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Abstract: This paper is concerned with the cyclic plasticity modelling of welded, ex-

service P91 material. A multi-material model is developed for high temperature cyclic 

plasticity, including the effects of the three different material zones in the vicinity of the 

weld: parent metal, weld metal and heat-affected zone. The cyclic plasticity behaviour of 

the three zones is identified from previously-published high temperature, low cycle fatigue 

experimental tests on uniaxial parent metal, weld metal and cross-weld specimens on ex-

service P91 material. The heat-affected zone is shown to be significantly softer than the 

parent and weld metals and to act as a focus for concentration of plastic strain, leading to 

significantly inhomogeneous distributions of stress and strain in the weldment. The multi-

material cyclic plasticity model is applied, via a three-dimensional finite element model, to 

a welded T-piece header-branch connection, to predict the effects of cyclic internal 

pressure and small amplitude thermal fluctuations.  

 

Keywords:  P91 steel, cyclic plasticity, heat affected zone, power plant, welded connections, 

thermo-mechanical fatigue.   

 

1. Introduction 

The key strategic goal for next generation power plant operation is to significantly increase 

overall plant efficiency and reduce emissions via increased steam temperatures and pressures 

(i.e. ultra-supercritical plant operation), whilst operating under flexible conditions to 

accommodate renewable sources of energy. Safety-critical components such as welded 

header units (typically manufactured from 9-12Cr steels), will therefore be subjected to (i) 

more severe thermo-mechanical fatigue (TMF), due to increased thermal gradients imparted 

on heavy wall components during start-up (attemperation) cycles [1] and (ii) more severe 

creep-fatigue (CF) loading due to increased steam temperatures and pressures. As welded 

connections are well known to be ‘hot-spots’ for premature failure, the key to successful 

flexible plant operation at higher temperatures and pressures is primarily related to 

suppression of the CF mechanisms of microstructural degradation and deformation in welded 

connections.  

For base-load operation, the performance of 9-12Cr welded connections in high temperature 

power plant components is typically dominated by creep mechanisms of deformation. 

However, as power generation becomes more flexible, such welded connections will become 

more susceptible to CF deformation, resulting in exacerbated microstructural degradation and 
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hence, reduced component life. For example, the addition of TMF deformation leads to 

enhanced coarsening of the microstructure, including martensitic lath widening [2,3] and 

plastic-strain induced precipitate coarsening [4], resulting in decreased creep strength and 

reduced CF life. Thus, the severe operational conditions which next generation power plants 

must endure [1,5] will most likely lead to CF and TMF weldment failures. It is known that 

these failures commonly occur within the heat affected zone (HAZ) of welded connections 

(Type IV cracking region), as illustrated in Figure 1, for premature failure of a T-piece 

connection, following high temperature, flexible operation. For 9-12Cr steels, Type IV 

cracking is due to heterogeneities in the microstructure, i.e. the hierarchical microstructure of 

9-12Cr steels is replaced with coarse (CG-HAZ) and fine-grained (FG-HAZ) structures of 

reduced creep resistance following welding [6]. In particular, the inter-critical HAZ (IC-

HAZ) has been identified as the region of lowest hardness in a welded joint [7], and the 

primary location of failure in welded 9-12Cr steel connections [6]. Thus, there exists a 

requirement to be able to predict CF failures in such components using numerical methods. 

The long-term, creep behaviour of welded pressurised steam connections has received 

significant attention, e.g. see Takahashi and Tabuchi [8] and Tanner et al. [9], for example. 

Hyde and co-workers have developed creep damage mechanics constitutive models for a 

range of materials [10], including welded CrMoV steels [11-13], P91 and P92 parent material 

(PM) [14], weld material (WM) and HAZ [14-16]. Furthermore, novel methods for 

identification of the creep constitutive parameters of the HAZ have been developed by Hyde 

et al. [11,15]. The identified multi-material creep parameters have been applied to multi-axial 

finite element (FE) models of welded pipes [13] and T-joint connections [18]. This has 

contributed to the understanding of Type IV cracking in such creep applications. Hayhurst 

and co-workers [19] have presented continuum damage mechanics models of mechanisms-

based creep of ferritic CrMoV steels, including creep cavitation and softening due to carbide 

coarsening. This approach was implemented in FE models including CG-HAZ, FG-HAZ and 

IC-HAZ, as well as PM and WM, for pressurised CrMoV welded pipes [20].  

A number of authors have presented experimental results on the creep (including Type IV 

cracking), CF, low cycle fatigue (LCF) and TMF behaviour of P91 welded materials and 

simple welded joints [21-28]. Some work had been carried out by Fournier and co-workers 

[29], which emphasizes that creep-fatigue type loading will be caused by the repeated start-

stop intermittent operation cycle. Other recent work has also focused on accommodating 

these experimental results into numerical models focused on TMF and creep-fatigue of power 

plant pipes and branch header connections [1,5], but without explicitly considering the multi-

material cyclic plasticity of welded joints behaviour for high temperatures and LCF. Okrajni 

et al. [30] introduced the thermal-mechanical modeling of P91 with complex power plant 

geometries, only assuming the power plant component as a monolithic structure. Many 

critical power plant components are fabricated with welded joints, and as such, contain 

microstructure inhomogeneity. The resulting local mechanical property variation across the 

joint should be accounted for when predicting fatigue behaviour, by experimentally 

characterising the behaviour of the individual three distinct zones (PM, HAZ and WM) . 

Shankar et al. [25,26], reported that stress response of welded joints is similar with PM. Yang 

et al., [28] further investigated and made comparisons about the fatigue life between PM and 

welded joints specimens. Almost all of the investigations so far have focussed on PM and 

welded joints, without considering the mechanical response for each material within the 

welded joints, based on fatigue tests of welded P91 joints. A cycle-by-cycle FE method of 

fatigue tests was employed to predict the number of cycles to failure for bi-materials, 

including WM and PM only [31,32]; however, this work did not explicitly model the HAZ, 

which has a different microstructure and, therefore, associated fatigue and plasticity 
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characteristics. A number of cyclic plasticity models have been applied to 9-12Cr steels, e.g. 

the two-layer viscoplasticity model of Farragher et al. [33], which was used to characterize 

the cyclic behaviour of PM, WM, HAZ, and welded joints (CW) for finite element 

modelling; the latter work did not study stress-strain evolution of the welded joints, which is 

critical to investigate the mechanism of HAZ cracking. Saad et al.[34] and Lee et al. [35] 

proposed modeling of P91 for TMF, only concentrating on the parameter identification 

process for PM constitutive models which are extracted from the experimental data and 

without referring to modelling of the welded joints under thermo-mechanical fatigue 

conditions. 

As discussed in [36,37], strain-rate effects are not significant for 9-12Cr steels at 

temperatures of 500 °C or lower. The need to develop cyclic plasticity constitutive models to 

simulate P91 steels under more realistic strain-rates was recently addressed by Barrett et al. 

[38], wherein an improved unified cyclic viscoplastic constitutive model for strain-rate 

sensitivity in high temperature fatigue was developed. Barrett et al. [36] further extended this 

model to incorporate microstructural parameters for martensitic lath width, dislocation 

density and precipitate spacing, at the macro-scale, as part of a multi-scale modelling 

methodology. The requirement for a multi-scale modelling methodology is dictated by the 

complex nature of 9-12Cr steel microstructures and the necessity to be able to predict the 

effects of key strengthening mechanisms, such as precipitates for example [36,38,39].  

 

The first part of this paper presents material parameter identification and development of a 

multi-material model for high temperature cyclic plasticity of the three different material 

zones in the weld region, as well as investigation of the evolution of the stress-strain 

distribution in uniaxial P91 weld specimens. The second part of the paper presents a three-

dimensional FE model of a P91 welded header-branch T-piece (see Figure 2), for cyclic 

plasticity analyses of the multi-material connection, using the newly determined constitutive 

parameters and for combined thermal-mechanical loading histories. The objective is to 

explore the evolution of cyclic plasticity in the three different weldment zones under different 

loading conditions, with a view to gaining some insight into possible failure locations and 

modes of deformation. Some comparison is made between the predicted behavior and 

reported industry findings of damage for the T-piece. 

 

2. Experimental program 

2.1. Test specimen extraction 

In order to identify the cyclic plasticity constitutive parameters for different weld-related 

material zones (PM, WM, HAZ), the results of a recent HTLCF testing programme are 

analysed. As described in Farragher et al. [33], PM, WM, and cross weld (CW) test 

specimens were extracted from a specially fabricated girth weld in an ex-service P91 header. 

Thus, the weldment analysed in this study is representative of a repair weldment. Figure 3 

illustrates the location where the HTLCF test specimens were extracted from the ex-service 

header unit. Note that the CW specimen has PM at one end, WM at the other end and HAZ in 

the middle. The P91 header used for this weldment was an ex-service header with about 

35,000 hours’ service, under subcritical loading conditions. Further details of the preparation 

and testing of these HTLCF test specimens as well as the material properties and composition 

of the parent P91 and weld electrode have been previously reported [33]. 

2.2. HTLCF behaviour of welded P91 steel 
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Uniaxial material testing on preheated specimens was conducted on the HTLCF test rig at 

NUI Galway (Figure 4). Figure 5 shows a comparison of the measured stress-strain hysteresis 

loops and the cyclic evolution of maximum stress for the three different specimens (PM, WM 

and CW) subjected to a strain-controlled triangular waveform for a strain-range of 1.0 % at a 

strain rate of 0.033 %/s and a temperature of 500 °C. As can be seen from Figure 5a, the CW 

has a similar cyclic response to the PM specimen for the first cycle, which suggests that the 

initial mechanical behavior of the HAZ is similar to that of the PM. In addition, it is clear that 

the WM exhibits the highest cyclic strength when compared to that of the other two materials, 

as expected for an over-matched weldment. It is also clear from Figure 5b that all three 

specimen types exhibit cyclic softening, which is characteristic of high temperature cyclic 

deformation of P91. The WM specimen shows the highest rate of cyclic softening; the rate of 

softening of the CW specimens is a little less severe than the PM specimen. The CW 

specimen exhibits the shortest fatigue life, with the PM specimen exhibiting the longest, 

almost 2.5 times that of the CW specimen.  

3. Cyclic plasticity constitutive model 

The cyclic plasticity model uses J2 flow theory with combined non-linear kinematic and 

isotropic hardening to define the constitutive behaviour of the material. The increment in 

stress is defined using multi-axial Hooke's law: 

( )
peee
ε-ε:Cε:Cσ  ==   (1) 

where 
e
ε , ε  and 

p
ε are the elastic, total and plastic strain-rate tensors, respectively, and Ce is 

the fourth-order tensor of elastic moduli, defined in terms of Young’s modulus, E, and 

Poisson’s ratio, ν. As discussed in [36,37], significant strain-rate effects are observed at 

temperatures of greater than 500 °C in the ex-service P91 steel tested here. This permits a 

simplification in terms of modelling, viz. time-independent cyclic plasticity can be employed, 

as opposed to a more complex cyclic viscoplasticity model [Error! Reference source not 

found.34,38,40]. Thus, the plastic strain-rate is defined using the following equation set: 
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where p is the accumulated effective plastic strain-rate, f is the yield function, Φ  is a non-

linear kinematic hardening function, Ω is an isotropic hardening term, x is kinematic back-

stress, R is isotropic stress, k is cyclic yield stress and σ' and x' are the deviatoric stress and 

back-stress tensors, respectively. The kinematic back-stress term is used to represent the 

Bauschinger effect. This is important for accurate representation of the cyclic stress-strain 

hysteresis loops, which in turn is critical for accurate life prediction. In the present work, two 

back-stress terms are defined within a Ziegler non-linear kinematic hardening model [41] to 

describe the initial and later strain hardening regions, as follows:  
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where Ci is the kinematic hardening modulus and γi is the rate of decay.  

Due to a loss of the low-angle boundary microstructure, i.e. plastic-strain induced recovery 

via low-angle boundary dislocation annihilation [2,3], P91 steels undergo cyclic softening. 

This is represented in the cyclic plasticity model via the isotropic hardening model of 

Chaboche [42,43]:  

( )RQbR −=   (7) 

where Q is the saturation value of the isotropic softening stress and b controls the rate of 

decay leading to saturation. A negative value of Q allows modelling of the cyclic softening 

phenomena in the material at a continuum level [34]. 

4. Parameter identification and calibration 

4.1. Identification of the PM and WM material parameters 

The constitutive parameter identification process for the PM and WM follows that described 

by Hyde et al. [44] and Barrett et al. [45], based on the cyclic plasticity test data from the 

uniaxial HTLCF tests on PM and WM specimens. The required material parameters are 

separated into two groups: (i) elastic parameters and (ii) the cyclic plasticity material 

parameters. The elastic material parameters are Young's modulus, E, and Poisson’s ratio, ν, 

which are identified from the monotonic (1st cycle) test data. The cyclic plasticity parameters 

of cyclic yield stress, k, non-linear kinematic hardening constants (Ci, γi) and isotropic 

softening parameters (Q, b) are determined using a step-by-step procedure, as described here.  

Firstly, the isotropic softening constants (Q, b) are identified via consideration of the cyclic 

softening curves. The isotropic stress is identified from the experimental data by plotting 

max,0max  −=R  against p (the accumulated equivalent plastic-strain ( )
p

NΔp 2abs= ). Due 

to continued cyclic softening in 9-12Cr steels, the value of Q is taken to be the isotropic 

stress, R, just prior to the onset of failure, as highlighted in Figure 6.  The parameter b, which 

describes the rate of decay of R, is then adjusted to give the best fit to the experimental data, 

as shown in Figure 6. The cyclic yield stress value is then identified following the approach 

described by Lemaitre and Chaboche [46], based on plotting plastic-strain versus stress and 

estimating the length of the vertical portion of the curve when the material response becomes 

stabilized, as illustrated in Figure 7. Finally, the non-linear kinematic hardening parameters 

(Ci, γi) are determined using the approach developed by Zhan [47]. Under uniaxial loading 

conditions, Equation (4) is rewritten to define the stress, σ, as: 

( ) ( )xσkRxσ −++= sgn   (8) 

Integrating the uniaxial form of Equations (5) and (6) gives the kinematic back-stress, x, and 

isotropic softening stress, R, as: 

( ) ( )pp εγεγ
e

γ

C
e

γ

C
xxx 21 11

2

2

1

1
21

−−
−+−=+=  

 (9) 



6 
 

)1( bpeQR −−=   (10) 

For the later stages of kinematic hardening, the initial back-stress, x1, will have a constant 

(maximum) value of C1/γ1. Thus, taking the natural logarithm of the derivative of Equation 

(9) with respect to the plastic strain, εp, gives: 
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In the Equation (11), the term pεσ  is evaluated using a process involving a Ramberg-

Osgood smoothing function [47] and the kinematic back-stress constants, C2 and γ2 are 

identified from the intercept and slope, respectively, of the plot of ( )bp

p Qbeεσ −−ln  

versus the plastic strain, εp, as presented in Figure 8a for the WM specimens. The constants 

for the first kinematic back-stress term, viz. C1 and γ1, are identified by plotting 

( )p

bp

p εxQbeεσ −− −

2ln  versus the plastic strain, εp, as presented in Figure 8b. the 

same identification process was applied to the PM specimen test data, to identify the 

corresponding parameters for the PM. The identified set of cyclic plasticity parameters for the 

PM and WM are presented in Table 1. 

This identification process is effected via uniaxial implementation of the equations above, 

implemented within a stand-alone computer program, for a strain-rate of 0.033 %/s and an 

applied strain-range of ±0.5 %. Figure 9a illustrates the agreement between the calibrated 

model and the experimental data, for the initial and half-life cycle of PM at 500 °C. For this 

study, Nf corresponds to the number of cycles to fracture of the test specimen. The model is 

applied to simulate Nf/2 cycles because the fracture mechanisms required to capture the final 

stage of failure are not the focus of this work. The comparison of model and measured 

softening behavior of the PM is shown in Figure 9b. The corresponding comparisons for the 

WM test specimen are presented in Figure 10a and Figure 10b. 

4.2. Determination of the HAZ material parameters 

Identification of the corresponding HAZ parameters requires iterative computations using a 

finite element model of the CW test specimen (cylindrical) gage length, with the three 

separate material zones (PM, WM, HAZ) modelled. The finite element code employed here is 

the general-purpose, non-linear code, Abaqus™. The built-in nonlinear kinematic-isotropic 

hardening model in Abaqus is used for the CW model. Design of the FE mesh used for the 

CW test specimen is based on the results of mesh convergence studies, with particular 

emphasis on the weld zone interfaces, where discontinuities are expected. Hence, the final 

mesh is designed to give detailed mesh refinement at the interfaces of the materials and HAZ, 

as shown in Figure 11. A totally number of 1140 quadratic quadrilateral elements of type 

CAX8R has been used in the three-material model. The smallest size elements at HAZ region 

is about 0.09 mm. The elastic modulus of the HAZ is obtained using an in-series three spring 

model, which is used for representing the multi-material zones, as follows:  

WM

WM
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HAZ

PM

PM
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CW
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k

x

k

x
++=    (12) 

where kCW; kBM; kHAZ; kWM are the Young’s moduli identified from experimental data and xCW; 

xBM; xHAZ; xWM are the lengths of each material within the CW specimen. Poisson’s ratio for 
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the HAZ is assumed to be 0.3. Based on the similarity of the CW and PM stress-strain curves, 

(Figure 5), the initial values of the kinematic back-stress parameters for the HAZ are assumed 

to equal those of the PM and the yield stress was lower than the corresponding value of PM 

based on the hardness test from Farragher et al. [33].The remaining HAZ plastic parameters 

were fitted to the experimental CW stress-strain data through the strain-control test response 

of three-material model for the first cycle and the half-life cycle (Figure 12). 

 

The complete set of identified cyclic plasticity parameters for the three-material zones is 

given in Table 1. The degree of cyclic softening (Q) and decay rate (b) in the HAZ (-80 MPa, 

0.1, respectively) is found to be significantly less than that in the WM (-150 MPa, 0.6, 

respectively); which is reflected in the cyclic softening test data in Figure 5b. A comparison 

of the predicted and experimentally-measured stress-strain CW response for the calibration 

strain-range of ±0.5 % and strain-rate of 0.033 %/s are presented in Figure 12. The 

corresponding comparisons for the ±0.3 % and ±0.4 % strain ranges showed a similar quality 

of correlation.  

 

5. Results and Discussion 

5.1. Cyclic plasticity analyses of a uniaxial welded joint 

Figure 13 to Figure 15 present the cyclic evolutions of von Mises stress, axial plastic strain 

and equivalent accumulated plastic-strain in the gauge section of the CW specimen, for a 

nominal applied strain-range of 1.0 % and nominal strain-rate of 0.0333 %/s. These results 

illustrate (i) a significant degree of inhomogeneity across all three zones and (ii) significant 

evolutions in the distributions of these variables due to the differences in softening 

parameters across the three zones. 

As is evident from Figure 13, there is a significant inhomogeneity (~150 MPa) of von Mises 

stress across the CW specimen zones for N = 1, with peak and trough values either side of the 

WM-HAZ interface. The peak von Mises stress is predicted in the WM. With continued 

cycling to the half-life (495 cycles), the stress relaxes significantly in the WM and the WM-

HAZ discontinuity of von Mises stress-range decreases to approximately 100 MPa. 

Concomitantly, a discontinuity develops at the HAZ-PM interface, with peak value on the 

PM side.  

Referring to Figure 14, there is an initial concentration of axial plastic strain at the HAZ-PM 

interface, with a peak in the HAZ. This is attributed to the lower initial yield stress of the 

HAZ (Table 1). Under continued cycling, the HAZ continues to soften, giving an increased 

extent of concentration of axial plastic strain in the HAZ, particularly at the HAZ-PM 

interface. For the CW tests, to which this analysis corresponds, this prediction also 

corresponds to the location of Type IV cracking in the test, i.e. at the HAZ-PM interface [33] 

as illustrated in Figure 14. Furthermore, at the half-life, there are regions of concentrated 

axial plastic strain of up to 4 % in the HAZ, outer surface and central axis. This represents a 

strain concentration factor of ~8, given that the maximum applied strain is 0.5 %. This 

illustrates the ability of the calibrated model to predict the correct location of failure and also 

highlights the necessity to be able to predict the constitutive behaviour in a welded 

connection under cyclic deformation.  

It is also of interest to investigate the equivalent accumulated plastic-strain, as presented in 

Figure 15, which has been proposed by a number of authors, e.g. Sweeney et al. [48], as a 

fatigue indicator parameter for crack initiation prediction. The predicted equivalent 
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accumulated plastic-strain displays a concentrated region of significant magnitude at the half-

life, focused on the HAZ-PM interface.  

5.2. Branch Header T-Joint 

The calibrated material model is applied to the case of a T-joint welded connection (Figure 2) 

in a branched header unit. The geometry is obtained from a combined cycle gas turbine plant 

header unit and is used to investigate the cyclic plasticity behavior of in-service welds. This 

T-joint failed prematurely, after less than 10,000 hours of high temperature, flexible service. 

The branch has two weld sections, one connecting the weldolet to the header and the other 

connecting the weldolet to the branch. Key geometrical information for the T-joint is 

presented in Table 2. In order to investigate an envelope of possible cyclic plasticity 

responses for the T-piece, within the constraints of the identified PM-WM-HAZ material 

model data, different combinations of internal pressure, system constraint and thermal cycle 

conditions are investigated, as tabulated in Table 3. Two internal pressures are considered: (i) 

a typical operating (subcritical) pressure of 17 MPa and (ii) a significantly increased, USC 

operating pressure of 25 MPa. Two different thermal conditions are considered: (i) an 

isothermal condition (500 °C) and (ii) a small fluctuation of temperature between 480 °C and 

520 °C, over which range of temperature it is not unreasonable to assume that the 500 °C 

material constants are unchanged. Finally, two different system constraint conditions are 

considered: (i) closed-end condition for the end cap, and (ii) extreme system constraint, 

leading to constrained end cap in the axial direction, as illustrated in Figure 16. 

  
A mesh sensitivity study of the T-piece was conducted using converged elastic-plastic 

stresses to determine suitable mesh resolution in the weldment region. Five meshes were used 

with varying density from coarser to finer mesh densities. The mesh using 61,495 elements 

(mesh used here) provided the same result as the most refined mesh considered, which had 

128,748 elements. Figure 17 shows detail of the mesh refinement for the converged FE model 

used in these simulations. This mesh used a combination of 61,495 brick and tetrahedral 

elements, consisting of 31,854 brick elements of type C3D8, 2400 linear brick elements of 

type C3D8R and 27,241 quadratic tetrahedral elements of type C3D10. Tetrahedral elements 

were used in the fillet weld, because the geometry was too complex to successfully 

implement brick element meshing. The smallest element sizes in the fillet and branch HAZ 

regions are about 1.02 mm and 0.5 mm, respectively. The use of brick elements is considered 

important for the HAZ regions, in particular, as shown in Figure 17.  

 

A key objective of this T-piece study was to examine the effects of the inhomogeneous cyclic 

plasticity, especially softening of the PM, WM and HAZ zones, on the T-piece response. 

Thus, this evolution of constitutive behavior could be expected to give rise to elastic 

shakedown, plastic shakedown or ratcheting within the complex multi-axial geometry of a T-

joint.  Of the eight different T-joint analyses studied, seven cases led to plastic deformation in 

the HAZ regions, followed by elastic shakedown. It is also of interest to investigate the 

possible failure modes and locations indicated by these multi-material analyses, albeit with 

somewhat limited assumptions. Only the case of high internal pressure, 25 MPa, with 

fluctuating temperature and extreme system constraint, gave cyclic plasticity, more 

specifically ratchetting.  

5.2.1. Case 1: Isothermal, normal operating pressure with closed ends  

Isothermal conditions were specified in this first model, in order to assess the predicted 

plastic deformation behavior and the predicted failure locations.  
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Contour plots of the results from this simulation are presented in Figure 18 to Figure 20. In 

each contour plot, the outer wall is shown in the left plot and the inner wall is shown in the 

right plot. There are two regions with concentrations of maximum principal stresses; the inner 

crotch, labelled A, and the outer saddle position, labelled B in Figure 18. The directions of 

the principal stresses at these sites are shown by the vector plots in the inset images of Figure 

18. These illustrate the directions of the maximum (tensile) principal stresses. Of specific 

interest here is the concentration of tensile stress at the saddle HAZ location (labelled B) and 

direction of principal stresses. This location is the observed location of premature cracking in 

a T-piece of similar geometry (see inset in Figure 19). 

For this same location (B), with the tensile principal stress concentration in Figure 18, the 

contour plot of equivalent plastic strain in Figure 19 also shows a HAZ concentration, 

associated with the initial plastic deformation.  As cyclic softening in 9Cr steels is primarily 

due to plastic strain induced recovery, the low plastic strain-range for an applied internal 

pressure of 17 MPa (as illustrated in Figure 20) is expected to result in negligible softening. 

Elastic shakedown has occurred at this stage and hence no further cycles are simulated. 

Figure 20 shows the effect of applied pressure on the evolution of 𝜎11 − 𝜀11 response at this 

HAZ location. A small initial plastic strain of 0.005% is predicted at the end of the first 

loading cycle. Also shown in Figure 20 is the response for an internal pressure of 25 MPa, 

resulting in initial plasticity of 0.05%, also with elastic shakedown. This result highlights 

potential issues with operating power plants at higher pressures (i.e. corresponding to USC 

plant operation). Coupled with typically higher USC plant operating temperatures, higher 

pressures will result in higher plastic strains and hence, increased risk of premature 

component failure. 

5.2.2. Case 2: Extreme USC TMF operating conditions 

The second case of specific interest here corresponds to a USC cyclic pressure of 25 MPa 

with an in-phase small cyclic temperature fluctuation from 480 °C to 520 °C, with a fixed end 

constraint on the branch end. In this work, all the constants were specified at the mean 

temperature of 500 °C. This particular model configuration can be regarded as an extreme 

load condition within operational parameters currently considered possible. The resulting 

distribution of predicted equivalent accumulated plastic strain after 51 cycles is shown in 

Figure 21. There are clear concentrations of equivalent accumulated plastic strain of about 

0.3% in the weldolet HAZ at the inner crotch position (i.e. at location A). The effect of 

applied pressure on the evolution of 𝜎11 − 𝜀11 (hoop) response accompanying the 

temperature variation is shown in Figure 22. This component will deform plastically when 

the stress exceeds 120 MPa, the yield stress of the HAZ. Initially, a plastic strain of 0.024% is 

predicted, followed by a clear ratcheting effect, due to the fluctuating thermally-induced 

strains. The ratcheting strain in this direction gradually decreases as the cycles continue, 

indicating a tendency towards plastic shakedown. However it does not go to zero, as 

illustrated in Figure 23. Obvious softening effects can be seen, whereby the 𝜎11 stress 

component in this HAZ hotspot of the T-joint deceases continuously from 243 MPa at the 1st 

cycle to 184 MPa at the 51st cycle. The total axial plastic strain is 0.06 % after 51 cycles. The 

ratcheting response was found at both the weldolet-header and weldolet-branch HAZ regions 

(Figure 21). It also can be observed that the equivalent ratcheting strain is dominated by the 

𝜎11 stress component. For this ratcheting behaviour, the number of ratcheting cycles to 

failure, Nf, may be estimated by the following equation: 
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the multiaxial failure strain.  The void growth model proposed by Rice and Tracey is adopted 

here as a method to describe the triaxiality effect on multiaxial failure strain, which is 

presented as follows [49]:  
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where εf is the uniaxial failure strain and the triaxiality is the ratio of σm to σeq. Figure 24 
shows the predicted evolutions of triaxiality response at the hotspot of weldolet-header HAZ, 

with the following equation used here to obtain the average value of triaxiality: 
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where NT is the total number of cycles. Thus, the average calculated triaxiality value is 

approximately 0.5672. The failure strain of a uniaxial P91 CW test specimen is 

approximately 13.5 %, based on a monotonic test at 500 °C [50]. Using Equations (14) and 

(15), this results in a predicted multiaxial failure strain for this T-joint of 7.35 % and a 

predicted number of cycles to failure of approximately 3500 cycles. Assuming three 

temperature-pressure fluctuation cycles per day (which is an extreme case also), this 

corresponds to predicted failure after 3.2 years.  

6. Concluding discussion 

A multi-material PM, WM and CW finite element analysis method coupled with a non-linear 

kinematic and isotropic hardening cyclic plasticity model has been calibrated and validated 

against uniaxial high temperature low cycle fatigue testing of P91 steel and applied to the 

analysis of a P91 welded branch header T-joint connection. The results highlight the 

importance of incorporating multi-material cyclic plasticity parameters for prediction of 

plasticity and stress evolution in such welded connections. Some key conclusions are as 

follows: 

• Identification and calibration of constitutive behavior parameters of PM, WM and 

HAZ from uniaxial cyclic experimental tests of P91 at 500 °C has facilitated new 

insight into the evolutions of uniaxial cross-weld tests.  

• Detailed analyses of uniaxial cross weld specimens illustrate the complex stresses and 

strains in the vicinity of the heat affected zone. The heat affected zone is shown to 

play a critical role in the evolution of plastic strain and localised stresses. The 

evolution in the predicted stress distributions and stress-strain responses between the 

first cycle and those in the latter stages of the cyclic response are significantly 

different.  
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• The modelling results show that the plastic strain concentrates at the interface of PM-

HAZ. This result is in agreement with the HTLCF experimental tests, where failure in 

the Type IV cracking region was observed [25,33]. 

• Plasticity was predicted to occur at the region of weldolet-header HAZ in a P91 

welded branch header T-joint under isothermal conditions leading to elastic 

shakedown. The predicted critical location, due to a combined concentration of 

maximum tensile principal stress and HAZ plastic strain, corresponds to a location of 

observed premature cracking for in-service conditions.  

• In-phase, fluctuating ±20 oC temperature variation with a mean value of 500 oC, with 

a significant increase in operating pressure and an assumed extreme system constraint 

on the branch end, was predicted to lead to cyclic plasticity and ratchetting in the 

weldolet-branch and weldolet-header HAZ at the inner crotch position. A strain-based 

failure model, with triaxiality effects included for multiaxial failure strain, was 

adopted to estimate failure life for the T-joint.  

• The HAZ is a small-size region (2~3mm) and exhibits heterogeneities of micro-

structure due to thermal gradients during welding, leading to differences in the 

mechanical properties compared to the PM and WM. Therefore, it is important to 

characterize the mechanical properties of welded joints with respect to PM, WM and 

HAZ materials, simultaneously. Some small-scale test methods have previously been 

proposed for non-cyclic behaviour of P91 HAZ material, e.g. Hyde et al. [51,52,53]. 

Touboul et al. [54] have presented digital image correlation (DIC) tests to 

characterize elastic-plastic (including isotropic and kinematic hardening) behaviour of 

the PM, WM and CG-HAZ, FG-HAZ and IC-HAZ regions of a welded P91 joints 

under (monotonic) tensile loading. A key challenge for future work is the 

development of a small-scale (e.g. micro-) fatigue test for the HAZ region and sub-

regions.  

• The present work is a first step towards the development of a design tool for next 

generation power plant weldments under cyclic deformation. The effects of creep and 

rate-dependent viscoplasticity are not considered in the present study. The creep-

fatigue analysis of multi-material weldments will require the development of a 

combined creep-fatigue failure prediction methodology, incorporating the complex 

interactions of the cyclic softening with kinematic hardening effects, as presented 

here, while also including time-dependent creep stress re-distribution [13,14].  

 

• Due to the hierarchical microstructure of 9Cr steels, the development of a 

microstructure-sensitive creep-fatigue constitutive and failure prediction modelling 

capability also represents a key next step to the successful suppression of Type IV 

cracking of 9Cr welded connections. The development of such a model would enable 

material degradation, such as low-angle boundary dislocation annihilation and 

martensitic lath to subgrain transformation, under CF deformation to be simulated 

from a physical basis.  
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Figures 

 

Figure 1: SEM image of Type IV cracking in the HAZ of an in-service P91 steel T-joint. 
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Figure 2: Image of the T-Joint showing the PM, WM and HAZ for branch weldolet and weldolet-

header connections. 

 

Figure 3: Positions of different HTLCF test specimens, showing PM, WM and CW (inclusive of 

HAZ) specimens. 
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Figure 4: (a) Photograph of the INSTRON 8800 HTLCF test rig at NUI Galway and (b) setup and 

location of the extensometer in relation to the CW specimen. 

 

Figure 5: Measured results of the (a) stress-strain response for the initial cycle and (b) cyclic evolution 

of maximum stress  for PM, WM and CW material for an applied strain-range of 1.0 % and applied 

strain-rate of 0.0333 %/s at 500 °C. 

(a) (b)
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Figure 6: Identification of the cyclic softening material parameters (Q, b) for the WM. 

 

Figure 7: Identification of the initial cyclic yield stress, k, for the PM. 
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(a) 

 
(b) 
Figure 8: Identification of the NLKH parameters (a) C2 and γ2 and (b) C1 and γ1 for the WM. 
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(a) 

 
(b) 
 

Figure 9: Comparison of the model predicted and experimentally measured (a) stress-strain response 

and (b) evolution of cyclic softening in the PM for an applied strain-range of 1.0 % at 500 °C. 
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(a) 

 
(b) 
 

Figure 10: Comparison of the model predicted and experimentally measured (a) stress-strain response 

and (b) evolution of cyclic softening in the WM for an applied strain-range of 1.0 % at 500 °C. 
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Figure 11: Schematic representation of the three-material model of the CW specimen gauge length. 

 

Figure 12: Typical correlation of the predicted and measured evolution of CW stress-strain response 

for (a) the initial cycle and (b) the half-life cycle for an applied strain-range of 1.0 % and strain-rate of 

0.0333 %/s at 500 °C. 

(a) (b)
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Figure 13: Evolution of von Mises stress in the FE model of the CW specimen, for a 1.0 % strain-

range for (a) the initial cycle, (b) 100th cycle and (c) half-life at 500 °C.  

 

Figure 14: Evolution of (axial) plastic strain distribution in the FE model of the CW specimen, for a 

1.0 % strain-range for (a) the initial cycle, (b) 100th cycle and (c) half-life at 500 °C. 

WM

HAZ

PM
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Figure 15: Evolution of equivalent plastic-strain distribution in the FE model of the CW specimen, for 

a 1.0 % strain-range for (a) the initial cycle, (b) 100th cycle and (c) half-life at 500 °C. 
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(a) 

 
(b) 
 

Figure 16: Loading and boundary conditions on the T-joint FE model for (a) case 1 and (b) case 2. 

Paxial
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Figure 17: Details of mesh refinement for converged FE model of T-joint.  
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Figure 18: Contour plots of maximum principal stress distribution for the case 1 model of the T-joint. 

The two primary areas of interest are labelled A and B, with vectors indicating the direction of 

maximum principal stresses and possible tensile fatigue failure. 

 

Figure 19: Contour plot of equivalent plastic strain in the T-joint model, showing a concentration in 

the weldolet-header HAZ at the inner bore crotch region for case 1 with an internal pressure of 25 

MPa. 
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Figure 20: Predicted evolution of 𝝈𝟏𝟏 − 𝜺𝟏𝟏 response of the weldolet-header HAZ inner bore crotch 

region hot-spot (A), for 17 MPa and 25 MPa internal pressure load cases. 

 

Figure 21: Contour plots of predicted equivalent plastic strain for the case 2 T-joint model after 51 

cycles, showing a concentration in the weldolet-header HAZ at the inner bore crotch position for an 

internal pressure of 25 MPa. 
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Figure 22: Predicted evolutions of hoop stress-plastic strain response of the weldolet-header HAZ at 

the inner bore crotch region hotspot, for case 2. 

 

Figure 23: Multi-axial ratchetting strain evolution of weldolet-header HAZ at the inner bore crotch 

region hot-spot for case 2. 
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Figure 24: Predicted evolutions of triaxiality variation response in the weldolet-header HAZ at the 

inner bore crotch region hot-spot, for case 2. 
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Tables 

 

Table 1: Identified cyclic plasticity material parameters for WM, PM and HAZ ex-service P91 steel at 

500 °C. 

 

Material 

 

𝑬 
(MPa) 

𝒌 

(MPa) 

𝑪𝟏 

(MPa) 

𝜸𝟏 

 

𝑪𝟐 

(MPa) 

𝜸𝟐 

 

𝑸 

(MPa) 

𝒃 

 

WM 

 

181000 325 797311 8035 79567 719 -150 0.6 

    PM 170222 130 728687 12534 258073 1100 -96.5 0.25 

 

HAZ 

 

 220000 

 

120 

 

763000 

 

10284 

 

168820 

 

966 

 

-80 

 

0.1 

 

Table 2: Key dimensions of the header-branch T-joint. 

Pipe Section Inner Radius (mm) Thickness (mm) 

Branch  107.1 29.4 

Header 141.4 26.1 

Branch weld  ─ 15 

Branch HAZ  ─ 1.5 

Fillet Weld radius 60 

 

 

 

 

Fillet Weld HAZ ─ 7.2 

 

Table 3: Summary of the results of the T-joint case study. 

Thermal Condition Pressure Load (MPa) Branch End BC Outcome 

Isothermal 500 oC 

                  17 (case 1) 

25 

Axial Pressure 

Axial Pressure 

Elastic Shakedown 

Elastic Shakedown 

17 Axial Constrained Elastic Shakedown 

25 Axial Constrained Elastic Shakedown 

480 oC - 520 oC, in-

phase with cyclic 

pressure 

17 Axial Pressure Elastic Shakedown 

25 Axial Pressure Elastic Shakedown 

17 Axial Constrained Elastic Shakedown 

                  25  (case 2) Axial Constrained Ratcheting 

 


