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Abstract 

A methodology is presented for physically-based prediction of high temperature fatigue crack 

initiation in 9Cr steels, with a focus on material inhomogeneity due to welding-induced 

metallurgical transformations. A modified form of the Tanaka-Mura model for slip band 

formation under cyclically-softening conditions is implemented in conjunction with a 

physically-based unified cyclic viscoplasticity constitutive model. The physically-based 

constitutive model accounts for the key strengthening mechanisms, including precipitate 

hardening and hierarchical grain boundary strengthening, successfully predicting cyclic 

softening in 9Cr steels. A five-material, finite element model of a P91 cross-weld test specimen, 

calibrated using the physically-based yield strength and constitutive models, successfully 

predicts the measured detrimental effect of welding on high temperature low-cycle fatigue 

crack initiation for P91 cross weld tests, via the modified Tanaka-Mura models. A key finding 

of the current work is the requirement to adopt an energy-based Tanaka-Mura method to 

account for cyclic softening in 9Cr steels, with packet size as the critical length-scale for slip 

band formation. The work demonstrates the significant effect of highly flexible operation on 

the service life of welded connections.  
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1. Introduction 

Since the 1970s, with the outbreak of the energy crisis, while improving the traditional 

industrial development mode, modern industry began to develop in the direction of economy, 

security and sustainability. At the same time, in recent years, with the continuous warming of 

global temperature, the "greenhouse effect" is becoming more and more serious and the 

petrochemical and energy power industries are developing towards higher temperature and 

higher pressure. This will inevitably pose many new challenges to the safe design and life 
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analysis of high temperature key components, requiring materials and structures, such as 

welded connections, which are resistant to thermal fatigue, creep-fatigue and thermo-

mechanical fatigue. A key obstacle to safe design of such plant, to protect personnel, assets and 

the environment, is the need for appropriate structural integrity assessment methods. In the face 

of frequent start-up, shut-down and large-scale load variations, increased occurrence of 

repeated thermal and mechanical stresses will lead to increased low cycle fatigue damage [1]. 

P91 steel is a 9Cr1Mo nano-strengthened, tempered martensitic alloy for high-temperature 

applications, specially developed for the power generation industry due to its high thermal 

conductivity and low thermal diffusion coefficient [2]. The microstructure of P91 is 

hierarchical in nature, with numerous different associated salient length-scales (e.g. high and 

low-angle grain boundaries). In this context of increased thermo-mechanical fatigue, the heat-

affected zone (HAZ) of welded connections is particularly susceptible to fatigue crack initiation 

(FCI) [3, 4]. 

This work focuses on predicting high temperature FCI in P91 steels, which is a key stage 

of metal fatigue. Traditional models for high temperature fatigue [5-7] do not explicitly 

incorporate the effects of microstructure, such as grain size, grain boundaries, etc. Existing 

studies on the nucleation of microcracks have shown that for many materials, microcracks 

initiate in the slip bands of grains [8, 9]. Although some models, such as Tanaka-Mura [10], 

have been developed for the effects of microstructure on FCI, these have not generally been 

applied to materials such as P91 with hierarchical microstructures, due to the complexities of 

cyclic deformation and associated uncertainty regarding dominant fatigue-critical length-scale. 

The location of crack initiation depends on microstructure and type of applied stress, among 

other factors. For high temperature low cycle fatigue (HTLCF) of hierarchical microstructures, 

the problem is particularly complex due to concomitant temperature-induced microstructure 

evolution and fatigue damage accumulation.  

Tanaka and Mura [10] created an energy balance of the dislocation structure along the 

persistent slip bands (PSB) to predict crack initiation. For the number of cycles to fatigue crack 

initiation in a PSB, a closed-form solution was derived, which was expressed in a Coffin-

Manson form and shows a Hall-Petch-type dependency on grain size. Chan [11] extended the 

Tanaka–Mura model to deal with crack initiation along the slip bands, inclusions and notches, 

and then extended this further to include crack size and related microstructural parameters. Wu 

[12] revisited the Tanaka–Mura model and, based on the true strain definition, a new fatigue 

crack nucleation life expression was obtained and validated against (limited) experimental data 
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on a small number of materials.  

Li et al. [13] adopted a dislocation model to study the effects of alloy chemistry, thermal–

mechanical treatment and temperature on the tensile deformation process in P91 and P92. 

Barrett et al. proposed a dislocation mechanics cyclic viscoplasticity model, which combines 

the key physical and microscopic mechanisms of strengthening and softening at high 

temperature, which can be applied to predict the cyclic behavior of P91 steel in order to study 

the effect of microstructure on fatigue crack initiation [14]. More recently, the latter proposed 

a physically-based high temperature yield strength model for P91 steels which includes the 

interdependent effects of dislocations, solutes, precipitates and grain boundaries [15]. The 

fatigue behavior and microstructure evolution of other 9-12% Cr steels have also been studied 

in detail [16-20].  

Hence, a mechanistic-based computational method for predicting high-temperature FCI 

in P91 steels is developed in the present paper. The method is based on a modified Tanaka-

Mura (T-M) [10] model for cyclically-softening behavior, implemented within a physically-

based (PB) constitutive framework consisting of high temperature yield strength (YS) and PB 

cyclic viscoplasticity (VP) models, Chaboche-type viscoplasticity model [21-24]. This will 

facilitate PB FCI prediction of welded joints for high flexibility, high efficiency power 

generation. A PB FCI model is presented, which captures material property inhomogeneity in 

P91 cross-weld (CW) specimen. The model incorporates measured microstructural parameters 

across HAZ obtained from various published and in-house sources for to estimate YS of P91 

parent material (PM), inter-critical heat affected zone (ICHAZ), fine grain heat affected zone 

(FGHAZ) and coarse grain heat affected zone (CGHAZ). Very little work has been done in 

modelling the mechanical properties of P91 HAZs, particularly with application to fatigue life 

prediction. A three-material model was developed by Li [25] to simulate the mismatch of cyclic 

plasticity in the three different welded regions (PM, HAZ and weld material (WM)) based on 

the work of Farragher et al [26]. However, the HAZ was treated as a homogeneous material in 

their work, which omitted key aspects such as HAZ sub-regions and their heterogeneous 

material properties. During welding, the temperature is high enough to cause transformation to 

the part to a different microstructure [27]. It is confirmed that significant variation in yield 

strengths [28] and hardness [29, 30] can be found among various microstructural zones, which 

is critical for predicting fatigue life of HAZ. Therefore, incorporation of each sub-region of 

P91 welded joints is necessary for the development of more accurate computational models. 

Some experimental methods for study the heterogeneity of material properties of P91 welded 



4 

 

joints have been proposed. For example, through the creep tests of Hyde et al. [31], the material 

data for the HAZs can be obtained, and by the digital image correlation (DIC) tests of Touboul 

et al. [32], the mechanical response of each zone of P91 welded joint are determined, and the 

validated constitutive parameters also show that the heterogeneity of the welded joint need to 

be considered. However, additional experimental work is required for different temperatures 

and test strain-ranges. In contrast, the approach of the present paper represents, via calibration 

and validation against HTLCF test data for parent metal and cross-weld tests, of a more 

accurate FCI prediction model by application of the PB YS and VP models to calibration of 

five-material cross-weld HTLCF model with the modified T-M model to account for cyclic 

softening. The method is shown to successfully capture the detrimental effect of welding on 

HTLCF life and failure of such complex steels.   

In the present paper, a physically-based computational methodology for prediction of 

high temperature fatigue crack initiation in 9Cr steels is developed. Section 2 presents the 

physically-based yield strength model, physically-based cyclic viscoplasticity model, modified 

Tanaka-Mura model and five-material finite element model for P91 cross weld specimen. 

Section 3 presents material parameter identification, investigation of the yield strength 

heterogeneity and inhomogeneity of the cyclic response across the heat affected zone regions, 

as well as fatigue crack initiation prediction. The objective is to predict the effect of welding 

on fatigue crack initiation of P91 welded joint under HTLCF conditions, with a view to gain 

insight into potential failure locations. Some comparison are made between the predicted 

behavior and experimental data in Section 4, the Discussion section. 

 

 

Fig. 1. Hierarchical microstructure of P91 steel [15].  



5 

 

 

Table 1. Chemical composition of P91 steel in wt. %. The balance is Fe [33, 34]. 

C Mn P S Si Cr 

0.08-0.12 0.30-0.60 0.02 max 0.01 max 0.20-0.50 8.00-9.50 

Mo Ni V Nb N Al 

0.85-1.05 0.4 max 0.18-0.25 0.03-0.10 0.03-0.07 0.04 max 

 

2. Methodology 

2.1 Material 

In this work, attention is focused on P91 steel weldments. The chemical composition for 

P91 is presented in Table 1, and the balance is made up of Fe. P91 is a high strength martensitic-

ferritic steel, with a complex hierarchical microstructure in nature, consisting of prior austenite 

grains, packets, blocks and martensitic lath [14], as illustrated in Fig. 1. P91 requires heat 

treatment (normalizing and tempering) to achieve the desired microstructure and mechanical 

properties, specifically the required martensitic structure [33, 34], which confers high 

temperature creep resistance. Also, M23C6 (M = Cr, Fe, Mo, W) carbides are dispersed along 

grain and lath boundaries and MX (M = Nb, V; X = C, N) carbonitrides within the martensitic 

lath interiors, which prevent dislocation motion, and further improve creep strength.  

In order to identify, calibrate and validate the constitutive and failure models across the 

heat-affected sub-zones and in the WM and PM, tests results from Farragher et al. [26] are 

employed, including HTLCF testing of PM, WM and CW specimens obtained from a P91 pipe 

weldment. The HTLCF tests were conducted at different temperatures, strain-ranges, under 

isothermal conditions of controlled strain-rate. The results of Farragher’s HTLCF tests [26] 

were analyzed to determine the material parameters of different welding zones.  

 

2.2 Material model 

2.2.1 Physically-based yield strength model 

Barrett et al. [15] recently presented a temperature-independent, physically-based yield 

strength model for P91. In the present work, this model is adopted to represent the welding-

induced heterogeneity of YS in the different HAZ sub-regions, viz. IC-, FG-, CG-HAZ. This 

heterogeneity is considered key to capturing the effects of thermal transformations due to 
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welding on fatigue crack nucleation. The model assumes that the yield strength is composed of 

contributions from dislocations, 𝜏A, and obstacles, 𝜏B, following the model of Kocks et al. [35], 

as follows:  

 𝜎y = 𝑀(𝜏A
2 + 𝜏B

2)1/2 (1) 

where M is the Taylor factor. 𝜏A is defined by the Taylor hardening expression: 

 𝜏A = 𝛼1𝜇𝑏√𝜌i (2) 

where 𝛼1 is a material constant between 0.2 and 0.5, 𝜇 is temperature dependent shear modulus, 

b is magnitude of Burgers vector and 𝜌i is initial dislocation density, whist 𝜏B is defined as the 

sum of various obstacle contributions: 

 𝜏B = 𝜏PN + 𝜏bd + 𝜏SS + 𝜏in + 𝜏ph (3) 

where 𝜏PN is Peierls-Nabarro [36] stress, 𝜏bd is contribution of GBs, 𝜏SS is solute atoms term, 

𝜏in is interstitial atoms term and 𝜏ph is precipitates term.  

 

2.2.2 Physically-based cyclic viscoplasticity model 

It is well known that the high-temperature 9Cr martensitic-ferritic steels undergo 

softening during high temperature cyclic deformation [37], due to significant thermo-

mechanically induced microstructural evolution. This is attributable to thermomechanical 

deformation induced microstructure evolution, including specifically reduced dislocation 

density due to dislocation annihilation and martensitic lath widening [15]. The PB cyclic 

viscoplasticity model of Barrett et al. [14] based on a dislocation-mechanics framework was 

specifically developed to represent this complex nano-, micro-scale behavior for macro-scale 

simulations. This model is adopted here to facilitate interrogation of the effects of differences 

in cyclically-induced microstructure evolution across the HAZ sub-regions of P91 weldments 

on HTLCF. The inelastic strain-rate is defined as a function of the key microstructural variables: 

 𝜀i̇n = 𝑓(𝑑b, 𝑤, 𝜆, 𝑐, 𝜌) (4) 

where 𝑑b  is martensitic block width, 𝑤  is lath width, 𝜆  is precipitate spacing, 𝑐  is 

concentration of solutes and 𝜌 is dislocation density. More specifically: 

 𝜀i̇n = 𝐴exp (
−∆𝐹

𝑘B𝑇
) sinh (

𝜎v∆𝑉

𝑀𝑘B𝑇
) sgn⁡(𝜎 − 𝜎b) (5) 
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where 𝐴 is the pre-exponential viscous constant, ∆𝐹  is the Helmholtz free energy, 𝑘B  is 

Boltzmann’s constant, 𝑇 is the absolute temperature, ∆𝑉 is the activation volume, 𝜎v is viscous 

stress, 𝜎 is stress, 𝜎b is the kinematic back-stress. The viscous (thermal) stress under uniaxial 

loading is defined as: 

 𝜎v = |𝜎 − 𝜎b| − 𝜎y
cyc

 (6) 

where 𝜎y
cyc

 is cyclic yield stress and kinematic back-stress is: 

 𝜎b = 𝜎p + 𝜎g + 𝜎w (7) 

where 𝜎p, 𝜎g and 𝜎w are the back-stress contributions due to particles, dislocation pileups at 

HAGBs, and dislocation substructure, respectively.  

Further details of the original implementation of this model are given in Barrett et al. 

[14]. A key novelty of the present work is the application of this model, in conjunction with the 

PB YS model of Section 2.2.1, to the different sub-regions of the HAZ in P91, using physically-

measured microstructure parameters from the HAZ sub-regions. 

 

  

(a) (b) 

Fig. 2. (a) Dislocation motion in a grain, adapted from Tanaka and Mura [10], (b) illustration 

of fatigue persistent slip bands assumed to correspond to packet size in hierarchical 

microstructure of P91 steels.  

 

2.2.3 Modified Tanaka-Mura model  

Tanaka and Mura [10] presented a micromechanical fatigue nucleation model in which 

dislocations accumulate irreversibly on the slip band of grains, leading to an energy-based 

crack initiation criterion. The key challenge here is to adapt the Tanaka-Mura model to study 
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the cyclic softening behaviour of 9Cr steels [37]. The energy-based formulation of Tanaka-

Mura is specifically appropriate and suitable for such cyclically-induced microstructure and 

dislocation evolution, as compared to more commonly-used stress-based approaches. Fig. 2(a) 

shows the dislocation motion in a favourably oriented grain, of size 2a. Fig. 2(b) shows the 

assumed mechanistic basis for fatigue persistent slip bands corresponding to packet size in the 

P91 microstructure.  

The Tanaka-Mura model assumes that if the stored strain energy due to dislocation 

accumulation becomes equal to a critical value of surface energy after N cycles, the layers of 

dislocation dipoles transform into a free surface, i.e. a micro-crack. The life to crack initiation 

𝑁i is thereby defined as the number of cycles when the following energy condition is satisfied. 

 

{
 
 
 

 
 
 ∆𝜏 =

∆σ

𝑀

∆𝛾 =
∆𝜀pl

𝑀

∆𝑈 =
∆𝛾(∆𝜏 − 2𝑘)

2
𝑈 ≥ 2𝑑p𝑤s

 (8) 

where ∆𝜏 is the shear stress range, ∆σ is the stress range (∆σ = 𝜎max − 𝜎min), ⁡∆𝛾 is the shear 

plastic strain range, ∆𝜀pl is the plastic strain range (∆𝜀pl = 𝜀max
pl

− 𝜀min
pl

), 𝑀 is the Taylor factor 

(taken here as 2.9, based on bcc ferritic-martenstic P91 material), 𝑈 is the stored strain energy, 

𝑑p is the packet size, k is frictional shear stress and 𝑤s is the specific fracture energy per unit 

area. The key adaptation to the Tanaka-Mura equations here is the use of a combined shear 

stress-strain ∆𝑈  expression within a cumulative computation of 𝑈  to capture the cyclically-

evolving response, due to microstructure evolution effects (e.g. lath coarsening, dislocation 

annihilation).  

 

2.3 Finite element model of P91 cross-weld 

Fig. 3 shows the P91 cross-weld HTLCF specimen of Farragher et al. [26] and the 

corresponding axisymmetric five-material finite element model developed here, showing the 

key dimensions identified for HAZ sub-regions. The overall height of the model is 12.5 mm 

corresponding to the gage length of the extensometer used by Farragher et al. [26]. The width 

of the HAZ is estimated to be 2.7 mm, as identified from optical microscopy and hardness 

measurements [26, 38]. Accurate demarcation of the HAZ sub-regions is challenging. Other 
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authors have similarly attempted detailed SEM measurement of HAZ sub-regions [26, 38], 

identifying respective widths of 0.7 mm, 0.7 mm and 0.3 mm for IC-, FG- and CG-HAZ 

respectively. Based on interrogation of the microscopy and hardness data from Farragher et al., 

in comparison also with the latter (more detailed) measurements, widths of 1.1 mm, 1.1 mm 

and 0.5 mm are identified here for the IC-, FG- and CG-HAZ regions, respectively.  

The yield surface is defined by: 

 𝑓 = 𝐽(𝝈′ − 𝝌′) − 𝑅 − 𝑘 (9) 

where 𝑓 is the multiaxial flow-rule, 𝝈′ is the deviatoric stress tensor, 𝝌′ is the deviatoric back-

stress tensor, R is isotropic stress, 𝑘 is the cyclic yield stress. Within the Ziegler non-linear 

kinematic hardening model [39], two kinematic back-stress terms are defined to describe the 

initial and later strain hardening regions, as following: 

 𝝌̇i =
𝐶i

(𝑘 + 𝑅)
(𝝈 − 𝝌)𝑝̇ − 𝛾i𝝌i𝑝̇ (10) 

 𝝌̇ = 𝝌̇1+⁡𝝌̇2 (11) 

The Chaboche isotropic hardening model [23, 24] is used to simulate the measured cyclic 

softening response of P91, as follows: 

 𝑅̇(𝑝) = 𝑏(𝑄 − 𝑅)𝑝̇ (12) 

where Q is the saturation value and b controls rate of decay. Cyclic softening is achieved using 

a negative Q-value [40]. The creep strain is obtained from the multiaxial version of the 

following Norton power law [41]: 

 𝜀ċ = 𝐴𝜎n (13) 

where A and n are temperature-dependent material constants, 𝜀ċ is creep strain rate. For the 

five-material cross-weld simulations in Abaqus, the combined NLKIH Chaboche and Norton 

secondary creep models are used within the two-layer viscoplasticity material model. A two-

layer parameter F needs to be defined for each material zone. 

The HTLCF cyclic PM and WM behavior was experimentally measured using PM and 

WM HTLCF specimens machined from the welded connection by Farragher et al. [26]. As 

discussed in the next section, the NLKIH parameters for IC-, FG- and CG-HAZ regions are 

identified using the physically-based YS and VP models described above. It is not generally 

possible to measure this response for these HAZ sub-regions, due to the very small size scale, 

relative to typical LCF specimen dimensions. A detailed mesh convergence study was 
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conducted for the five-material model to establish a suitable mesh, with particular focus on the 

interfaces between the five different weld-affected zones, where material discontinuities occur. 

The final mesh (shown in Fig. 3) uses an element size (axial direction) of 98 m, converged to 

within 5% with respect to maximum principal stress, using eight-node biquadratic 

axisymmetric quadrilateral elements with reduced integration.  

 

  

Fig. 3. Schematic of P91 cross-weld HTLCF specimen of Farragher et al. [26] and 

corresponding axisymmetric five-material finite element model developed here, showing key 

dimensions for HAZ sub-regions. 

 

3. Results 

3.1 Parameter identification 

Representative values for the microstructural parameters required for the proposed 

physically-based models described above are identified based on previously measured data as 

summarized in Table 2, corresponding to P91 welded joints from published sources [28, 42-

44]. In materials with hierarchical microstructure, dislocation density has a strong correlation 

with lath width. Therefore, the following empirical relationship is used to estimate dislocation 

density from lath width, based on published data [43, 45-48], as shown in Fig. 4: 
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 𝑤−1 = 0.161𝜌1/2 + 11 (14) 

where 𝑤 is lath width, 𝜌 is the dislocation density. 

 

Table 2. Identified microstructural parameters for PM, IC-, FG- and CG-HAZ at 500oC. 

Parameter PM ICHAZ FGHAZ CGHAZ 

PAG size (μm) 14  18 5 50 

dp (packet size) (μm) 7.6 9.2 4 22 

block width (μm) 4 5.3 3 9.1 

w (lath width) (nm) 700 600 900 350 

ρi (mm-2) 0.78 × 108 1.06 × 108 0.47 × 108 3.13 × 108 

Volume fraction (-) 
M23C6 2% 

0.1% MX 

radii of precipitates 

(nm) 

M23C6 74 

25 

64 

32.5 

100 

50 

50 

25 MX 

 

 

Fig. 4. Relationship between lath width and dislocation density for 9Cr steels based on 

previously measured data.  

 

Fig. 5 shows the full complex interaction and calibration-identification processes 

required to combine the different physically-based (PB-YS and PB-VP) and Chaboche NLKIH 

model with the modified T-M FCI model and the five-material cross-weld HTLCF FE model. 
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The material parameter identification process (e.g. Barrett et al. [49]) for cyclic NLKIH 

parameters is applied here to IC-, FG-, CG-HAZ sub-zones, based on the predictions from the 

physically-based viscoplasticity model for ICHAZ, FGHAZ and CGHAZ. Previously-

published material parameters for the PM and WM are adopted here [25]. As shown in Fig. 

5(a), Young’s modulus, E, and Poisson’s ratio, ν, are identified first. The isotropic softening 

constants (Q, b) and kinematic hardening constants (𝐶i, 𝛾i) are then identified using a step-by 

step approach.  

 

 

(a) Step 1 
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(b) Step 2 

 

 

(c) Step 3 
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(d) Step 4 

Fig. 5. Flowchart of main processes for predicting FCI in P91 steels: (a) Step 1: Chaboche 

NLKIH parameter identification for PM and WM, and calibration of PB model, (b) Step 2: 

Modified T-M calibration for PM, (c) Step 3: Calibration of Chaboche NLKIH and Norton 

creep models using PB-YS and PB-VP models for IC-, FG-, CG-HAZ and (d) Step 4: five-

material FE model with modified T-M prediction.  

 

The isotropic hardening constants, Q and b, are identified from cyclic softening data 

derived from the curves of cyclic softening stress and accumulated effective plastic strain. It is 

assumed in the identification of isotropic hardening parameters that time-dependent 

microstructure-coarsening effects do not affect isotropic hardening [18]. Under uniaxial 

loading conditions, the stress is defined as: 

 𝜎 = 𝜒 + (𝑅 + 𝑘 + 𝜎v)sgn(𝜎 − 𝜒) (15) 

The cyclic softening stress R is the difference between the maximum stress of each cycle 

and that of the first cycle. The accumulated effective plastic strain is estimated for each cycle 

using the maximum and minimum stresses. The relationship between the accumulated effective 

plastic strain and a given cycle for LCF is given as below: 

 𝑝 = 2⁡∑(∆𝜀 −
∆𝜎n
𝐸
)

𝑁

𝑛=1

 (16) 
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where 𝑁 is the total number of cycles where 𝑝 is obtained, ∆𝜀 is the total applied strain range 

(in a strain-controlled test), and ∆𝜎n  is the stress range for a given cycle, 𝑛. The isotropic 

softening saturation stress may be estimated when the isotropic softening stress and 

accumulated effective plastic strain have been obtained. The least squares method is used to fit 

the b value describing the R decay rate with the experimental data. The b value can be obtained 

by using the least square method fitting the softening curve with equation (18), as shown for 

CGHAZ, as an example, in Fig. 6: 

 𝑅 = 𝑄(1 − 𝑒−bp) (17) 

The least squares optimization function to be minimized is: 

 𝑓(𝑏k) =∑(𝑅thr(𝑏k) − 𝑅
exp)2

𝑚

𝑗=1

 (18) 

where 𝑏k represents the material parameters to be optimised and the superscripts ‘thr’ and ‘exp’ 

denote theoretical and experimental values of the cyclic softening stress respectively. 

 

 

Fig. 6. Softening curve of CGHAZ for 1.0 % strain-range at 500℃.  

 

The non-linear kinematic hardening model is given as: 

 𝜒1 =
𝐶1
𝛾1
(1 − 𝑒−𝛾1𝜀p) (19) 
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 𝜒2 =
𝐶2
𝛾2
(1 − 𝑒−𝛾2𝜀p) (20) 

 It can be assumed that the initial stages of strain hardening (𝜒1 ) have a constant 

(maximum) value of  
𝐶1

𝛾1
  when the later stages of hardening are considered. Thus the equation 

(15) can be simplified to: 

 𝜎 =
𝐶1
𝛾1
+
𝐶2
𝛾2
(1 − 𝑒−𝛾2𝜀p) + 𝑅 + 𝑘 + 𝜎v (21) 

Differentiating equation (21) with respect to 𝜀p and taking the natural logarithm of both 

sides to obtain the following equation (assuming yield stress, k, and viscous stress, 𝜎v, to be 

constants): 

 In (
𝜕𝜎

𝜕𝜀p
− 𝑄𝑏𝑒−bp) = In(𝐶2) − 𝛾2𝜀p (22) 

Following the approach of Hyde [50], the term 
𝜕𝜎

𝜕𝜀p
 can be determined using the Ramberg-

Osgood equation. The identification of the Ramberg-Osgood parameters for IC-, FG-, CG-

HAZ at 500℃ is shown in Fig. 7. Table 3 shows the identified Ramberg-Osgood constants for 

IC-, FG-, CG-HAZ at 500℃. 

 

 

Fig. 7. Identification of Ramberg-Osgood constants for IC-, FG-, CG-HAZ at 500℃.  
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Table 3. Identified Ramberg-Osgood constants for IC-, FG-, CG-HAZ at 500℃. 

Material 𝝈𝟎 (MPa) 𝒏𝟎 (-) 

ICHAZ 394.23 7.11 

FGHAZ 493.99 5.14 

CGHAZ 386.16 11.52 

 

By plotting In (
𝜕𝜎

𝜕𝜀p
− 𝑄𝑏𝑒−bp) versus 𝜀p , the kinematic back-stress constants 𝐶2 and 𝛾2 

can be determined as intercept and slope, as presented in Fig. 8(a) for CGHAZ, for example. 

The initial kinematic back-stress term 𝐶1  and 𝛾1  can then be identified by plotting 

In (
𝜕𝜎

𝜕𝜀p
−

𝜕𝜒

𝜕𝜀p
− 𝑄𝑏𝑒−bp) versus 𝜀𝑝 from equation (23), as presented in Fig. 8(b). 

 In (
𝜕𝜎

𝜕𝜀p
−
𝜕𝜒

𝜕𝜀p
− 𝑄𝑏𝑒−bp) = In(𝐶1) − 𝛾1𝜀p (23) 

 

    

(a) 𝐶2 and 𝛾2 (b) 𝐶1 and 𝛾1 

Fig. 8. Identification of non-linear kinematic hardening parameters for CGHAZ (a) 𝐶2 and 𝛾2 

and (b) 𝐶1 and 𝛾1 at temperatures of 500℃. 
 

The same identification process was adopted for ICHAZ and FGHAZ. The final set of 

identified material parameters for the P91 welded joint are presented in Table 4. 
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Table 4. Identified cyclic material parameters for PM, IC-, FG-, CG-HAZ, WM at 500℃. 

Material PM ICHAZ FGHAZ CGHAZ WM 

E (MPa) 168220 161957 161957 161957 181000 

k (MPa) 130 125.42 127.24 143.18 325 

Q (MPa) -96.5 -57.65 -27.81 -115.73 -150 

b 0.25 0.71 0.67 0.92 0.6 

𝐶1⁡(MPa) 728687 257301 362217 213203 797311 

𝛾1 (-) 12534 5459 6358 6162 8035 

𝐶2 (MPa) 258073 94278 170416 67778 79567 

𝛾2⁡(-) 1100 626 727 715 719 

A  

(MPa-ns-1) 
4.28 × 10-40 2.75 × 10-58 2.84 × 10-63 6.76 × 10-57 1.77 × 10-59 

n 13.55 20.84 22.17 20.37 20.2 

F 0.1 0.96 0.96 0.96 0.05 

 

The Norton creep constants A and n were identified for each of the IC-, FG- and CG-

HAZ regions by calibrating the stress relaxation data as log⁡(𝜎̇) versus log⁡(𝜎), in comparison 

with the PB-VP stress-relaxation responses for these sub-zones, with the microstructural data 

of Table 2. The identified values for each sub-zone are given in Table 4 and comparison of 

stress relaxation responses predicted by PB-VP model for IC-, FG- and CG-HAZ to the 

calibrated Norton model responses at 500℃ are shown in Fig. 9(a). Finally, the combined 

NLKIH-Norton IC-, FG- and CG-HAZ responses, using the two-layer viscoplasticity model in 

Abaqus, are compared to the stress relaxation responses to identify suitable values of the 

additional F parameter; the final cyclic viscoplasticity values for all weld-affected sub-regions 

are given in Table 4. Fig. 9(b) shows a validation comparison of the CW relaxation response 

from the five-material CW FE model of Fig. 3, using the latter identified parameters for the 

HAZ sub-regions, with the measured test data at 500oC.  
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(a) 

 
(b) 

Fig. 9. (a) Comparison of stress relaxation responses predicted by PB-VP model for IC-, FG- 

and CG-HAZ to the calibrated Norton model responses at 500oC (held at 0.5 % tensile strain 

for 120 s), (b) comparison of FE-predicted (five-material) CW stress response, using calibrated 

Norton creep constants for HAZ sub-zones, against measured test data for strain-controlled 

stress relaxation at 500℃. 

 

3.2 Validation of NLKIH cyclic viscoplasticity model 

The predicted constitutive responses of P91 PM, WM and CW are compared with the 

experimental responses. Details of the experimental methods and results were presented 

previously [26]. Fig. 10(a) shows the comparison of the predicted and measured responses for 

PM at 500℃ for strain-range 1.0% and strain-rate 0.033%/s. It is clear that the initial cyclic 

softening behaviour is captured over the half-life. Fig. 10(b) shows the corresponding softening 

curves for three different strain-ranges. The effects of fatigue damage on stress response are 

not included in this work; thus, the final damage-dominated softening, as shown more clearly 
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in Fig. 10(b), is not explicitly modelled here. Comparisons for the WM are shown in Fig. 11, 

showing similar level of agreement up to half-life. Fig. 12 shows the predicted response using 

the five-material FE model of the cross-weld HTLCF tests including comparisons for three 

strain-ranges. In this case, only 500 cycles are simulated, up to stabilisation of the secondary 

softening response. The comparisons capture the key trends of the experimental data up to 

about 500 cycles; similar agreement was obtained for the other strain-ranges, 0.6% and 0.8%.  

 

  
(a) (b) 

Fig. 10. Comparison of predicted and test observed (a) stress-strain response for 1.0% strain-

range at 0.033%/s and (b) cyclic softening in PM at 500℃.⁡ 

 

 
(a) (b) 

Fig. 11. Comparison of predicted and test observed (a) stress-strain response for 1.0% strain-

range at 0.033%/s and (b) cyclic softening in WM at 500℃. 

 

N=1 

N=half 

N=half 

N=1 
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(a) (b) 

Fig. 12. Comparison of predicted and test observed (a) stress-strain response for 1.0% strain-

range at 0.033%/s and (b) cyclic softening in CW at 500℃. 

 

3.3 Grain boundary strengthening 

As can be seen from Table 2, the grain diameter of CGHAZ is around 10 times that of 

FGHAZ, and lath width of FGHAZ is highest among these materials, which is approximately 

2.5 times that of CGHAZ. Because of the hierarchical microstructure of P91, predicted grain 

diameter that contributes to grain boundary strengthening is based on the minimum HAGB 

dimension (mean block width). The calculated grain boundary strengthening contributions are 

presented in Table 5. The contribution of LAB is significantly larger than that of HAGB, except 

perhaps for FGHAZ, illustrating the key role of LAB strengthening at high temperature. It is 

calculated that the total contribution of grain boundaries in FGHAZ is the largest, primarily 

due to the significant HAGB contribution.  

 

Table 5. Predicted grain boundary YS contributions (MPa). 

Boundary PM ICHAZ FGHAZ CGHAZ 

HAGB 17.94 16.84 22.43 12.86 

LAB 24.23 24.37 26.39 29.37 

Total 42.17 41.21 48.82 42.23 

 

3.4 Yield strength heterogeneity 

Fig. 13 shows the comparison of the contributions from different strengthening 

mechanisms for P91 welded joints. In all cases, the most significant YS contributor is the 

Taylor hardening (dislocation), each accounting for 15% and 30% of the total yield stresses; 

N=half 

N=1 
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other main strengthening mechanisms include the Peierls-Nabarro stress, solid solution 

strengthening HAGB and LAB strengthening and precipitate strengthening. The higher 

dislocation density of the CGHAZ leads to a significantly higher dislocation strengthening 

contribution for this sub-zone. Fig. 14 shows (a) the hardness profile of the actual P91 weld 

joint at 550℃ and (b) a comparison of the calculated yield stresses for P91 welded joint at 

500℃. The results of the PB-YS model show the following order of yield strengths of each 

zone: CGHAZ > PM > FGHAZ > ICHAZ, which is consistent with observed hardness 

measurements [28, 29, 51]. Compared with FGHAZ, the YS of ICHAZ is lower, mainly due 

to increased packet size. 

 

 

   

Fig. 13. YS contributions of major strengthening mechanisms for P91 welded joint at 500℃. 

 

       
(a) (b) 

Fig. 14. (a) Hardness values of P91 weld joint at 550℃⁡, adapted from [28] and (b) comparison 

of results of PB YS model at 500℃. 
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(a) (b) 

Fig. 15. Comparison of PB-VP model and test data for (a) stress–strain response for 1.0% 

strain-range and (b) cyclic softening in PM at 500 ℃. 

          

(a) (b) 

Fig. 16. The predicted stress-strain response for P91 IC-, FG-, CG-HAZ at 500℃ with (a) N=1, 

(b) N=1000 for 1.0% strain-range.  

 

Fig. 15(a) shows the comparison of PB-VP predicted response against the test data for 

PM at 500 ℃. The comparison of softening behaviour is shown in Fig. 15(b). Fig. 16 presents 

the stress-strain responses predicted by the PB-VP model for IC-, FG-, CG-HAZ at the 1st and 

1000st cycle for 1.0% strain-range. The model predicts significant differences across HAZ, due 

to different martensitic block width and lath width for three sub-zones. Compared with ICHAZ 

and FGHAZ, CGHAZ exhibits the softest response because the block width increases and the 

lath width decreases significantly. FGHAZ showed the hardest response through the cycles, 

which is due to the reduced block width and prevalence of lath microstructure, compared with 

ICHAZ. The comparison of predicted and experimentally measured evolution of cyclic 

softening in P91 welded joint is shown in Fig. 17. It can be clearly seen that the FGHAZ is 

significantly harder than the other HAZ sub-zones through all the cycles, and the model 

N=half 

N=1 
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predicts that CGHAZ is the cyclically softest region in the HAZ due to the coarse 

microstructure. The evolution of strain distributions for the cross-weld five-material model 

after different numbers of HTLCF cycles are presented in Fig. 18. These results indicate that 

(i) the inhomogeneity of all five regions (PM, IG-, FG, CG-HAZ and WM) is significant, and 

(ii) the inhomogeneous distribution of strain in the loading direction evolves from the first 

cycle due to the heterogeneous material behaviour of HAZ sub-zones. As the number of cycles 

increases, strain re-distribution occurs throughout the HAZ sub-zones, in particular, leading to 

significant strain localisation within the CGHAZ near the outer surface.  

 

  

Fig. 17. Comparison of predicted and measured cyclic softening in P91 welded joint for 1.0% 

strain-range at 500℃. 
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                       N = 1             N = 50            N = 100                   

Fig. 18. Cyclic evolution of (axial) strain distribution in the FE model of P91 CW HTLCF 

cylindrical test specimen for 1.0% strain-range at 500℃. 

 

3.5 Identification of Tanaka-Mura parameters for parent material  

A key novelty of the present work is the calibration of the modified Tanaka-Mura model 

for the cyclically-softening HTLCF behaviour of P91. Fig. 19(a) shows the typical cyclic 

softening maximum stress evolution with number of cycles for HTLCF testing of PM at 500℃ 

for ∆𝜀 =1.0%. Fig. 19(b) shows the procedure adopted here for identification of FCI for PM 

tests at 500℃ [26, 52], based on the assumption of initiation being identified with end of the 

estimated recovery-induced softening phase. Using this approach for the corresponding 

HTLCF test data at 400℃, 500℃, and 600℃, the Tanaka-Mura critical surface energy 

𝑤s⁡values have been identified, as shown in Table 6. Fig. 20 shows the comparison of resulting 

T-M predictions against the experimental data. In general, the model slightly under-predicts 

for the lower strain ranges at 400℃ and 500℃, whereas at 600℃ it slightly under-predicts for 

the higher strain ranges. Overall, reasonably good agreement is obtained between the 

predictions and experiments. The data in Table 6 shows a significant effect of temperature on 

critical surface energy.  

 

WM 

FGHAZ 

ICHAZ 

PM 

CGHAZ 
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(a) (b) 

Fig. 19. (a) Cyclic softening of PM 1.0% strain range at 500 °C, (b) the identification of FCI 

for PM tests at 500℃. 

 

Table 6. Identified 𝑤s for PM at 400, 500 and 600℃. 

T (℃) 𝑤s⁡(J/m2) 

400 22 

500 15 

600 7.5 

 

   
(a) (b) 

 
(c) 

Fig. 20. The comparison of FCI prediction to experimental results for PM (a) 400℃,⁡(b) 500℃,⁡
(c) 600℃. 
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3.6 Fatigue crack initiation prediction using modified Tanaka-Mura model for five-material 

model  

The overall end objective of the present work is to facilitate prediction of the effect of 

welding on fatigue crack initiation. Consequently, the cross-weld (five-material) model, with 

the NLKIH model calibrated via the physically-based YS and VP models, and combined with 

the modified T-M model, as shown in Fig. 5, has been applied here for FCI prediction, with 

comparison against measured HTLCF test data at 500℃. Fig. 22 shows the comparison of FCI 

predictions for PM and CW under different strain ranges at 500℃, thus conveying the weld 

strength reduction factor due to welding on HTLCF. The scatter bar is obtained from the 

standard deviation of packet size, which is the critical length-scale for slip band formation in 

the modified Tanaka-Mura model. The model slightly under-predicts the effect at the higher 

and lower strain-ranges. Overall, it is clear that the model successfully captures the significant 

reduction (knockdown) in FCI life due for the cross-weld P91 HTLCF tests. Fig. 23 shows the 

predicted FCI of the modified T-M model for the different HAZ sub-zones. The minimum life 

is predicted in FG-HAZ as 299 cycles and IC-HAZ as 613 cycles, which are significantly lower 

than for PM (1340 cycles) and CG-HAZ (2051 cycles). Fig.  21 shows the evolution of 

normalized stored strain energy (energy divided by failure energy of that local region) 

distributions for the cross-weld five-material model after different numbers of HTLCF cycles. 

The contour plot shows predicted FCI in the FGHAZ, towards the interface with ICHAZ.  

 

 

Fig. 22. Comparison of FCI prediction for PM and CW for HTLCF tests at 500℃.⁡ 
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Fig. 23. Comparison of predicted cycles to FCI in different sub-zones of the HAZ using the 

modified T-M equation and the five-material FE cross-weld model for 1.0% strain range at 

500℃.  

 

 
                               N = 1            N = 50           N = 299                   

Fig. 24. Cyclic evolution of normalized stored strain energy distribution in the FE model of 

P91 CW HTLCF cylindrical test specimen for 1.0% strain-range at 500℃. 

 

WM 

CGHAZ 

FGHAZ 

ICHAZ 

PM 
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Fig. 25. Optical micrograph of (a) primary crack (occurring in the HAZ) and (b) magnified 

view of primary and secondary (surface) crack of the CW specimen for 1.0% strain range at 

500℃ [26]. 

 

4. Discussion 

The proposed mechanisms-based computational model shows that IC-, FG-HAZ regions 

are key hotspots for HTLCF crack initiation in welded P91. The five-material model, calibrated 

via physically-based YS and viscoplasticity models, with modified Tanaka-Mura, predicts the 

inhomogeneity in cyclic response between across the HAZ region and detrimental effect of 

welding on fatigue crack initiation. 

The physically-based YS model presented here for weld-affected P91 captures the 

measured YS inhomogeneity across the P91 welded joint [28, 32]. Specifically, the model 

captures the increased YS (and thus hardness) value for CGHAZ, about 10% increase for the 

model compared to about 15% measured, and the decrease for ICHAZ material, about 5% 

predicted compared to about 10% measured. Mariappan et al. [28] have suggested that the 

substantial decrease of yield strength from CGHAZ to FGHAZ and ICHAZ is due to the lower 

soaking temperature during PWHT leads to a decrease in the solubility of MX-type precipitates 

and hence in solid solution strengthening contribution. Despite the significantly higher HAGB 

strengthening in FGHAZ, compared with that of CGHAZ, due to grain (mean block width) 

refinement, the significantly reduced lath width and increased dislocation density lead to pre-

dominant dislocation strengthening contribution (Taylor hardening) in the CGHAZ. It can thus 

be concluded that with measurable microstructural parameters in the different weld-affected 

material regions, the physically-based YS model can predict welding-induced YS 

inhomogeneity, both qualitatively and quantitatively, with reasonable accuracy. 
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The influence of the microstructure and the strain-range on the first and stabilized stress-

strain response of P91 welded joint is accurately captured by the physically-based cyclic 

viscoplasticity model, through the difference between the width of the martensite block and the 

width of the lath. The results show that the model based on the rule of mixtures formulation is 

in agreement with the experimental data. Specifically, for example, the maximum stresses have 

been calculated quite well compared to the measured data [26], and the general shape of the 

loop is captured. The inhomogeneity of cyclic softening response within the PM and across the 

different HAZ sub-regions is also captured by the model, consistent with the DIC-measured 

observations of Touboul et al. [32] for tensile response of P91 welded joints at 625oC. The 

physical cause of the increased softening rate in CGHAZ, e.g. see Fig. 16, is the presence of 

freshly formed martensite combined with new, uncoarsened laths with high dislocation density 

[53]. The present physically-based model captures cyclic softening via evolution of the low 

angle boundary microstructure in P91 steels, including precipitate hardening and hierarchical 

grain boundary strengthening.  

A five-material FE model was developed to study the HTLCF behaviour of P91 cross 

weld test specimens. It is known that long-term and short-term responses of materials like P91 

at high temperature differ significantly [54], so that the Norton constants for short-term creep 

are generally different to those for long-term creep. The two-layer viscoplasticity model has 

been successfully employed for P91 under HTLCF conditions [22]. Only the short term creep 

response is directly relevant to this work, since we are looking at HTLCF prediction, not 

involving long term creep. Fig. 9(b) shows the validation comparison of FE-predicted (five-

material model) CW stress relaxation response of the two-layer viscoplasticity model used 

here, which shows reasonably good correlation with the experimental data. The five-material 

FE model used here thus captures reasonably well the short-term stress relaxation effect in P91 

steels under HTLCF conditions, although more extensive calibration and validation may be 

required to confirm applicability across a broader range of strain-rate and stress. Focusing on 

the strain distribution of the entire welded joint, the results show that as the number of cycles 

increases, complex cyclic evolution of multi-material stress and strain re-distribution is 

observed due to changes of constitutive behaviour of each material. CGHAZ predicted to have 

the highest strain concentration after significant cyclic loading. One might expect cyclic strain 

localization to concentrate within the ICHAZ, due it being the softest weld-affected sub-zone 

in P91 welded joints. However, the present modelling results demonstrate a more complex 

trend, viz. since the CGHAZ is determined to display a more rapid and extensive cyclic 
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softening, strain localization appears there, mainly near the edges of the welded joint. However, 

this is not pre-dominant in terms of failure location (see Fig. 23). The normalised stored strain 

energy in Fig. 26 is the ratio of local (integration point) energy to critical Tanaka-Mura energy 

for crack initiation in that material zone. Hence, a value of 1 for normalised energy indicates 

Tanaka-Mura fatigue crack initiation (FCI) at that material point. Significantly lower cycles to 

FCI are predicted for IC- and FG-HAZ than for CG-HAZ, despite the cyclic strain localisation 

in the latter. This is consistent with the observed cracking of P91 cross-weld HTLCF specimens 

in Fig. 25, indicating cracking within the FG- and IC-HAZ regions [26].   

 

Table 7. Comparison of measured and predicted weld life reduction factors (WLRF) for 

HTLCF of CW specimen at 500oC.  

Strain-range 

(%) 
Test 

Modified 

Tanaka-Mura 

model 

0.6 3.6 3.7 

0.8 3.6 3.5 

1.0 2.8 4.5 

  

A key novel contribution of this work is the modification of an energy-based Tanaka-

Mura (T-M)  method to account for cyclic softening in 9Cr steels, with packet size as the critical 

length scale for slip band formation [18], which is characteristic length in a hierarchical 

microstructure. The predictions of this mechanisms-based computational model are shown to 

agree consistently with initiation lives inferred from published test data for the effect of welding 

on HTLCF life in CW test specimens [26]. The modified T-M model has been adapted to predict 

cycles to FCI for the P91 welded joint. The results are in qualitative agreement with the findings 

from Shankar’s work at 550oC and 600oC [4], which also showed failure within the ICHAZ 

(also consistent with the present work) and a detrimental effect of welding for HTLCF of P91 

CW tests. The phenomenon of continuous cyclic softening here is a complicating factor, in 

terms of utilising a conventional load-drop approach, for example. In this work, based on the 

rationale of Li et al. [Li, 2017], the number of cycles to crack initiation has been estimated 

from the cyclic softening curves for each strain-range and temperature (e.g. see Fig. 19(b)), 

based on the assumption that the initial cyclic softening (gradual load drop with decreasing rate) 

is high temperature recovery-induced in terms of dislocation annihilation and microstructure 

coarsening, leading to diffuse micro-cracking, not due to the presence of a localised macroscale 
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crack (e.g. as might occur after coalescence of multiple micro-cracks), giving a final, more 

sudden load drop towards zero, with increasing rate. Hence, in this work we distinguish 

between cycles to initiated micro-cracking 𝑁i  (identified as the end of recovery-induced 

softening in Fig. 19(a)) and macro-scale cracking 𝑁f, corresponding to final, more sudden load 

drop towards zero, with increasing rate. Nonetheless, it is true that slip band crack initiation 

will be conservative relative, even, to the recovery-induced 𝑁i. Table 7 shows a comparison of 

predicted and measured weld life reduction factors, where 𝑊𝐿𝑅𝐹 =⁡𝑁𝑖
PM/𝑁𝑖

CW, is the ratio of 

numbers of cycles to FCI in PM to that in CW. Clearly, the model and test data both show 

significant reduction in FCI life due to welding, and very close correlation for lower strain-

ranges; the model is conservative relative to the test data at the highest (1%) strain range. 

Significant WLRF is also predicted by Mac Ardghail for HTLCF [55], with damage initiating 

in the ICHAZ during welding. Devaney [56] showed that the impact of welding on the room 

temperature fatigue life performance of X100 bainitic steel is very significant, resulting in a 

life reduction of up to two orders of magnitude. Long [57] provided a mechanistic explanation 

for the detrimental effect of welding on fatigue of X100 using FE modelling combined with 

physically-based modelling. A key next step for welded connections and the present model, is 

the extension to include fatigue crack  propagation. Recently, Kramberger et al. [58] have 

presented a multi-scale numerical approach for evaluation of fatigue crack initiation and 

propagation in thermally cut martensitic steels, where the micro-crack initiation in the sub-

model is based on the Tanaka-Mura model, similar to the present work, and  fatigue crack 

propagation in the macro model is predicted using linear elastic fracture mechanics (LEFM), 

showing reasonably good correlation with experimental test results. 

In future work, it is planned to combine the current model with a microstructure evolution 

model, such as the model developed by Mac Ardghail [59].  

 

5. Conclusions 

This paper presents a mechanisms-based fatigue crack initiation model for the effect of 

welding on the high temperature low cycle fatigue of P91 steel. The method is based on the 

combined use of (i) a modified Tanaka-Mura equation for cyclic softening martensitic steel, 

due to microstructure evolution effects, including lath coarsening and dislocation annihilation, 

(ii) application of previously-published physically-based yield strength and cyclic 

viscoplasticity models to the different material zones in a cross-weld specimen and (iii) 

implementation within phenomenological finite element modelling of the cross-weld high 
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temperature low cycle fatigue tests. The key conclusions are: 

• The physically-based yield strength model enables prediction of yield strength 

heterogeneity as a result of welding-induced metallurgical transformations on the P91 

welded joints. The measured microstructural parameters of the heat affect zone obtained 

from published sources provide insights into the changes in the key strengthening 

mechanisms that lead to yield strength inhomogeneity in P91 steel.  

• Variations in block width and lath width are shown to have a significant effect on yield 

strength heterogeneity. Compared with the coarse grain heat affected zone, the reduced 

block width in fine grain heat affected zone resulting in an 74% increase in high angle 

grain boundarie strengthening. The reduction in the lath width causes coarse grain heat 

affected zone to have the highest low-angle boundary strengthening and the highest 

Taylor hardening contribution, leading to highest yield strength in the coarse grain heat 

affected zone.  

• The dislocation-mechanics cyclic viscoplasticity model successfully predicts the 

inhomogeneity in cyclic response across the heat affected zone region by directly 

representing the microstructural parameters of these different regions, which is also a 

key step to predict the inhomogeneous constitutive and fatigue life of P91 welded joints. 

coarse grain heat affected zone is determined to have the highest degree of cyclic 

softening, and consequently rapidly becomes the cyclically softest heat affected zone 

sub-zone.  

• The constitutive behaviours of different regions of P91 welded joints including parent 

material, inter-critical heat affected zone, fine grain heat affected zone, coarse grain 

heat affected zone and weld material have been successfully modelled using a 

Chaboche-type viscoplasticity model, which have also been used in the five-material 

FE model. With an increasing cycle number during high temperature low cycle fatigue 

loading, complex cyclic evolution of multi-material stress and strain re-distribution are 

observed across the cross weld fatigue model; coarse grain heat affected zone is 

predicted to have highest cyclic strain localisation. 

• A modified form of the energy-based Tanaka-Mura equation has been developed for 

cyclically-softening metal and applied to successfully predict effect of strain-range on 

high temperature low cycle fatigue crack initiation in cyclic softening 9Cr steel at 

different temperatures.  

• The modified Tanaka-Mura model has been applied to the different weld-affected sub-
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zones, including inter-critical , fine grain and coarse grain heat affected zone , as well 

as parent material and weld material, on the basis of packet size the key microstructural 

length scale for crack initiation, to successfully predict (i) the detrimental effect of 

welding and (ii) the quantitative effect in terms of weld life reduction factor. The inter-

critical and fine grain heat affected zone regions are predicted as key hotspots for 

fatigue crack initiation in high temperature low cycle fatigue, consistent with previously 

published experimental work. 

• Dislocations, precipitates, solutes, and high and low angle grain boundaries strengthen 

the complex hierarchical microstructure of 9Cr steels. It is necessary to establish a 

physical-based yield strength model, combined with physically-based strengthening 

and softening mechanisms and life prediction method, to accurately explain the 

microstructure evolution caused by the interaction of creep, fatigue and oxidation.  
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