of the material parameters using MATLAB for MarBN at 

650 °C, in terms of the maximum stress and plastic strain evolution with cycles. 

Validation is shown in Figure 6.14(b) and Figure 6.14(c) at different loading conditions 

(strain-rates and ranges) to those used for calibration for the initial and half-life cycles. 
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The resulting final identified cyclic viscoplastic material parameters for MarBN at 650 

°C are shown in Table 6.1. 

 

 

Figure 6.14 (a) Material parameter calibration and (b, c) validation at the initial and 

half-life cycles, for MarBN at 650 °C.  

Table 6.1 MarBN cyclic viscoplastic material parameters at 650 °C. 

E (GPa) k (MPa) Q1 (MPa) b1 (-) Q2 (MPa) b2 (-) 

133.1 50.0 -70.9 4.8 -100.1 0.2 

C1 (MPa) γ1 (-) C2 (MPa) γ2 (-) α (s-1) β (MPa-1) 

181,747.0 2,428.9 40,912.3 545.9 3.8x10-7 0.044 

 

Figure 6.15 shows a comparison between using a single damage term (Equation 6.13) 

and the incremental damage approach (Equation 6.14) for uniaxial loading (Figure 

6.15(a)) and an axisymmetric model of a 30 µm diameter inclusion (Figure 6.15(b)). In 
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both cases, a strain-rate of 0.1 %/s, strain-range of ±0.5% and temperature of 600 °C is 

applied. The final fatigue lives were predicted within 4% (uniaxial) and 1% (multiaxial) 

of one another, respectively, and hence, it was decided to use the simpler method for 

further studies, due to reduced computational expense and more rapid output of results 

for larger geometries e.g. FE modelling of 3D X-ray µCT defect distribution in Chapter 

7.  

Using this approach, calibration and validation of the UMAT under uniaxial cyclic 

loading conditions, across a range of strain-rates and strain-ranges at 600 °C and 650 

°C, is performed using a single-element axisymmetric 2D model. The UMAT predicts 

essentially identical results to the uniaxial MATLAB code used for calibration and 

validation of the material parameters. Figure 6.16 shows a comparison of the UMAT-

predicted critical-plane lives for MarBN, at a range of loading conditions and 

temperatures, compared to the experimental data presented in Chapter 3. The results are 

typically within ±15% of the experimentally measured cycles to failure (i.e. as a result 

of a 20% drop in load after the first 150 cycles of testing). 

 

Figure 6.15 Damage evolution in MarBN for (a) a single-element uniaxial model and 

(b) an axisymmetric 2D model with an inclusion at the centre. 



Chapter 6. Continuum Damage Mechanics for High-Temperature Low-Cycle Fatigue of Voids and 

Inclusions 

170 

 

Figure 6.16 Predicted reversals to failure versus experimental data for MarBN at 600 °C 

and 650 °C under uniaxial cyclic loading. 

In order to investigate the micro-scale effects of inclusions on damage and cracking, the 

coupled Ostergren life prediction and damage UMAT is applied to micro-scale models 

of single and multiple inclusions in a MarBN matrix. The model presented in Figure 6.3 

is again adapted with frictionless, hard contact defined between the matrix and 

inclusion. As above, to accurately model decohesion, separation between the inclusion 

and matrix is allowed after contact. The models are run for 200 cycles, based on the 

limited numbers of cycles to fatigue crack initiation identified using the uncoupled 

method (Figure 6.11). 

Figure 6.17 shows the predicted effect of strain-range on the MPS distribution after 200 

cycles around the single inclusion at 650 °C, and similar results were obtained at 600 

°C. Strain accumulation is predicted to occur at different rates in the region of the 

inclusion, depending on the applied strain-range. In Figure 6.18, the degree of 

decohesion is shown to increase with increasing strain-range for the same loading 

conditions as Figure 6.17. 

In Figure 6.19, the cyclic evolution of damage is presented for an applied strain-range of 

±0.5%. Figure 6.20 shows a comparison of (i) predicted cycles to crack initiation around 

the inclusion, and (ii) measured cycles to specimen failure. This is an attempt to 

quantify crack initiation life vis-à-vis measured total life. 
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Figure 6.17 Maximum principal strain contour plots for MarBN at 650 °C, N = 200,   = 

0.1 %/s, and   = (a) ± 0.3%, (b) ± 0.4% and (c) ± 0.5%. The inset images show the 

stress-strain evolutions in the direction of loading at the MPS location.  



Chapter 6. Continuum Damage Mechanics for High-Temperature Low-Cycle Fatigue of Voids and 

Inclusions 

172 

 

Figure 6.18 Comparison of the level of decohesion for MarBN across a range of strain-

ranges at 650 °C,   = 0.1 %/s and N = 200. 

 

Figure 6.19 Contour plots of damage evolution with increasing cycles for MarBN at 650 

°C, (  = 0.1 %/s,   = ± 0.5%, and N = 200). 

 

Figure 6.20 Comparison of model predicted cycles to fatigue crack initiation at an 

inclusion, compared to bulk experimental failure for various applied strain-ranges. 
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6.4 Uncoupled and Coupled Comparison 

The two methods of computing fatigue damage, as described in Section 6.2 and Section 

6.3, are compared in terms of MPS and von Mises stress distributions for a single 

inclusion case (  = 0.1 %/s,   = ± 0.5% and T = 600 °C). Figure 6.21 indicates a 

more localised effect of inclusions, in terms of von Mises stress distribution, when 

damage is coupled. In Figure 6.22, the SNCF without damage is ~9.9 and this increases 

to ~10.7 in the coupled model, indicating a further increased rate of strain accumulation 

due to damage. 

Figure 6.23 compares the stress and strain evolution for the models in Figure 6.22 at the 

location of MPS. A difference between the coupled and uncoupled methods of ~14% for 

maximum stress and ~1.5% for maximum strain occurs at 700 cycles. Figure 6.24 

compares the predicted cycles to crack initiation using the coupled and uncoupled 

methods, as well as a comparison to experimental data. The number of cycles to 

experimental macroscale crack initiation corresponds to the transition from primary to 

secondary softening, as defined by Li et al. [209] for P91 steel at 600 °C, for micro-

crack nucleation and coalescence. The coupled method predicts ~58 reversals to crack 

initiation, compared to the ~176 reversals predicted by the uncoupled method: a 

difference of ~67%, indicating the importance of including damage in computational 

models to more realistically predict the constitutive behaviour of the material, 

particularly in the region of manufacturing defects.  

 

Figure 6.21 von Mises stress (MPa) for a single 30 µm inclusion model (a) without 

damage and (b) with damage. 



Chapter 6. Continuum Damage Mechanics for High-Temperature Low-Cycle Fatigue of Voids and 

Inclusions 

174 

 

Figure 6.22 Maximum in-plane principal strain for a single 30 µm inclusion model (a) 

without damage and (b) with damage. 

 

Figure 6.23 Comparison of the coupled and uncoupled methods in terms of maximum 

stress and strain evolution per cycle, in the direction of loading, at the location of MPS. 
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Figure 6.24 Model predicted number of cycles to crack initiation using the coupled and 

uncoupled methodologies (   = 0.1 %/s,   = ± 0.5% and T = 600 °C), with 

comparison to experimental data (  = 0.03 and 0.01 %/s). 

6.5 2D Modelling of Multiple Inclusions 

Figure 6.25(a) shows a scanning electron microscope (SEM) image of secondary 

cracking along the gauge length of a cast MarBN sample tested under HTLCF loading, 

highlighting in particular the presence of specific inclusions (I1, I2 and I3). In order to 

develop a greater understanding of the interaction between inclusions, a 2D plane strain 

model of the three inclusions in a metal matrix has been developed, as shown in Figure 

6.25(b). The modelling methodology is otherwise the same as that of Section 6.3 for a 

single inclusion. Simulations are conducted for temperatures of 600 °C and 650 °C, and 

at   = 0.1 %/s,   = ± 0.5%. Based on the small numbers of cycles predicted for 

fatigue crack initiation around a single inclusion, as per previous sections, the model 

was run for 40 cycles. Inclusions are assumed to be circular and the influence of out-of-

plane inclusions, that may affect the cracking behaviour, is neglected. 3D modelling of 

manufacturing defects will be performed in Chapter 7 to further investigate this effect. 

A combination of three and four node plane strain elements (CPE3 and CPE4) are used 

and mesh refinement is conducted in the region of the inclusions.  
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Figure 6.25 (a) SEM image of secondary cracking as a result of inclusions in a post-

fatigue test MarBN sample and (b) corresponding 2D Abaqus model. 

Figure 6.26 presents the predicted distributions of von Mises stress, MPS and damage at 

40 cycles, focussing on the inclusions. Stress and strain concentrations can be seen 

around each inclusion, with a stress concentration factor (SCF) of approximately 2 and 

a SNCF of approximately 10, in relation to the maximum value of stress and strain in 

the unaffected matrix material (i.e. away from inclusions). This is shown to lead to an 

increase in damage in the region of inclusions, as well as interaction between inclusions 

I1 and I2.  
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Figure 6.26 (a) von Mises stress (MPa), (b) maximum principal strain and (c) damage 

distribution around the inclusions in MarBN at 600 °C (left) and 650 °C (right) after 40 

cycles (  = 0.1 %/s and   = ± 0.5%). 

Figure 6.27 examines the effect of zero strain, compression and tension, in terms of the 

MPS distribution and decohesion of the inclusion from the matrix, around inclusion I1 at 

600 °C and 650 °C after 40 cycles. 
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Figure 6.27 Maximum principal strain distribution around inclusion I1 at 600 °C (left) 

and 650 °C (right) under (a) zero strain, (b) compression and (c) tension loading at N = 

40. 

6.6 Discussion 

6.6.1 General 

Chapter 3 and Chapter 4 identified manufacturing defects as key contributors to fatigue 

crack initiation and propagation, in terms of both location and geometry. Two 

modelling methodologies (coupled and uncoupled) have been presented in this chapter 

to quantify the effect of voids and inclusions in MarBN, based on localised stress and 

strain distributions, damage and cycles to fatigue crack initiation. 

 

6.6.2 Uncoupled Methodology 

From the contour plots presented in Figure 6.4 to Figure 6.7, multiaxial strain 

distributions are shown to occur around the defect, and strain redistribution occurs for 

the larger void and inclusion sizes with increasing cycles. Matrix deformation around a 

void, due to strain accumulation and material softening, is observed at later stages, 

whereas the presence of a fully bonded inclusion impedes deformation and produces 
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increased localised stresses and strains, compared to a void. The accumulation of such 

large strains in this region (SNCF up to ≈ 10 in Figure 6.8), as a result of strain 

accumulation, will inevitably lead to crack initiation and propagation.  

Ratchetting, as a result of a non-zero mean stress, both at the interface and in the 

surrounding area, is shown to be highly complex for a void, varying from compressive 

to tensile as redistribution of the MPS location occurs, and is further complicated due to 

large cyclic softening of the 9Cr steel. Lower stress rates and combined creep-fatigue 

loading, more typical of plant conditions, have been found to increase the non-zero 

mean stress and ratchetting rate [210,211]. It should be noted that the Armstrong-

Frederick model has been found previously to over-predict ratchetting 

[86,192,212,213], and future work may investigate the use of alternative kinematic 

hardening models, such as Ohno and Wang [214] for uniaxial and multiaxial 

applications. Nevertheless, the occurrence of localised ratchetting is further motivation 

to reduce the size and distribution of inhomogeneties in plant components. MarBN is a 

strain-rate dependent material at high temperature [9]; however, in terms of notched 

specimens, variation of stress triaxiality (Figure 6.9) was found to have the greatest 

influence on fracture strain, with negligible observed dependency on strain-rate, as 

observed experimentally for a broader range of strain-rates than those examined here 

[196,215–217].  

Decohesion of inclusions near the gauge length is commonly observed experimentally 

in MarBN samples as a result of HTLCF testing (Chapter 3); therefore, modelling of 

inclusions, both with and without decohesion, is performed to understand the influence 

of this phenomena. For thick section components in plant, where inclusions are assumed 

to be more isolated from the surface, a fully bonded model is a better representation; 

whereas inclusions in thin-walled components (closer to the surface) are more likely to 

experience decohesion. Figure 6.10 presents results for the debonded case, and 

behaviour more similar to a void is predicted in terms of the MPS distribution. 

However, stresses and strain are elevated (compared to a void) and somewhat decreased 

compared to a fully bonded inclusion, as softening of the matrix material leads to 

reduced contact between the matrix and inclusion during fatigue loading, similar to the 

predicted void deformation. 

The results shown here clearly indicate significant localised cyclic plasticity and 

ratchetting phenomena due to voids and inclusions in MarBN in all cases. In order to 
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estimate the effects of these phenomena on crack initiation, ratchetting and Coffin-

Manson LCF cycles to crack initiation have been estimated for the void and inclusion 

models (Figure 6.11). The present models predict a dominant cyclic plasticity effect, 

despite the significant ratchetting and strain accumulation. The LCF void and inclusion 

crack initiation lives are ~19% and ~12%, respectively, of measured total life. Note that 

total experimental life, 
exp
fN , for the present cyclic softening material, is defined as a 

20% load drop from the end of primary softening [9]. Ratchetting further reduces local 

cycles to crack initiation by ~1% to 2% for voids and inclusions. The effects of 

ratchetting, stress triaxiality and multiaxial failure strain, in conjunction with void or 

inclusion diameter, distribution and loading indicate the complexity of this problem and 

resulting effect on fatigue life. Therefore, the reduction and elimination of 

manufacturing defects is a priority for increased resistance to fatigue crack initiation of 

power plant materials and components.  

 

6.6.3 Coupled Methodology 

To describe the continually evolving response of advanced materials at high 

temperature, a unified cyclic viscoplastic model has been modified to include damage 

and Ostergren multi-axial life prediction, as per Section 6.3. The hyperbolic sine flow 

rule allows the strain-rate effect at high temperature to be predicted from a single set of 

material parameters (Figure 6.14), as well as providing the ability to extrapolate to more 

common plant loading conditions. The damage model does not require a damage 

initiation threshold, as implemented in alternative models [218,219] and the material 

parameters required to predict cycles to failure and damage can be identified from the 

existing test data for calibration and validation of the cyclic viscoplastic material 

parameters. This model has been shown to accurately predict the uniaxial fatigue life of 

MarBN at 600 °C and 650 °C, generally within ±15% (Figure 6.16).  

The ability to accurately model inclusions provides a greater understanding of what 

causes crack initiation and failure around these discontinuities. Figure 6.17 depicts the 

predicted MPS distribution around a single inclusion at the centre of a MarBN matrix, 

across different applied strain-ranges at 200 cycles. Substantial strain accumulation and 

redistribution is predicted to occur as the strain-range is increased. A strain 

concentration factor, defined here as the ratio of maximum local plastic strain-range to 

nominal applied strain-range, is approximately 2.5 in all cases after 200 cycles. The 
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evolution of damage (up to 200 cycles) is examined in Figure 6.19, and is predicted to 

initiate at the root of the inclusion-matrix interface and propagate perpendicular to the 

primary loading direction. A number of factors influence the complex distribution of 

damage around the inclusion, namely (i) the distribution and accumulation of strain, 

varying during tension and compression loading, (ii) shear band formation, (iii) cyclic 

softening and (iv) decohesion. Similar results are predicted at lower strain-ranges, but 

the area over which damage occurs is reduced. Cracking is predicted to occur in less 

than 150 reversals in all cases (Figure 6.20), with little difference in the predicted 

behaviour of the material at 600 °C and 650 °C; the main difference is a reduced 

maximum stress and an increase in plastic strain at higher temperatures, ultimately 

resulting in similar predictions for cycles to crack initiation. 

A comparison of both the coupled and uncoupled life prediction methodologies (Figure 

6.21 and Figure 6.22) indicate similar strain distributions in the region surrounding the 

inclusion, with a more localised stress concentration as a result of coupled damage. An 

increase in maximum strain occurs when damage and life prediction are included, in 

conjunction with greater stress degradation with cycles (Figure 6.23). As a result, the 

predicted number of cycles to crack initiation using the coupled method is reduced 

compared to the uncoupled method (Figure 6.24), and indicates the importance of not 

only a realistic constitutive model, but also the capability to predict damage 

accumulation and crack initiation in a continually evolving multi-axial model, where all 

stress and strain components are accounted for. 

 

6.6.4 Multi-Inclusion Modelling 

Extensive secondary cracking (greater than 0.5 mm) is observed in a post-HTLCF test 

MarBN sample around multiple inclusions (Figure 6.25(a)), as a result of static fracture 

at room temperature. Although SEM only provides a 2D slice of the sample, it is a 

valuable tool in understanding the influence of such discontinuities in the absence of 3D 

analysis methods. 2D material modelling of a similar geometry (Figure 6.25(b)) is 

performed to provide a greater insight into the influence of multiple inclusions, 

clustering and location. The high stress and strain concentrations (Figure 6.26(a) and 

Figure 6.26(b)) around each of the inclusions result in significant damage accumulation 

within 40 cycles (Figure 6.26(c)). In Figure 6.26(a) and Figure 6.26(c), a connection 

between inclusions I1 and I2 is predicted in terms of stress and damage distribution, 
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similar to the cracking observed experimentally. The close proximity of I1 to I2 leads to 

a further increase in stress and strain concentrations in this region at 600 °C. The 

stresses are reduced in the model at 650 °C, but the strains are further increased due to a 

higher rate of ratchetting, resulting in a similar damage distribution that both propagates 

towards the surface and predicts a link between inclusions I1 and I2. Experimentally, 

significantly longer crack propagation is observed around inclusion I3 after nearly 850 

cycles. This may be due to the complex shape of the inclusion and interaction between 

out-of-plane inclusions in the matrix, indicating the significance of shape on crack 

behaviour. This will be investigated in greater detail in Chapter 7. 

The effect of different loading cases on inclusion I1 (Figure 6.27) predicts that, under 

zero strain and after 40 cycles, decohesion of the matrix perpendicular to the primary 

loading direction will produce strain accumulation and redistribution. Although, 

quantitatively, similar predicted concentrations are observed for compression and 

tension loading (Figure 6.27(b) and Figure 6.27(c)), the levels of strain and decohesion 

are significantly greater under tension, slightly more so at 650 °C, as the material 

becomes more ductile. Irregular deformation of the surrounding MarBN material is 

observed, particularly in tension (Figure 6.27(c)), highlighting the influence of defect 

location on material deformation and void growth. The predicted levels of strain 

accumulation are substantially higher than for the single inclusion case, exceeding the 

experimentally measured uniaxial failure strain (18%) in all cases after 40 cycles, 

indicating the effects of location and clustering of inclusions in a matrix. This also leads 

to increased void formation and reduced effective matrix area capable of withstanding 

damage, and indicates the detrimental interaction effects of a limited number of 

inclusions, with dimensions even as small as 20 µm.  

6.7 Conclusions 

The key conclusions of this chapter are as follows: 

 Application of a unified cyclic viscoplastic UMAT to void and inclusion 

geometries in a MarBN matrix, under HTLCF loading, predicts (i) large cyclic 

strain accumulation due to ratchetting at voids and inclusions (SNCF ≈ 10), (ii) 

significant and cyclically-evolving strain localisation in the region of defects 

(regardless of size), and (iii) high localised triaxiality ratios, particularly at 

inclusion-matrix interfaces, leading to reduced local material ductility.  
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 Development of a multi-axial fatigue life and damage accumulation model, in 

conjunction with a unified cyclic viscoplastic UMAT, allowing combined 

simulation of cyclic softening (due to microstructural degradation) and fatigue 

damage accumulation based on the current material response in that cycle.  

 The presence of manufacturing defects is predicted to have a detrimental effect 

on cycles to crack initiation (less than 10% of total life). Size is not predicted to 

significantly affect initiation life; the key effect is the presence of voids or 

inclusions. 
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7 FATIGUE DAMAGE 

MODELLING OF 

MANUFACTURING DEFECTS 

IDENTIFIED VIA µCT 

SCANNING  

7.1 Introduction 

This chapter uses the cast and forged manufacturing defects, identified by micro-

computed tomography (µCT) scanning (Chapter 4), and the Ostergren critical-plane 

fatigue damage user-material (UMAT) subroutine (Chapter 6), to predict crack initiation 

of MarBN high temperature low cycle fatigue (HTLCF) samples and realistic 

component geometries. The UMAT is extended for 3D applications here, and voxel 

representations of manufacturing defects allow high quality mesh generation, based on 

experimentally identified defect geometry and volume fraction.  

7.2 Model Development 

7.2.1 Introduction  

Modelling of the experimentally identified defect distribution is impractical due to the 

significant meshing difficulties associated with multiple complex geometries, as well as 

the resulting mesh density necessary to accurately capture the geometry. As a result, 
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two methodologies have been developed here to create representative voxel models of 

cast and forged manufacturing induced defects in (i) HTLCF samples, tested at NUI 

Galway, and (ii) a valve chest sub-section (a typical plant component for cast 

martensitic steel). The volume fraction of manufacturing defects in the as-received 

material has been identified, via reconstruction of 3D X-ray µCT scanned HTLCF 

samples, as 0.03% and 0.002% for cast and forged MarBN, respectively.  

 

7.2.2 Voxel-Type Defect Model Development 

Figure 7.1 describes the process used for 3D model development of the cast and forged 

HTLCF gauge length models, whereby, in Abaqus, an STL of the largest defects (as per 

Figure 4.13(c)) is overlaid on a solid model of the HTLCF gauge length. Hexahedral 

meshing of the solid cylinder, to an element size of 40 µm (due to computational 

limitations) is performed and an input file is generated. A MATLAB code, 

implementing the nearest neighbour algorithm, has been written to identify overlapping 

regions between the solid cylinder model and defects. This data is written to an input 

file, in the form of voxel-type defects, and converted to an STL. In Autodesk Netfabb, 

Boolean subtraction of the voxel-type defects from the cylinder is performed. In 

NetGen, the cylinder (containing defects) is re-meshed to reduce the number of 

elements in regions away from the defects. Finally, material properties, loading and 

boundary conditions are applied in Abaqus. Material properties identified for MarBN at 

600 °C (Chapter 5) are applied, as per the loading conditions applied to µCT scanned 

samples. 

To model manufacturing defects in a sub-section model of a valve chest, as described in 

Figure 7.2, a Python script has been developed. This allows random distribution of 

unique manufacturing defects (as identified from 3D X-ray µCT scanning and modelled 

in the HTLCF geometries) throughout the solid model (in the Assembly module of 

Abaqus), based on a given volume fraction. Each translated instance is assigned a 

translation vector; however, this is not applied to the node data in the input file. 

Therefore, a MATLAB model to apply this translation to each node has been developed 

and applied here. The nearest neighbour analysis and following steps are then 

performed, as per Figure 7.1. The material properties for MarBN at 650 °C are applied 

to the valve chest sub-section (Chapter 6) to represent the maximum ultra-supercritical 

(USC) temperatures the component would experience. Although inclusions were found 

to further increase factors such as strain concentration factor (SNCF) (Figure 6.9(b)) 
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and triaxiality ratio (Figure 6.10(b)) compared to voids, in this chapter, all 

manufacturing defects (including inclusions) are treated as voids due to the difficulties 

associated with modelling inclusion-matrix contact in Abaqus (Standard). Such issues 

include, for example, overclosure and penetration of nodes due to dissimilar meshes, 

inaccurate application of force and non-convergence, and increased mesh density and 

iterations, leading to longer analysis time [220]. 

 

Figure 7.1 Flowchart for development of HTLCF geometry and valve chest sub-section 

Abaqus models, based on manufacturing defects identified via 3D X-ray µCT scanning. 

 

Figure 7.2 Flowchart for random distribution of defects in the Assembly module of 

Abaqus, and translation of each instance to create a part in Abaqus. 
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Figure 7.3 describes the boundary conditions applied to the cast and forged HTLCF 

models. In Figure 7.4, a comparison of the defects overlaid on the solid geometries can 

be seen, and the resulting refined mesh, with voxel-type defects for the cast (Figure 

7.4(a)) and forged (Figure 7.4(b)) models. A defect-free model of the same geometry is 

also simulated for comparison. 

 

Figure 7.3 Boundary conditions applied to the HTLCF geometry for cyclic loading. 

 

Figure 7.4 Experimentally-identified manufacturing defects overlaid on the solid model 

(left) and refined mesh with voxel-type defects (right) for (a) cast and (b) forged 

MarBN. 

An image of a valve chest is shown in Figure 7.5(a), with the corresponding Abaqus 

model and 0.1° sub-section, highlighted in Figure 7.5(b). The loading and boundary 

conditions, as part of a cylindrical coordinate system, are described in Figure 7.5(c). In 
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Figure 7.6, defects (cast and forged) identified via 3D X-ray µCT scanning are 

randomly distributed throughout the sub-section (using a Python script), and compared 

to the voxel-type model. The forged defects are modelled in the direction of forging 

(Figure 7.6(b)), as well as rotated at 90° (Figure 7.6(c)) to investigate the influence of 

defect orientation in relation to cyclic loading. Once again, a defect-free model was 

simulated for comparison. Table 7.1 summarises the various models presented in this 

chapter, based on defect type, and the volume fraction of defects as a result of the voxel-

type modelling methodology. In all cases, the volume fraction of defects is increased, in 

respect to the experimentally identified values for cast and forged MarBN, due to 

element size. However, they are in line with those identified by Hardin et al. [128] for 

cast steel (up to 0.587%), using radiographic analysis.  

 

Figure 7.5 (a) Valve chest (pre-machining) [221], (b) Abaqus model with 0.1° sub-

section highlighted (red box), and (c) sub-section dimensions, loading and boundary 

conditions. 
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Figure 7.6 Sub-section model of the valve chest showing defects overlaid on the solid 

geometry and the resulting voxel representative mesh for (a) cast, (b) forged and (c) 

forged (90°) defects. 

Table 7.1 Summary of the models presented in this chapter, the corresponding defect 

type and volume fraction of defects. 

Model Defect Type Vf (%) 

HTLCF 

Defect-Free 0 

Cast 0.069 

Forged 0.026 

Valve Chest 

Defect-Free 0 

Cast 0.345 

Forged 0.047 

Forged (90°) 0.047 
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7.2.3 Mesh Refinement 

The methodology described in the previous section allows for significant reduction in 

the number of elements in each model. Four-node tetrahedral elements (C3D4) are used 

in all cases, and the number of elements in each model (before and after refinement) is 

presented in Table 7.2, based on an original hexahedral element size of 40 µm. Further 

refinement of the original mesh (i.e. below 40 µm), to increase the geometric accuracy 

of the voxel-type defects, would result in even greater mesh densities than those 

presented here (~8.8 million and 1.2 million for the HTLCF geometry and valve chest 

sub-section, respectively). Such mesh sizes are unrealistic for simulation of cyclic 

loading of components, particularly in conjunction with a cyclic viscoplastic UMAT. 

Therefore, the ability refine the mesh, by over 90% in all cases, to generate both test 

samples and component geometries containing experimentally identified defects, is of 

great benefit for a broad range of applications. Mesh refinement (and bias towards 

defects) is performed using NetGen, and verification of mesh quality (warning and error 

free) is performed in Abaqus, based on standard shape factor and aspect ratio values. 

Table 7.2 Number of elements in each original model (40 µm element size) and the 

refined model. 

Model Defect Type Original Mesh Refined Mesh Reduction (%) 

HTLCF 
Cast 

8,780,800 
515,456 94.1 

Forged 201,422 97.7 

Valve Chest 

Cast 

1,200,000 

100,195 91.7 

Forged 72,826 93.9 

Forged (90°) 71,336 94.1 

7.3 Results 

7.3.1 High Temperature Low Cycle Fatigue Geometry 

Due to the difficulties associated with viewing internal features using contour plots in 

Abaqus, the use of iso-surface plots, which produce a three-dimensional representation 

of a surface of constant value points, have instead been employed in this chapter to 

better describe the localised effect of manufacturing defects.  

Figure 7.7 presents iso-surface plots of von Mises stress, concentrated at manufacturing 

defects in the cast and forged samples. von Mises Stress is increased by ~49% and 
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~46% in the cast and forged models, respectively, compared to the defect-free model 

after two cycles. In Figure 7.8, iso-surface plots of maximum principal strain, localised 

in the region of cast and forged defects, is presented after two cycles. The SNCF for 

maximum principal strain is ~11 and ~3 for the cast and forged models. In terms of both 

stress and strain, the area of iso-surfaces in the region of casting defects are shown to be 

more widespread than in the forged model, increasing the likelihood of crack initiation 

due to casting defects. Propagation of the stress and strain iso-surfaces across ligaments 

between defects is also observed, when closely located.  

In Figure 7.9, iso-surface plots of localised damage at cast and forged manufacturing 

defects is presented, after two cycles. The predicted maximum value of damage in the 

cast model (~0.27) is four orders of magnitude higher than that of the forged 

(~0.00009). Damage is predicted to propagate across the ligaments between defects, 

similar to the stress and strain iso-surface plots.  

Figure 7.10 compares iso-surface plots of cycles to crack initiation in the cast and 

forged models, with plot limits applied from zero to 100 cycles. Once again, the effect 

of cast manufacturing defects is predicted to be significantly worse in terms of 

component degradation. Crack initiation is predicted to occur at every casting defect 

after the second cycle. In contrast, minor cracking is predicted to occur in the forged 

sample at only two of the defects (one located at the surface), after twenty-two cycles.  
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Figure 7.7 Iso-surface plot of von Mises stress (MPa) in (a) cast and (b) forged MarBN 

at 600 °C,   = 0.1 %/s,   = ±0.5% and N = 2. 
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Figure 7.8 Iso-surface plot of maximum principal strain in (a) cast and (b) forged 

MarBN at 600 °C,   = 0.1 %/s,   = ±0.5% and N = 2. 
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Figure 7.9 Iso-surface plot of damage in (a) cast and (b) forged MarBN at 600 °C,  = 

0.1 %/s,  = ±0.5% and N = 2. 
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Figure 7.10 Iso-surface plot of cycles to crack initiation (limited from N = 0 to 100) in 

(a) cast and (b) forged MarBN at 600 °C,  = 0.1 %/s,  = ±0.5% and N = 2. 

Figure 7.11 is a symbol plot (i.e. magnitude and direction of vector or tensor variables 

at the integration point) of the maximum, intermediate and minimum principal stress 

and strain for the cast and forged MarBN models. The relative size of each arrow 

represents the magnitude of the result, and the direction relates to the global direction. 

Arrowheads pointing out indicate tensile loading, and the opposite occurs for 

compression. Manufacturing defects are shown to promote complex localised tensile 

and compressive out-of-plane loading.  

Figure 7.12 compares the macroscale reaction force versus displacement, and stress 

versus strain, for the defect-free, cast and forged models during the initial cycle, with 

almost identical results in all cases. The predicted stress-strain response (Figure 7.12(b)) 
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of each model is in agreement with the experimental data for Cast_02 (which underwent 

µCT scanning) also. 

 

Figure 7.11 Symbol plot of maximum, intermediate and minimum principal strain in (a) 

cast and (b) forged MarBN at 600 °C,   = 0.1 %/s,   = ±0.5% and N = 2. 

 

Figure 7.12 (a) Reaction force versus displacement and (b) stress versus strain, for the 

defect-free, cast and forged HTLCF models, with comparison to experimental data for 

Cast_02, at 600 °C,  = 0.1 %/s,  = ±0.5% and N = 1. 

However, in terms of the localised effect of defects, as presented in Figure 7.13, the 

stress-strain behaviour (taken at the location of maximum principal strain, one of the 

key areas for crack initiation) is significantly more complex for both the cast and forged 

models. A stress concentration factor (SCF) of ~6 and ~2, and a SNCF of ~10 and ~4 

are identified for the cast and forged samples, respectively. Ratchetting is clearly 

observed in both samples in the shear y-z direction also. In Table 7.3, a summary of 

predicted cycles to crack initiation is presented for each model. 
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Figure 7.13 Stress versus strain in various loading directions at the location of 

maximum principal strain in the (a – c) cast and (d – f) forged MarBN models at 600 

°C,   = 0.1 %/s,   = ±0.5% and up to N = 2. 

 Table 7.3 Cycles to crack initiation for each HTLCF gauge length model, with 

corresponding volume fraction of defects. 

Model Vf (%) Ni 

Defect-Free 0 680 

Cast 0.069 2 

Forged 0.026 23 
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7.3.2 Valve Chest Sub-Section 

In Figure 7.14 and Figure 7.15, iso-surface plots of the von Mises stress and maximum 

principal strain are presented for the cast, forged and forged (90°) samples, with a 

comparison to the defect-free model, after ten cycles. Overall, manufacturing defects are 

shown to increase the maximum stress and strain in the component, compared to a 

defect-free model. The greatest increase in von Mises stress occurs in the cast model 

(SCF ≈ 52%), followed by forged (90°) (~46%) and forged (~40%). In terms of 

maximum strain, the cast sample again has the highest level of strain in relation to the 

solid model (SNCF ≈ 5.7 times), then the forged (SNCF ≈ 3.5 times) and forged (90°) 

(SNCF ≈ 2.8 times).  

Figure 7.16 shows iso-surface plots of localised damage at cast, forged and forged (90°) 

manufacturing defects after ten cycles, with the same maximum and minimum plot 

limits applied. As with the HTLCF geometry, the cast valve chest sub-section contains 

the highest level of damage, and as a result, leads to earlier and greater numbers of 

predicted crack initiation sites than the forged models. Figure 7.17 shows cycles to 

crack initiation for the cast, forged and forged (90°) models, highlighting the regions 

around manufacturing defects. The cast sample is predicted to have a broader region of 

cracking than that of either forged model.  

In Figure 7.18, symbol plots of the predicted maximum, intermediate and minimum 

principal stress in the defect-free, cast, forged and forged (90°) MarBN models in a 

tensile state are presented. Once again, manufacturing defects are shown to cause 

complex localised stress and strain behaviour. 
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Figure 7.14 Iso-surface plot of von Mises stress (MPa) in the (a) defect-free, (b) cast, (c) 

forged and (d) forged (90°) MarBN model at 650 °C,   = 0.1 %/s,   = ±0.5% and N 

= 10. 
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Figure 7.15 Iso-surface plot of maximum principal strain in the (a) defect-free, (b) cast, 

(c) forged and (d) forged (90°) MarBN model at 650 °C,   = 0.1 %/s,   = ±0.5% and 

N = 10. 
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Figure 7.16 Iso-surface plot of damage in (a) cast, (b) forged and (c) forged (90°) 

MarBN at 650 °C,  = 0.1 %/s,  = ±0.5% and N = 10. 

 

Figure 7.17 Iso-surface plot of cycles to crack initiation (limited from N = 0 to 1,000) in 

(a) cast, (b) forged and (c) forged (90°) MarBN at 650 °C,  = 0.1 %/s,  = ±0.5% 

and N = 10. 
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Figure 7.18 Symbol plots of maximum, intermediate and minimum principal strain in 

the (a) defect-free, (b) cast, (c) forged and (d) forged (90°) MarBN model at 650 °C,   

= 0.1 %/s,   = ±0.5% and N = 10. 

Figure 7.19 depict macroscale stress versus strain for the defect-free, cast, forged and 

forged (90°) models, with identical behaviour in all cases. Plots of the localised stress-

strain evolution are then presented (Figure 7.20 and Figure 7.21), at the location of 

maximum principal strain, in the cast, forged and forged (90°) models. Ratchetting is 

predicted in all models after ten cycles, particularly in the cast model. In Table 7.4, a 

summary of the number of cycles to crack initiation for each model is presented.  

 

Figure 7.19 Stress versus strain for the cast, forged and forged (90°) valve chest MarBN 

models at 650 °C,   = 0.1 %/s,   = ±0.5% and N = 1. 
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Figure 7.20 (a, b, c, d) Stress versus strain in various loading directions at the location 

of maximum principal strain in the cast MarBN model at 650 °C,   = 0.1 %/s,   = 

±0.5% and up to N = 10. 

 

Figure 7.21 Stress versus strain in various loading directions at the location of 

maximum principal strain in the (a – c) forged and (d – f) forged (90°) MarBN models 

at 650 °C,   = 0.1 %/s,   = ±0.5% and up to N = 10. 
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Table 7.4 Cycles to crack initiation for each valve chest sub-section model, with 

corresponding volume fraction of defects. 

Defect Type Vf (%) Ni 

Defect-Free 0 3,750 

Cast 0.345 10 

Forged 0.047 333 

Forged (90°) 0.047 833 

7.4 Discussion 

7.4.1 Introduction  

As was determined experimentally, the forged HTLCF life is approximately double that 

of the cast, despite very similar stress and plastic strain evolution, preceding sample 

failure (Figure 3.25). 3D X-ray µCT scanning was performed on cast and forged 

MarBN samples, before and after testing, to better understand the differences in the 

HTLCF performance of the materials (Figure 4.4 and Figure 4.9). In this chapter, 

advanced material modelling of complex manufacturing defects, identified as a result of 

3D X-ray µCT scanning, in a HTLCF gauge length and valve chest sub-section model 

has been performed for MarBN at high temperature, in conjunction with an Ostergren 

critical-plane fatigue damage UMAT, for prediction of cycles to crack initiation and 

damage, to better understand the influence of complex (cast) and stringer-type (forged) 

defects under high temperature cyclic loading.  

 

7.4.2 Methodology  

Many attempts have been made to model manufacturing induced defects, using both 

mathematical and computational methods, with and without the use of computed 

tomography [129,133,222–226]. The key novelty of this chapter is the explicit 

modelling of manufacturing induced defects identified via 3D X-ray µCT scanning, and, 

in particular, investigation of the influence of defect geometry and resulting crack 

initiation and damage behaviour, based on two manufacturing methods i.e. casting and 

forging. A methodology has been developed to allow computational modelling of 

complex defect shapes and distributions, and has contributed to further understanding 
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the microscale mechanisms of degradation associated with the different types of cast 

and forged manufacturing defects.  

A Python script was developed to generate random distributions of complex and unique 

defects throughout a plant component, based on a desired volume fraction; a key benefit 

is that 3D X-ray µCT scanning of each component is not required, particularly in the 

case of plant components, where scanning of the full part is unrealistic for such 

applications. Further initial mesh refinement, below 40 µm, in conjunction with 

increased computing power, would allow the topology of individual defects to be more 

accurately captured also. Nevertheless, the use of this methodology to create 

representative voxel-mesh geometries results in high quality mesh generation for 

analysis of complex components (i.e. without problems of poor element quality or 

element distortion). For example, this method could be extended to a superheater tube 

under oxidation or corrosion conditions [54], or a plant header under complex thermo-

mechanical fatigue loading [227]. 

 

7.4.3 High Temperature Low Cycle Fatigue Sample Modelling 

The role of spherical manufacturing defects in crack initiation was presented in Chapter 

6 for MarBN at 600 °C and 650 °C. There are many benefits associated with 2D and 2D 

axisymmetric modelling, particularly due to reduced computational requirements; 

however, the out-of-plane loading occurring in the models presented in this chapter, for 

multiple complex defects distributed throughout a component (e.g. Figure 7.13), 

highlights the importance of 3D modelling in understanding microscale deformation 

mechanisms.  

Significant localised stress and strain is predicted to occur in the region of all defects, 

particularly due to the increased complexity of defects in the cast sample (Figure 7.7 

and Figure 7.8), resulting in ratchetting from the initial loading cycle. Similar strain 

concentrations to the cast model were predicted for a 30 µm spherical inclusion in an 

axisymmetric matrix in Figure 6.11 after 715 cycles; this highlights the significant 

effect of complex shaped geometries on the localised deformation of the matrix material 

in the initial loading cycles. Furthermore, calculation of the number of cycles to crack 

initiation is based on the full range of stress and strain-range components (whereas out-

of-plane components would not be accounted for in 2D or 2D axisymmetric models), 
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and further contributes to more representative prediction of crack initiation and damage 

accumulation at defects under cyclic loading. 

The cast material is predicted to crack significantly earlier (two cycles versus twenty-

two) and more frequently than the forged model, with cracking predicted to occur at all 

casting defects within 100 cycles. In contrast, the majority of cracking in the forged 

model is limited to a single defect located at the surface. This highlights key 

information in relation to the importance of both defect shape and location. 

 

7.4.4 Valve Chest Sub-Section Modelling 

Complex distributions of stress and strain are again predicted to occur at defects in the 

valve chest models. The greatest increase in maximum stress and strain is predicted in 

the cast model, in relation to the defect-free model (Figure 7.14 and Figure 7.15). In the 

forged model, where defects are orientated at 90°, the maximum stress is increased 

compared to those aligned in the direction of forging; however, maximum strain is 

reduced by ~20%. This indicates the complex behaviour associated with even stringer-

type defects and the effect orientation can have on the localised stress and strain 

behaviour. Similar stress-strain behaviour occurs for each forged sample (Figure 7.21), 

but increased levels of ratchetting are predicted in the cast sample across a range of 

loading directions (Figure 7.20). As a result, crack initiation in the cast model occurs at 

significantly earlier stages of loading compared to the forged model and, furthermore, 

the forged model with defects rotated at 90°. In terms of plant components, even for 

geometries as large as a valve chest, manufacturing defects less than 1 mm are found to 

have a significant micro-scale effect, particularly when located near the surface.  

7.5 Conclusions 

The key conclusions of this chapter are: 

 A methodology has been successfully developed for 3D computational 

modelling of manufacturing defects, identified via 3D X-ray µCT scanning. This 

work represents a significant step towards realistic fatigue damage modelling of 

the non-uniform distribution of manufacturing-induced defects, in conjunction 

with a cyclic viscoplastic model (incorporating isotropic and kinematic 

hardening), and Ostergren life prediction of cycles to crack initiation and 

associated damage accumulation.  
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 The presence of manufacturing defects, including interaction between defects 

and with the component surface, is shown to be detrimental to both cylindrical 

HTLCF specimens and plant components, due to localised stress and strain 

concentrations (SNCF up to ~11).  

 The complex geometry of casting defects, in contrast to forged stringer-type 

defects, causes more rapid damage accumulation and, hence, microscale crack 

initiation is predicted to occur as early as 2 and 10 cycles in the cast HTLCF 

geometry and valve chest sub-section, respectively. 

 Forging has been shown to effectively reduce both the amount and complexity 

of manufacturing defects (Chapter 4); however, stringer-type defects are still 

predicted to cause crack initiation within 23 cycles in a HTLCF component, and 

833 cycles (regardless of orientation) in a valve chest under high temperature 

cyclic loading conditions. Therefore, additional refinement of the manufacturing 

process would further benefit component performance, particularly for flexible 

USC loading conditions.  
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8 CONCLUSIONS AND 

RECOMMENDATIONS 

8.1 Conclusions  

This work has characterised the high temperature behaviour of cast and forged MarBN 

steel for low cycle fatigue, creep-fatigue, oxidation and corrosion loading conditions at 

600 °C and 650 °C. Based on the range of experimental, microstructural (including 3D 

X-ray µCT scanning) and computational methodologies employed here, manufacturing 

defects are identified as a primary source of low-cycle fatigue crack initiation and 

propagation in cast and forged MarBN. The key achievements are as follows: 

 To the author’s knowledge, this is the first work to use 3D X-ray µCT scanning 

to characterise the effect of manufacturing process (i.e. casting and forging) on 

defect geometry and distribution in 9Cr steels. 3D X-ray µCT scanning of cast 

and forged MarBN, prior to and after high temperature low cycle fatigue testing, 

has confirmed manufacturing defects as key sources of void growth and fatigue 

cracking. The forging process is found to have a substantial effect on defect 

shape (i.e. complex to stringer) and volume fraction (~16 times less) compared 

to the cast material. The resulting macroscale impact is approximately double 

the number of cycles to failure for forged MarBN, under high temperature low 

cycle fatigue loading. This work provides insight into the complicated 

microscale effect of manufacturing defects and is additional motivation for 

material developers and steel manufacturers to further refine the manufacturing 

process (with particular focus on steps leading to manufacturing defect 

formation), and a view to prolonged in-service component performance. 
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 Coupled and uncoupled methods for prediction of cycles to failure in defect-free 

components, as well as crack initiation in the region of manufacturing defects, 

have been successfully developed. The coupled Ostergren life prediction and 

damage user-material (UMAT) subroutine was developed and applied to 

investigate the localised effect of complex manufacturing defects in MarBN 

steel under cyclic loading at high temperature. A methodology to simulate 

experimentally identified manufacturing defects in uniaxial test specimens and 

plant components, utilizing 3D X-ray µCT scanning, was also developed.  

 Computational modelling of multiple complex defects in uniaxial and multiaxial 

component geometries has advanced the understanding of the effect of such 

discontinuities on MarBN under high temperature cyclic loading. Finite element 

modelling of (i) spherical voids and inclusions in an axisymmetric cast MarBN 

matrix, (ii) multiple inclusions in a 2D cast MarBN section, and (iii) 3D gauge 

length and valve chest sub-section models (with cast and forged manufacturing 

defects under high temperature cyclic loading) has been performed. In all cases, 

cycles to crack initiation at a defect is predicted as less than 12% of total 

experimentally-measured macroscale cycles to failure, due to significant stress 

concentrations and strain accumulation, and indicates that the presence alone of 

manufacturing defects is a key factor in fatigue crack initiation. Other factors 

include (i) defect geometry (particularly the complex shapes formed during 

casting), (ii) location (in terms of proximity to the gauge length and other 

defects), (iii) orientation (direction of primary loading e.g. forged defects rotated 

at 90° increased cycles to crack initiation by a factor of ~4), and (iv) volume 

fraction. 

 Characterisation of the high temperature low cycle fatigue performance of cast 

MarBN, in conjunction with initial testing of forged MarBN, highlights the 

potential of this material for application in flexible power plants under ultra-

supercritical (USC) loading conditions. This is due to the enhanced cyclic 

strength of both cast and forged MarBN at 600 °C, compared to rolled P91 steel, 

and comparable performance even as the temperature is increased to 650 °C. 

Furthermore, the fatigue life of cast MarBN is shown to be equivalent to rolled 

P91, and is approximately doubled as a result of forging. The short-term 

oxidation and corrosion performance for MarBN at 600 °C and 650 °C, 

compared to rolled P91 at 600 °C, indicates a similar rate of oxide scale growth 
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in all cases. This is important for the elevated loading conditions that 

components will be expected to endure at USC temperatures and pressures. 

However, creep-fatigue testing of cast MarBN is shown to reduce the fatigue life 

by ~25% and, in conjunction with an increased rate of cyclic softening and 

plastic-strain evolution, highlights the importance of a broad experimental test 

program, representative of flexible plant loading conditions. 

 Microstructural analysis (i.e. scanning electron microscopy (SEM), energy 

dispersive X-ray (EDX) spectroscopy, backscatter electron (BSE) microscopy 

and transmission electron microscopy (TEM)) has identified manufacturing 

defects as a primary source of low-cycle fatigue crack initiation and propagation 

in cast and forged MarBN, particularly when located close to the surface. Their 

presence promotes oxide pit formation (as observed under oxidation, corrosion 

and high temperature loading scenarios) and contributes to a weakened matrix 

material. Such locations then become primary sites for crack initiation and 

component failure. 

 The modified unified cyclic viscoplasticity modelling framework presented here 

captures the primary constitutive behaviour of 9Cr steels, i.e. cyclic plasticity 

and viscous effects (fatigue and creep-fatigue), isotropic (cyclic softening due to 

low angle boundary annihilation) and kinematic (back-stress as a result of 

dislocation pile-up at high angle boundaries and precipitates) hardening effects, 

and hyperbolic sine flow rule for strain-rate sensitivity. This model has been 

extended to include Coffin-Manson life prediction and Chaboche damage 

effects, an important step in realistic modelling of the constitutive and failure 

behaviour of the material. This model was applied to cast MarBN steel and P91 

at high temperature, based on identification of material parameters from 

experimental data. 

 A material parameter optimisation procedure has been developed, based on 

experimental data obtained from a program of high temperature experimental 

testing. This allows semi-automation of the high temperature low cycle fatigue 

parameters across a range of loading conditions, following initial identification. 

This test program is performed for material characterisation in GE Power and, 

therefore, the parameter optimisation methodology and material model is 

potentially of benefit for industrial applications, for rapid prediction of material 
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performance of 9Cr steels across a range of loading conditions, particularly in 

terms of damage accumulation and cycles to failure.  

8.2 Recommendations for Future Work 

The work presented in this thesis represents a significant step towards characterisation 

of (i) MarBN steel for flexible USC plant applications, (ii) the role of manufacturing 

process on defect volume fraction and geometry, and (iii) the influence of 

manufacturing induced defects on component failure in extreme conditions (e.g. high 

pressure, temperature and corrosive environments). Future work is required to further 

understand the complexities associated with high temperature cyclic loading and 

manufacturing of advanced 9Cr martensitic steels. This section provides the following 

recommendations to achieve these goals, using experimental and computational 

methods: 

 Interrupted high temperature testing, in conjunction with 3D X-ray µCT 

scanning, to identify crack initiation and rates of crack growth at individual 

manufacturing defects, as validation of material modelling methods to predict 

crack initiation at defects. A similar program of 3D X-ray µCT scanning could 

be applied to rolled MarBN components to further investigate the influence of 

manufacturing process on defect geometry and volume fraction. Alternatively, 

the use of in-situ analysis methods (i.e. SEM, TEM and 3D X-ray µCT 

scanning) would provide detailed information on the evolution of microstructure 

evolution, and fatigue crack initiation and propagation during loading. 

Furthermore, use of the extended finite element method (XFEM) to simulate 

crack propagation, with comparison to reconstructed 3D X-ray µCT scanning, 

would be a significant development in the capability of predictive modelling 

methods. Similar methods have been developed by Grogan et al. [228] for 

composite materials. 

 Crystal plasticity modelling of MarBN to explicitly include precipitates (e.g. 

M23C6 and Laves phase) and grain boundaries, in conjunction with simple and 

complex manufacturing defects, would provide greater insight into the effect of 

defects on microstructural evolution under cyclic loading e.g. [209,229]. Further 

application of such models to a broader range of loading conditions (e.g. effect 

of strain-rate and yield strength [95,97]), as well as component geometries (e.g. 

plant header [227] and T-joint [230]), to better understand the role of loading 
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and temperature on the microscale stress and strain behaviour, and fatigue crack 

initiation.  

 Additional experimental testing, based on the test program of Chapter 3, with, 

for example, (i) lower strain-rates and strain-ranges, (ii) varied hold periods, (iii) 

thermo-mechanical fatigue loading, (iv) service-aged material and (v) notched 

samples, to further represent potential in-service flexible loading conditions and 

provide greater validation in terms of material modelling. This should include 

similar microstructural analysis methods to those employed here, to identify the 

primary strengthening and degradation mechanisms and influence of 

temperature and loading. Such experimental characterisation methods have been 

performed previously for P91 steel [90,92,193,231,232]. 

 Expansion of current creep test programs for MarBN weldments [21,132] to 

include the effect of flexible loading conditions, particularly in terms of 

understanding the primary failure mechanisms e.g. the methods of Farragher et 

al. [232]. This can be compared to the mechanisms of strengthening and 

degradation identified here for parent material MarBN, and extended to include 

welding-induced defects. 

 Development of material models, based on experimental testing and 

microstructural analysis, to predict the influence of various microstructural 

parameters as a result of welding (e.g. dislocation density and volume fraction of 

precipitates at regions of interest, including the inter-critical heat affected zone) 

and effect of in-service loading, similar to the work of Mac Ardghail et al. 

[233,234]. 

 Chemical composition and heat treatment play a defining role in the high 

temperature performance of the material. Therefore, understanding the effect of 

varying these processes, using experimental characterisation methods, in 

conjunction with physically-based models, would provide a greater 

understanding for future material designers and manufacturers. For example, 

extension of a physically-based yield strength model, as developed by Barrett et 

al. [95], for complex loading of advanced 9Cr steels. 

 Longer-term thermal aging studies for (i) oxidation, (ii) fireside and (iii) steam-

side corrosion conditions could be performed to better understand the evolution 

behaviour of micro-scale phenomena in cast and forged MarBN (e.g. rates of 

precipitate coarsening, Laves phase formation and growth, and dislocation 
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density evolution). Addition of thermal effects in computational modelling for 

isothermal and thermo-mechanical fatigue loading, to quantify the role of 

temperature on the macro-scale and localised stress and strain behaviour (e.g. 

investigate the effect of thermal mismatch between inclusions and the matrix 

[54], in conjunction with a cyclic viscoplasticity model). 

 Analysis of the detailed casting and forging techniques for manufacture of 

advanced martensitic steels, and specific processes related to defect formation. 

Furthermore, investigation of the influence of modification of various 

manufacturing steps, and characterisation of the resulting defect distribution, for 

example, to identify process-structure-property relationships. 
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