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Abstract  9 

This paper is concerned with the high temperature low cycle fatigue behaviour of a new nano-10 

strengthened martensitic-ferritic steel, MarBN. A range of strain-controlled, low cycle fatigue tests are 11 

presented on MarBN at 600 °C and 650 °C, and compared with previously published data for a 12 

current state-of-the-art material, P91 steel, including microstructural analysis of the fracture 13 

mechanisms. A modified Chaboche damage law, incorporating Coffin-Manson life prediction, is 14 

implemented within a hyperbolic sine unified cyclic viscoplastic constitutive model. Calibration and 15 

validation of the model with respect to the effects of strain-rate and strain-range is performed based 16 

on an optimisation procedure for identification of the material parameters. The cyclic viscoplasticity 17 

model with damage successfully predicts fatigue damage evolution and life in the cyclically-softening 18 

materials, MarBN and P91. 19 

 20 

Keywords: 9Cr steels, fatigue, damage, life prediction, high temperature low cycle fatigue, 21 

mechanisms of deformation   22 
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1. Introduction 1 

The world faces a significant challenge to meet the requirements of providing cost-effective, abundant 2 

electricity for a growing population, whilst also ensuring minimal environmental impact. Improved 3 

efficiency of power plants is key to reducing emissions and cost through the implementation of 4 

advanced steam cycles [1–3]. Due to the intermittent nature of renewable energy sources, existing 5 

power plants, designed for base-load operation, must adopt a load-following mode, leading to an 6 

increased frequency of start-up and shut-down cycles [2,4,5]. Such complex operational cycles will 7 

cause increased thermo-mechanical fatigue (TMF) and creep-fatigue (CF) of components and hence, 8 

increase the risk of component failure [6–8]. Thus, multi-scale characterisation of advanced high 9 

temperature next generation materials is necessary to accurately demonstrate material degradation 10 

during service life [4,5,9]. 9Cr steels have been developed as a cost-effective alternative to nickel-11 

based superalloys, but need to be investigated for flexible operation at higher temperatures and 12 

pressures [10].  13 

Alloy development of advanced ferritic steels has shown that the addition of vanadium, niobium and 14 

nitrogen can increase creep strength and chromium can provide increased oxidation resistance at 15 

higher temperatures. The characterising feature of 9Cr steels is a tempered martensitic lath structure 16 

which contains M23C6 (M = Fe, Cr, Mo, W) carbides and MX (VN, NbC) type carbonitrides. High 17 

dislocation density and a fine lath structure are key features of 9Cr martensitic-ferritic steels. The 18 

hierarchical microstructure of 9Cr steels, as presented in Figure 1 [11], consists of prior austenite 19 

grains, packets and blocks. These blocks are divided into laths and subgrain regions demarcated by 20 

dislocation arrays constituting low angle boundaries [6,12,13]. The densely distributed dislocation 21 

substructure opposes dislocation motion and increases resistance to plastic deformation. The addition 22 

of small controlled amounts of nitrogen produces a fine MX particle dispersion throughout the 23 

microstructure and allows prior-austenitic grain growth during normalizing, as part of a two-step 24 

normalising and tempering heat treatment process, resulting in significantly larger grain sizes than 25 

other ferritic steels [13–15]. Literature has shown that the addition of boron to 9Cr steels can promote 26 

a more refined precipitate distribution compared to materials such as P91 and reduce the rate of 27 
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coarsening at high temperature due to its distribution within the M23C6 grain boundary carbides 1 

[13,15]. To maintain the fine lath structure pinning by M23C6 and MX particles and solute atoms (W, 2 

Co) is necessary due to the large driving force for recovery as a result of the high dislocation density. 3 

The addition of tungsten is found to reduce initial lath size, and combined with boron, delay carbide 4 

coarsening, which is found to occur over temperatures of 550 °C, hence retaining the fine grained 5 

substructure for longer [6,12].  6 

For both high temperature creep and fatigue loading conditions, the microstructure of 9Cr steel is 7 

found to exhibit lath and subgrain coarsening leading to cyclic softening behaviour [3,16–19]. High 8 

temperature cyclic softening is found to generally occur in materials with a high dislocation density 9 

and leads to loss of strength in 9Cr steels. The physical mechanisms have been identified as (i) loss of 10 

low angle boundary (LAB) dislocations and hence (ii) decrease in overall dislocation density and 11 

coarsening of the lath structure, and (iii) precipitate coarsening [6]. An experimental program of high 12 

temperature low cycle fatigue (HTLCF) and stress relaxation (SR) testing on MarBN at 600 °C has 13 

shown a significant cyclic softening effect, but an increased stress range in the material, when 14 

compared to P91 steel at 600 °C [20]. MarBN has shown superior creep resistance at elevated 15 

temperatures, when compared to current generation materials, such as P91, P92 and P122, with 16 

potential for future applications at ultra-supercritical temperatures and pressures [13,21].  17 

Fatigue damage in metals is primarily attributed to irreversible plastic deformation, generally as a 18 

result of dislocation motion, and is dependent on factors such as precipitates, inclusions and grain 19 

boundaries in the material [22,23]. At an early stage of fatigue loading, microstructural changes occur 20 

in the bulk of the material under cyclic loading whereby irreversible dislocation movement occurs 21 

[22]. Plastic deformation of ductile materials can cause decohesion of the particle-matrix interface or 22 

fracture of inclusions, leading to microvoid growth and microcrack initiation at elevated temperatures. 23 

Decohesion or inclusion fracture primarily results from stress concentrations, due to dislocation pile-24 

up at inclusions, for example [23–27].  25 

The concept of a damage parameter was first introduced by Kachanov [28]. Rabotnov [29] introduced 26 

an effective stress concept for a material under tensile loading, based on the growth of microdefects. 27 
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With respect to simulating fatigue damage, a relatively large number of models exist. The work of 1 

Lemaitre [30] describes damage based on plastic strain, Chaboche [31] defined a simple cumulative 2 

fatigue damage model based on number of cycles to failure, a damage criterion based on total strain 3 

energy per cycle was implemented by Golos [32], and Cheng [33] proposed a fatigue damage model 4 

based on ductility exhaustion and continuum damage mechanics, for example. The interaction 5 

between creep and fatigue loading has also been investigated using a number of approaches, including 6 

strain range partitioning and linear damage summation [34–37]. A key challenge for the case of 9Cr 7 

steels, which cyclically soften due to microstructure evolution, is the identification of fatigue damage 8 

evolution for prediction of crack initiation and hence failure.  9 

The objective of this work is to present a low-cycle fatigue damage evolution model for MarBN and 10 

P91 under HTLCF conditions. This paper presents results for MarBN at 600 °C and 650 °C, as well as 11 

P91 at 500 °C and 600 °C, including the effects of strain-rate and strain-range. Fractography is 12 

presented to illustrate the damage mechanisms in MarBN post-test and the role of inclusions is also 13 

investigated. A variation of the Chaboche [31] damage law, incorporating Coffin-Manson [38] life 14 

prediction is implemented in a hyperbolic sine unified cyclic viscoplastic material model. An 15 

optimisation procedure has also been developed to increase accuracy of prediction of material 16 

response. A Chaboche non-linear isotropic softening model is employed to identify the onset of crack 17 

initiation. For subsequent cycles, both cyclic softening and fatigue accumulation are assumed to 18 

contribute to material degradation and hence failure. This new approach is applied to the MarBN and 19 

P91 materials and conditions for prediction of crack initiation. 20 

2. Materials & Methods 21 

2.1. Experimental Testing 22 

The current generation of power plants operate at temperatures up to 600 °C; however, future plants 23 

must increase operating temperatures up to 650 °C and above to achieve increased efficiency, 24 

highlighting the key limitation of suitable materials capable of operating under such conditions. 25 

Therefore fully reversed (triangular) HTLCF testing is performed on a MarBN material at 600 °C and 26 

650 °C using the strain-controlled test rig at NUI Galway, shown in Figure 2. This expands on the 27 
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previously published test program by Barrett et al. [20], which conducted a program of HTLCF and 1 

SR testing on MarBN at 600 °C, as shown in Table 1. The failure criterion is a 20% drop in load after 2 

the first 150 cycles of testing. The grade of MarBN tested is a cast material, which has been 3 

developed as part of the industry–academic UK project IMPEL [39], and using a similar heat 4 

treatment process to Li et al. [13]. 5 

2.2. Microstructural Analysis 6 

Microstructural analysis is performed on samples, both pre- and post-test. The samples are set in resin 7 

and polished, using a Buehler EcoMet 300 with Automet 250, to a 0.06 μm finish and etched with 8 

Vilella’s reagent. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 9 

(EDX) analysis is performed using the Hitachi S-4700 SEM with EDX at NUI Galway. 10 

2.3. Material Model  11 

The material model is an extension of a hyperbolic sine unified cyclic viscoplastic material model [9], 12 

to incorporate life prediction and damage accumulation. A key aspect of the model is the use of strain-13 

rate independent material parameters due to the significant strain-rate effect observed in 9Cr steels 14 

above 500 °C. Alternative approaches employ uncoupled creep and plastic strain and this is 15 

convenient for application of the strain-range partitioning method [35], for example. However, the 16 

unified approach is more generally applicable to combined cyclic fatigue and creep conditions [7] 17 

and, more importantly, permits more reliable extrapolation and interpolation to the lower strain-rates 18 

observed during power plant operation based on a relatively small amount of laboratory testing [9]. 19 

The model calculates the number of cycles to failure and damage simultaneously, based on a set of 20 

optimised material parameters for MarBN and also P91. The plastic strain-rate, pl , is defined as:  21 

 ( ) ( ) −−−−= ~sgn~sinhpl kR  (1) 

where   and   are the viscoplastic material constants, ~ is the effective stress, the   term accounts 22 

for the Bauschinger effect, isotropic softening behaviour is described by the R  term, and k  is initial 23 

yield stress. Damage is included in the model via the effective stress, as follows:  24 
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where   is the stress, and D  is damage. The initial and later strain hardening stages are described 1 

through the use of two hardening terms in the kinematic hardening evolution model of Armstrong-2 

Frederick, such that 21  += . The evolutionary equation for the Armstrong-Frederick model is: 3 

 pD1C 
ii

pl
ii )(  −−=  (3) 

where iC  is the hardening modulus, i is a recall parameter and p  is the accumulated plastic strain-4 

rate. Two Chaboche [40,41] isotropic softening terms are used to simulate the primary and secondary 5 

stages of softening, such that 21 RRR +=  [20]. The evolution of R is defined as follows:  6 
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where the rate of decay is controlled by ib  and iQ  is the saturated cyclic softening stress. In the 7 

present work which is initially focused on uniaxial fatigue behaviour, fatigue damage is defined here 8 

using the model of Chaboche [31]:  9 
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where N  is cycle number, 1  and 2  are damage constants and fN  is number of cycles to failure, 10 

defined using the  Coffin-Manson [38] model for low-cycle fatigue: 11 

 
( )cf

'
f

pl

2
2

Δ
N


=  

(6) 

where 
'
f  and c  are the fatigue ductility coefficient and exponent, respectively. Differentiation of 12 

Equation (5), with respect to number of cycles, gives an equation for the damage rate, as follows: 13 
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This material model is implemented in uniaxial form in MATLAB. The unified viscoplastic 14 

constitutive model used here has been previously applied to multiaxial conditions, without damage 15 
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and life prediction [7]; the present more advanced life prediction model will be applied to multiaxial 1 

applications in future work.  2 

2.4. Identification of Material Parameters 3 

The material model, including damage, contains 16 material parameters, which can be classified as 4 

follows: (i) elastic, (ii) isotropic softening and kinematic hardening, (iii) cyclic viscoplastic and (iv) 5 

damage. The process by which the elastic, isotropic softening and kinematic hardening, and cyclic 6 

viscoplastic material parameters are identified is described in detail by Barrett et al. [20]. Young’s 7 

Modulus, E , and the initial cyclic yield stress, k , are determined from the initial stress-strain cycle. 8 

The Chaboche isotropic softening model [40,41] is implemented incorporating two isotropic softening 9 

terms to describe the primary and secondary softening behaviour, characteristic of 9Cr steels [9]. The 10 

material parameters are identified by integrating Equation (4) and fitting this model to experimental 11 

data using a least squares method, as illustrated in Figure 3(a). The kinematic hardening constants are 12 

identified by dividing the stress into its various components, such that: 13 

 ( ) ( ) −+++= sgnvkR  (8) 

where v  is the viscous stress. Differentiation of Equation (8) with respect to plastic strain gives: 14 
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where calculation of pl/  is performed using a Ramberg-Osgood smoothing function. The 15 

kinematic hardening constants are then identified by plotting (i) )//ln( plpl  R−  for the later 16 

stages of strain hardening, and (ii) )///ln( pl
2

plpl  −− R  for the initial stages of strain 17 

hardening, against pl . The viscoplastic material parameters   and   are identified using an 18 

analytical model for stress as a function of time during a dwell period: 19 
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where 0t  and 0  are the time and stress at which the hold period begins.  20 
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To separate cyclic softening and damage in 9Cr steels a modified damage term is developed: 1 

 

0

exp 1
Z

Z
D −=  

(11) 

where   

 ( ) ( )NRNZ −= max  (12) 

and max  is the maximum tensile stress per cycle and 0Z  is the maximum value of Z , as illustrated 2 

in Figure 3(b). The parameter Z  is defined as the maximum stress minus the microstructurally 3 

induced softening stress, R . The assumption in this model is that softening consists of (i) 4 

microstructurally induced softening (such as low angle boundary annihilation and particle coarsening) 5 

represented by R and (ii) fatigue damage induced softening represented by Z . The Coffin-Manson 6 

constants, 
'
f  and c , are determined from the measured plastic strain-range data, 2/Δ pl , at half-life 7 

and corresponding numbers of reversals to failure, as shown in Figure 4. The Chaboche damage 8 

constants, 1  and 2 , are identified from the experimentally measured evolution of damage, expD , 9 

with number of cycles, N , via a least squares fitting procedure. The fatigue damage constants for 10 

MarBN and P91 are presented in Table 2.  11 

2.5. Optimisation 12 

A flowchart of the material parameter optimisation process, in conjunction with the uniaxial 13 

hyperbolic sine cyclic viscoplastic material model, is shown in Figure 5. To increase the accuracy of 14 

the material model, and reduce the error between the model and the experimental data, an 15 

optimisation procedure is developed using MATLAB for the present viscoplasticity model and 16 

applied to MarBN at 600 °C. The initial user estimates to the optimisation function consists of the set 17 

of material parameters identified as described in Section 2.4 i.e. the initial yield stress, isotropic 18 

softening, kinematic hardening and cyclic viscoplastic material parameters. The optimisation 19 

procedure is performed using the Levenberg-Marquardt algorithm, as part of the lsqnonlin function in 20 

MATLAB. The function optimises an array, x0, of user-defined constants to fit a range of 21 

experimental data by minimising the error between the predicted results and experimental data. The 22 
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experimental data consists of stress relaxation and fatigue data, similar to the data required for the 1 

original parameter identification method.  2 

3. Results  3 

3.1. Experimental  4 

Figure 4 compares the fatigue life of MarBN at 600 °C and P91 at 500 °C and 600 °C. The cast 5 

MarBN is found to have a lower low-cycle fatigue life than P91. Figure 6 shows a comparison 6 

between measured stress-strain hysteresis loops for the initial, half-life and final cycles for MarBN at 7 

600 °C and 650 °C and P91 at 600 °C, at a strain-rate of 0.1 %/s and strain-range of ±0.5%. Figure 7 8 

shows the corresponding measured rates of softening for each material and temperature. MarBN at 9 

650 °C exhibits a significantly higher rate of softening than P91 at 600 °C for the duration of testing. 10 

MarBN at 600 °C also has a higher rate of softening than P91, even though it exhibits a higher 11 

strength prior to the onset of fatigue damage.  12 

3.2. Microstructural Analysis 13 

SEM images of MarBN in the as-received condition and post-HTLCF testing at 600 °C are presented 14 

in Figure 8, with a comparison to P91 post-HTLCF test at 600 °C. Grain boundaries are highlighted 15 

for comparison between MarBN and P91, and a significantly larger grain size is observed in the cast 16 

MarBN compared to the rolled P91. Ductile dimples are observed on the fracture surface of MarBN 17 

test samples post-HTLCF testing (Figure 9), which have been found to occur due to microvoid 18 

coalescence and growth at inclusions as a result of fatigue loading [23–26]. Fatigue striations are also 19 

observed as shown in Figure 10. Secondary cracking and crack branching has been observed in the 20 

cast MarBN at inclusions at the free surface and at subsurface locations (Figure 11). Figure 12 shows 21 

decohesion of the matrix from inclusions. EDX has been performed on these inclusions and the most 22 

common type identified in MarBN is a calcium-aluminium oxide. Other inclusion types identified, 23 

such as manganese sulphides, do not appear to promote fatigue cracking or matrix decohesion. 24 

3.3. Material Modelling 25 
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The initial and optimised material parameters for MarBN at 600 °C are presented in Table 3. Figures 1 

13 and 14 show the results of the optimisation process in terms of model fit to the experimental data 2 

for the initial cycle and half-life of MarBN at 600 °C, across a range of strain-rates and strain-ranges. 3 

Figures 15 and 16 show the comparison of the effect of strain-range on the predicted and measured 4 

damage evolutions for both MarBN and P91. Figure 17 demonstrates the effect of increasing cycles 5 

on the cyclic stress-strain loop as a result of cyclic softening and fatigue damage accumulation. Figure 6 

18 shows the evolution of the maximum plastic strain for MarBN and P91 at 600 °C, with the model 7 

showing good agreement to the experimental data. Figure 19 presents a comparison of the predicted 8 

number of reversals to failure against the experimental data for all of the above cases. 9 

4. Discussion  10 

The HTLCF behaviour of a cast nano-strengthened martensitic steel, MarBN, has been characterised 11 

via a programme of strain-controlled cyclic tests covering different strain-rates and strain-ranges, 12 

including results at 600 °C and 650 °C. The characterisation includes measurement and numerical 13 

modelling of cyclic evolution of stresses, plastic strains, softening and fatigue damage, as well as 14 

microstructural analysis of the material and fractography of the post-test specimens. Furthermore, 15 

comparisons have been made with rolled P91 steel, the corresponding material currently used widely 16 

in industry.  17 

At 600 °C, MarBN is seen to have a significantly higher strength than P91 (see also Barrett et al. 18 

[20]), prior to the onset of fatigue damage, which  during which the microstructurally induced 19 

softening is replaced by fatigue induced damage (Figure 3(a)). This is a key benefit of MarBN for 20 

application to higher temperatures and pressures, compared to materials currently used in steam 21 

header applications for current generation fossil fuel power plants. Although MarBN has a much 22 

coarser grain structure, as illustrated in Figure 8, the increased strength (including cyclic) of MarBN 23 

at high temperature (compared to P91) is attributed to a more stable distribution of boron-enriched 24 

M23C6 carbides along grain and lath boundaries, in combination with a significant tungsten solid 25 

solution strengthening mechanism. Furthermore, a comparison of the microstructure of MarBN from 26 
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the as-received condition to post-test at 600 °C (Figure 8) indicates very little change in the block 1 

boundaries. However, in the context of the changing nature of power plant operation, it is important to 2 

note that cast MarBN also displays a significantly higher rate of softening than rolled P91. This will 3 

need to be considered in power plant design for flexible operation. At 650 °C, MarBN shows a 4 

strength which is comparable to P91 at 600 °C for early cycles, but more rapidly softens and displays 5 

a significantly shorter fatigue life. The lower fatigue performance of MarBN at 600 °C may simply be 6 

due to the cast nature of this particular MarBN product, compared to the rolled nature of the P91 7 

tested here, e.g. see Williams et al. [42].  8 

The presence of ductile dimples and fatigue striations on the fracture surface of MarBN are 9 

characteristic of fatigue failure in metals. Dimples on the fracture surface can occur due to microvoid 10 

coalescence and growth at defects, such as inclusions. These phenomena have been observed on the 11 

fracture surface of MarBN samples which have been tested at 600 °C as well as 650 °C, indicating the 12 

important mechanisms of deformation occurring during loading. Microvoid growth and coalescence is 13 

of particular importance as impurities have been identified as a key cause of failure, particularly when 14 

the impurity is located close to the surface [22–25], as has been observed in MarBN. The mechanical 15 

properties of inclusions differ from the matrix and there is generally a low-strength interface bond 16 

between inclusions and the matrix. Decohesion or inclusion fracture is found to primarily result from 17 

stress concentrations due to dislocation pile-ups at inclusions [21–23,41]. Microstructural analysis of 18 

MarBN indicates that fatigue failure may occur as a result of the presence of inclusions and increasing 19 

plastic deformation; however the role of dislocations must be quantified in more detail to fully 20 

characterise the mechanisms of deformation from the microscale. The presence of inclusions in metals 21 

under low-cycle fatigue loading has been found to seriously degrade the mechanical properties, with 22 

inclusions identified as crack initiation sites by multiple sources. The presence of calcium-aluminium 23 

oxides have been identified as key regions of crack initiation and propagation, and larger inclusion 24 

size is found to increase the fracture stress of the material [25,26,43].  25 

The material parameter identification and optimisation procedure, outlined here with application to 26 

MarBN and P91 for high temperature cyclic behaviour and fatigue damage prediction, is shown to 27 
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provide excellent correlation with the measured failure lives across a range of strain-rates and strain-1 

ranges. A key novel aspect of the present work, which has facilitated this excellent correlation, is the 2 

application of the Chaboche non-linear isotropic softening equation, with primary and secondary 3 

softening parameters ( 1R  and 2R ), in comparison to the measured softening behaviour, to demarcate 4 

the onset and evolution of fatigue damage-induced softening, characterised by the Z  variable. 5 

However, the accuracy achieved in relation to numerical simulation of the evolving cyclic 6 

viscoplasticity behaviour of the material (Figures 13 and 14), preceding fatigue damage, is key to this 7 

demarcation process. Undoubtedly, future work should focus on the development of more physically-8 

based models, such as the dislocation mechanics based approaches of Fournier et al. [44], Giroux et 9 

al. [45], and more recently, for cyclic behaviour of 9Cr steels, Barrett et al. [6]. Nonetheless, from a 10 

design perspective, the phenomenological constitutive modelling of the present work is ideal for rapid 11 

turnaround of results and simulation of complex geometries and loading conditions. However, again, 12 

the Coffin-Manson fatigue model used here has the advantage of facilitating expedient identification 13 

of parameters. Interestingly, a key ingredient in the success of the predictive method presented is the 14 

accurate prediction of evolving plastic strain range, which is central to the Coffin-Manson equation.  15 

5. Conclusion 16 

This paper presents experimental and constitutive modelling of the high temperature low-cycle fatigue 17 

behaviour of MarBN and P91, including life prediction and damage accumulation. Some key 18 

conclusions are: 19 

• Mechanisms of deformation, characteristic of fatigue failure, have been identified at both 600 20 

°C and 650 °C, indicating the importance of void growth and coalescence. 21 

• Inclusions have been identified as a key cause of microvoid initiation and growth due to 22 

matrix decohesion. The presence of inclusions at the free surface provides sites for cracking 23 

and crack branching. 24 

• A fatigue life and damage accumulation model is developed in conjunction with a hyperbolic 25 

sine unified cyclic viscoplasticity material model, which incorporates non-linear combined 26 
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isotropic softening and kinematic hardening. A key aspect of the model is the demarcation of 1 

fatigue damage from microstructure-induced softening via comparison of the non-linear 2 

isotropic evolution with the measured softening response.  3 

• The new fatigue damage methodology is applied to MarBN at 600 °C and P91 at 500 °C and 4 

600 °C. The results show excellent correlation of predicted and measured fatigue lives for 5 

different strain-rate and strain-range conditions. 6 

• Further uniaxial and multiaxial experimental testing in conjunction with microstructural 7 

analysis (e.g. transmission electron microscopy) is necessary to fully characterise the fatigue 8 

and stress relaxation behaviour, as well as the key micro- and nano-mechanisms of 9 

deformation in the material. 10 

  11 
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Tables 1 

Table 1. Experimental high temperature test program for MarBN. 2 

Test Type Strain-range (%) Strain-rate (%/s) Waveform 

HTLCF 

600 °C 

±0.5 0.1 

Rε = -1 

(Triangular) 

±0.5 0.033 

±0.4 0.033 

±0.3 0.033 

±0.5 0.01 

±0.4 0.01 

±0.3 0.01 

HTLCF 

650 °C 
±0.5 0.1 

Rε = -1 

(Triangular) 

Cyclic Dwell 

600 °C ±0.5 0.1 
1 hour hold 

period 

 3 

Table 2. Coffin-Manson and Damage constants for MarBN at 600 °C and P91 at 500 °C and 600 °C. 4 

Material Temp (°C) 𝜺𝒇
′  (-) c (-) 𝝓1 𝝓 2 

MarBN 600 0.42 -0.68 0.79 15.41 

P91 500 0.35 -0.59 0.80 29.23 

P91 600 4.97 -0.92 0.85 18.52 

 5 

Table 3. Material parameters for MarBN at 600 °C and P91 at 500 °C and 600 °C. 6 

 
E 

(GPa) 

k 

(MPa) 

Q1 

(MPa) 
b1 (-) 

Q2 

(MPa) 
b2 (-) C1 (MPa) γ1 (-) C2 (MPa) γ2 (-) α (s-1) 

β 

(MPa-1) 

MarBN 

(Initial) 
162 100.0 -74.14 5.90 -73.81 0.25 296,262 5,492.1 61,574.3 601.9 2.0x10-6 0.031 

MarBN 

(Optimised) 
162 100.5 -68.35 11.11 -70.88 0.41 296,256 5,610.1 61,545.7 626.3 9.1x10-7 0.035 

P91 (500 °C) 173 121.04 -46.67 2.00 -52.11 0.13 304,370 3,422.5 48,484.5 406.7 8.0x10-7 0.055 

P91 (600 °C) 144 54.04 -72.90 3.02 -52.11 0.13 275,130 3,397.2 38,101.2 626.6 9.0x10-7 0.055 

 7 
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Figures 1 

 2 

Figure 1. Hierarchical microstructure of 9Cr martensitic steels, with the primary strengthening mechanisms identified  [11]. 3 

 4 

 5 

Figure 2. INSTRON 8500 test rig at NUI Galway, for strain-controlled high temperature testing. 6 
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 1 

 2 

Figure 3. (a) Comparison of the model to experimental data for MarBN at 600 °C and (b) identification of Z0 value. 3 

 4 
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 1 

Figure 4. Identification of Coffin-Manson constants for MarBN and P91. 2 

 3 

 4 

 5 

 6 
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 1 

Figure 5. Flowchart of the material parameter optimisation process, in conjunction with the uniaxial hyperbolic sine cyclic 2 
viscoplastic material model, applied to the MarBN material parameters. 3 

 4 
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 1 

 2 

 3 

Figure 6. Comparison of the fatigue response of MarBN at 600 °C and 650 °C and P91 at 600 °C, at a strain-rate of 0.1 %/s 4 
and applied strain-range of ±0.5% for the (a) initial cycle, (b) half-life and (c) approximate final cycle. 5 
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 1 

Figure 7. Cyclic softening in MarBN at 600 °C and 650 °C, compared to P91 at 600 °C. 2 



27 
 

 1 

 2 

 3 

Figure 8. SEM images of the microstructure of (a) as-received MarBN, (b) MarBN post-HTLCF test at 600 °C and (c) P91 4 
post-HTLCF test at 600 °C, with grain boundaries (yellow arrows) highlighted. 5 
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 1 

Figure 9. Ductile dimple rupture, with Ca-Al Oxide inclusions, on the fracture surface of MarBN at 650 °C. 2 

 3 

Figure 10. Fatigue striations parallel to a crack in MarBN post-HTLCF test at 650 °C. 4 

 5 
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 1 

Figure 11. Ca-Al Oxide inclusions at regions of secondary cracking along the gauge length of MarBN with a Mn-S inclusion 2 
post-HTLCF test at 600 °C. 3 

 4 

Figure 12. Matrix decohesion at Ca-Al Oxide inclusions in MarBN post-HTLCF testing at 650 °C. 5 
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 1 

 2 

Figure 13. Comparison of the model to experimental data for MarBN at 600 °C at a strain-rate of 0.01 %/s, for the (a) 3 
initial cycle and (b) half-life. 4 
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 1 

 2 

Figure 14. Comparison of the model to experimental data for MarBN at 600 °C at a strain-rate of 0.033 %/s, for the (a) 3 
initial cycle and (b) half-life. 4 
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  1 

Figure 15. Comparison of effect of strain-range on predicted and measured damage evolutions for MarBN at 600 °C for 2 
strain-rates of (a) 0.01 %/s and (b) 0.033 %/s. 3 

 4 

   5 

Figure 16. Comparison of effect of strain-range on predicted and measured damage evolutions for P91 at a strain-rate of 6 
0.033 %/s and temperature of (a) 500 °C and (b) 600 °C. 7 

. 8 

 9 

 10 



33 
 

 1 

Figure 17. Material modelling of MarBN at 600 °C for a strain-rate of 0.033 %/s demonstrating the effects of damage on the 2 
cyclic stress-strain loop 3 
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 10 
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 2 

Figure 18. Comparison of the predicted and measured maximum plastic strain in (a) MarBN at 600 °C at a strain-rate of 3 
0.033 %/s and (b) P91 at 600 °C at a strain-rate of 0.033 %/s . 4 
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 1 

Figure 19. Comparison of the predicted and experimental number of reversals to failure for MarBN at 600 °C and P91 at 2 
500 °C and 600 °C. 3 
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