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Abstract: Creep-cyclic plasticity and creep-fatigue damage interaction of a welded flange are studied 

considering both the thermo-mechanical load and the welding residual stress (WRS). The presence of 

WRS was found to have a minimal effect on the shakedown and ratcheting interaction curve, though 

the stress distribution changes considerably in the presence of WRS. The effect of WRS is predominant 

for the initial cycles after which it relaxes so that at steady state the creep-cyclic plasticity response is 

similar with and without WRS. Depending on the magnitude and sign of the WRS at different locations 

in the weldment, it has both detrimental and beneficial effect on the creep-fatigue life. Investigations 

are carried out using the Linear Matching Method (LMM), which is further modified to assess the creep-

fatigue damage considering both transient cycles and the WRS. Results show that the presence of 

weldment induces tensile and compressive stress/strain at the vicinity of the weldment, which 

substantially influences the creep and fatigue damage. The presence of WRS further complicates this. 

For all the combinations of damage calculations undertaken, with and without the consideration of WRS 

or mean strain, the order of elements with maximum damage differed.  

Keywords: Creep - Cyclic Plasticity Interaction; LMM; Welding Residual Stress; Weld; Creep-fatigue; 

Mean strain 

1. Introduction

Residual stress is an inevitable by-product of almost all manufacturing or fabrication process [1]. The 

non-uniform rapid heating and subsequent cooling of joints during the welding process results in 

inhomogeneous mechanical characteristics and the formation of welding residual stress (WRS) [2]. In 

many of the cases reported, the residual stress at the weldments tends to reduce the safe life under cyclic 

loading conditions, especially if steps are not taken to reduce them [3]. The effect of WRS on structural 

integrity is not straightforward to assess, many factors such as the magnitude, direction and the material 

property are to be considered.  
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Due to the complexity of obtaining analytical solutions for accessing the structural response, Finite 

Element Analysis (FEA) is used to address such challenges. Recently, several direct methods have been 

developed such as 1) Uniform Modified Yield (UMY) surface method [4]; 2) The Elastic Compensation 

method (ECM) [5]; 3) the Generalized Local Stress-Strain r-node method [6]; 4) the Linear Matching 

Method Framework (LMMF) [7–12]. The LMMF can be broadly divided into the Linear Matching 

Method (LMM); the Direct Steady Cycle Analysis (DSCA); the extended Direct Steady State Analysis 

(eDSCA). The former deals with the evaluation of limit load [7], shakedown [8], ratcheting [9, 10] and 

creep rupture [13] boundaries while the latter two deals with the calculation of the cyclic plasticity and 

creep-cyclic plasticity behaviour at steady state [11,12]. LMM’s capacity to accurately access the 

shakedown-ratcheting interaction curve has been widely recognized with the limit load and shakedown 

plugin incorporated into the R5 [14]. The LMM eDSCA can effectively evaluate the creep-cyclic 

plasticity behaviour at steady-state, and when they are coupled with appropriate rule-based codes can 

predict the safe life of components. However, none of the LMM subroutines consider the effect of any 

additional residual stress. It has been identified that the WRS has an effect on the overall life of the 

component. Hence, within this study the LMM subroutine is modified to account for any additional 

WRS effect.  

 

The study presented within this work aims at investigating the effect of WRS on the shakedown-

ratcheting interaction curve and creep-cyclic plasticity of a welded flange using the modified LMM. It 

should be noted that the LMM cannot assess the structural behaviour during the initial cycles, hence 

step-by-step inelastic analysis is carried out to account for the WRS and the stress evolution during the 

initial cycles which are then used within LMM. The finite element model of the welded flange, 

geometry, material properties and applied boundary conditions are presented in Section 2. The heat 

source modelling and residual stress calculation procedures are discussed in Section 3. Investigation of 

the effects of WRS on the shakedown-ratcheting curve using the LMM is discussed in Section 4. Section 

5 to Section 7 and its subsections, deals with the effect of WRS on transient and steady-state damage 

accumulation and Section 8 presents the conclusion. 
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2. FE model and material properties 
 

 
Figure 1 a) Flange-pipe weld with key material zones, b) Mesh used for finite element analysis. 

 

A 4-inch # 300 P91 welded  flange is opted for the case study and discussions. The weldment consists 

of three material zones; a) the Parent Metal (PM); b) the Heat-Affect Zone (HAZ); and c) the Weld 

Metal (WM), Figure 1 (a). A 3D model is chosen as the analysis involes the simulation of a moving 

heat source to produce the WRS. The mesh is finely refined at the weldment and flange neck area as 

they are identified as the most critical regions, Figure 1 (b). The mesh comprises a total of 10,640 

elements which is fixed based on mesh refinement studies. As the weldment region is of prime interest 

and the most critical region, this area is further finely refined. The heat transfer analysis is carried out 

using DC3D20, 20-node quadratic heat transfer elements, and the structural analysis is carried out using 

C3D20R, 20-node quadratic elements with reduced integration. 

 

The analysis can be broadly classified into two steps, the first is the calculation of the WRS. To assess 

the WRS, a heat transfer analysis is carried out to determine the temperature history at all the nodes. 

This includes the temperature variation due to the moving heat source, followed by cooling to room 

temperature and the subsequent heat treatment (annealing). The temperature history is then used as an 

input for the static analysis to calculate the final WRS. The second step involves the estimation of the 

shakedown-ratcheting boundry or the steady state cyclic response considering the calculated WRS using 

the LMMF. Since the analysis uses a combination of inelastic Finite Element (FE) analysis and LMM 

analysis, the constraints and boundry conditions should be adaptable for both. Hence, at the flange head, 

a symmetric boundry condition is applied and a plane constraint is applied at the pipe end so that the 

face remains in-plane but it may expand radially or axially but. Further, the flange is modelled without 

any bolt holes, it is assumed that this geometrical simplification has minimal effect in this study. 

 

An elastic-perfectly plastic (EPP) model is used to model the plasticity behaviour of the welded flange. 

The structure is subjected to a constant internal pressure of 2 MPa, a cyclic thermal load of 600℃ and a 

Parent Material
Heat Affected Zone
Weld Material

a) b)
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dwell period of 4320 hours, as indicated in Figure 2. Norton creep law is used to compute the creep 

strain, the uniaxial form of which is given by:  

 

𝜀̇ = 𝐴𝜎  (1) 

 

where �̇�𝑐𝑟 is the creep strain rate, 𝜎 is the applied stress in MPa; 𝐴 and n are the creep constants.  

 

Within the weldment, if the WM exhibits a higher strain rate compared to the PM, it is called creep-soft 

weld. On the other hand, if the WM exhibits a lower creep strain rate compared to the PM it is termed 

as creep hard weld [17]. Comprehensive discussions on the effect of material mismatch within the P91 

weldments are presented in [15, 16]. It is reported that for creep hard welds, maximum stress is observed 

within the WM and at the mid-wall the HAZ. For creep soft welds, maximum stress is observed within 

the HAZ at the outer surface. Within this study, the bulk of material and creep parameters for PM is 

obtained from the NIMS database [18], and [19, 20]. The HAZ is assumed to be softer than the PM 

while the WM is considered to be harder and the variation of their properties with temperature is similar 

to that of the PM. The creep hard WM and creep soft HAZ used can lead to the initiation of Type IV 

cracking [16] which is predominant in P91 welds. The material properties and creep constants used are 

given in Table 1 to Table 4. The thermal conductivity and specific heat are assumed to be the same for 

all the three regions. The coefficients of thermal expansion for the different zones are as indicated in 

Table 4. A slight mismatch is introduced in the coefficient of thermal expansion for WM and HAZ to 

introduce a stress concentration at the weldment region. The Norton creep constants, A and n, adapted 

are such that a higher creep strain is introduced in the structure and an effective study on the creep-

cyclic plasticity is possible.  

 

 
Figure 2 Temperature variation due to welding, PWHT and applied cyclic load. 
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Table 1 Temperature-dependent yield stres. 

Temp ℃ 0 100 200 300 400 500 600 800 1000 1250 

PM (MPa) 503 478 453 444 424 379 273 60 15 0.001 

HAZ (MPa) 473 450 426 418 399 357 257 56 14 0.001 

WM (MPa) 554 526 499 489 467 417 301 66 17 0.001 

 

Table 2 Temperature-dependent Young’s Modulus. 

Temp ℃ 0 100 200 300 400 500 600 800 1000 1200 

PM (GPa) 212 207 202 194 185 176 164 133 97 48 

HAZ (GPa) 201 196 190 183 175 166 155 126 92 46 

WM (GPa) 162 158 154 148 141 134 125 101 74 37 

 

Table 3 Nortan creep strain parameters. 

Temp ℃ 550 600 650 700 750 
n 

𝐴(𝑀𝑃𝑎− ℎ−1) 

PM 2.1 x 10−22 1.7 x 10−21 1.09 x 10−20 5.8 x 10−20 2.62 x 10−1  8.462 

HAZ 4.43 x 10−22 3.57 x 10−21 2.3 x 10−20 1.22 x 10−1  5.52 x 10−1  8.462 

WM 2.64 x 10−22 2.13 x 10−21 1.37 x 10−20 7.28 x 10−20 3.29 x 10−1  7.65 

 
Table 4 Coefficient of thermal expansion. 

Temp ℃ 0 100 600 1200 

PM (℃-1) 9.77 x 10−6 1.02 x 10−  1.28 x 10−  1.32 x 10−  

HAZ (℃-1) 1.22 x 10−  1.28 x 10−  1.6 x 10−  1.65 x 10−  

WM (℃-1) 1.1 x 10−  1.15 x 10−  1.44 x 10−  1.49 x 10−  

 

3. Heat source modelling and calculation of WRS 
 

The fundamental principle by which residual stress builds in a weldment is quite straightforward. 

However, accurately modelling the same is not easy, as it requires numerous time-dependent and 

independent material properties. They are not always readily available and so approximations should 

be made. The two main assumptions/approximations considered for this study include: 

 

1. Use of sequentially coupled procedure for calculating the WRS: The residual stress within the 

weldment is introduced by first modelling a heat source and moving it along the circumference 

of the pipe. It is then used as an input for the static analysis which calculates the WRS. This 

sequentially coupled procedure is opted over a fully coupled procedure as it is assumed that the 
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stress solution is dependent on the temperature field while the temperature field is not 

influenced by the stress.  

 

2. The effect of phase transformation on material properties is disregarded: Various researchers 

have presented results both with the consideration of phase transformation [21–23] and without 

the consideration of phase transformation [24]. During cooling of the welding process, P91 

generally experiences martensitic transformation which affect the residual stress. Yaghi, A. et 

al. [23] have compared the WRS with and without the effect of phase transformation 

considerations for a P91 weld, and have concluded that the inclusion of phase transformation 

can vary the magnitude of the WRS and in some regions its direction.  

   

For studies comparing the numerical results with experimental results, the above two assumption will 

limit the extend of a good agreement. Nevertheless, within this study the intend is not to compare the 

numerical results with experimental results but to discuss the effect of WRS on the shakedown-ratchet 

interaction curves and the creep-fatigue damage interaction. Hence this two 

assumptions/approximations are considered to be acceptable. Further with these 

assumptions/approximations the computational expense and time is also restricted. 

 

A double ellipsoidal heat source model is used, Figure 3, which is similar to the model presented in [25, 

26] within the analysis. The model uses two ellipsoidal sources to simulate the experimental effect, with 

a steep temperature gradient in the front and a slightly less steep temperature gradient at the rear. 

 

The power density distribution of the model is given by: 

 

𝑞 (𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓 𝑄

𝑎𝑏𝑐 𝜋√𝜋
𝑒𝑥𝑝 −3

𝑥2

𝑎2 +
𝑦2

𝑏2 +
(𝑧 + 𝑣𝑡)2

𝑐2  (2) 

 

for the front quadrant and 

 

𝑞 (𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓 𝑄

𝑎𝑏𝑐 𝜋√𝜋
𝑒𝑥𝑝 −3

𝑥2

𝑎2 +
𝑦2

𝑏2 +
(𝑧 + 𝑣𝑡)2

𝑐2  (3) 

 

for the rear quadrant, where x, y and z are the local spatial coordinates, Q=ηVI is the input power of 

the welding heat source. A user subroutine in DFLUX is developed to apply the volumetric heat flux 

due to welding.   
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Figure 3 Double ellipsoidal heat source configuration [26]. 

 
Table 5 Numerical values for heat source parameters and welding parameters [26]. 

af (mm) ar (mm) b (mm) c (mm) ff (mm) fr (mm) 

12.9 10.3 6 5 1.4 0.6 

 

V (volts) I (amp) η (%) 

22 225 85 

 

For the heat flow simulation, the welding speed, ν, is considered to be 6.25 mm/s. The flange has an 

outer diameter of 114.3 mm, it takes 58.7 s for the torch to complete one revolution. Once the moving 

heat source is simulated, the flange is allowed to cool down to the ambient temperature after which it is 

annealed to a temperature of 760 °C for 2 hours, during which the stress redistributes as per the Norton 

creep law, and then subsequently cooled down to room temperature, as indicated in Figure 2. The 

thermal history obtained is used within a static analysis to compute the final residual stress. Figure 4 

presents the as-weld residual stress and the Post Weld Heat Treatment (PWHT) residual stress. The 

PWHT almost completely relaxes the residual stress away from the weldment and reduces its magnitude 

within the weldment. As a larger difference in coefficient of thermal expansion among the three zones 

are used, the WRS after the complete procedure (when room temperature is obtained) is higher than the 

ones reported experimentally. However, this stress relaxes as soon as the structure is put into service at 

high temperature.    

 

 

Y

Z

X

a

b

Cf

Cr

Heat Flux
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Figure 4 Welding residual stress a) As-weld; b) after PWHT. 

 

4. Effect of residual stress on shakedown and ratchet limit curves 
 

Most of the shakedown limit studies undertaken consider the residual stress associated with the initial 

plastic deformation, whereas research considering the WRS is limited [27], similar is the case with the 

studies regarding ratchet limit. Within this sub-section, the influence of the WRS on the shakedown and 

ratchet limit is investigated by modifying the LMM subroutine to account for the additional residual 

stress. Figure 5 presents the comparison between the shakedown and ratchet limit curve with and 

without WRS.  

 

 
Figure 5 Influence of WRS on shakedown-ratchet interaction curve. 

 

It can be observed that with and without WRS, the structure traces a similar shakedown and ratchet 

interaction curve. This is because the residual stress within the body redistributes itself to accommodate 

the additional WRS. The evolution of LMM in determining the limit-loads, the shakedown limits, the 

plastic strain range and the ratchet limits have been previously described in [7, 8, 10]. From which the 

general form of the elastic solution for cyclic loading cases contains the constant residual stress 
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component, 𝜌  and the varying residual stress component, 𝜌 (𝑥 , 𝑡). In the presence of WRS, 𝜌  

modifies to 𝜌  such that 𝜌 + 𝜌 = 𝜌  in order to contain the structure within the shakedown or 

ratchet limit.  

 

𝜎 (𝑥 , 𝑡) = 𝜆𝜎 (𝑥 , 𝑡) + 𝜌 + 𝜌 (𝑥 , 𝑡) (4) 

 

𝜎 (𝑥 , 𝑡) = 𝜆𝜎 (𝑥 , 𝑡) + 𝜌 + 𝜌 + 𝜌 (𝑥 , 𝑡) (5) 

 

Figure 6 presents the evolution of the internal von Mises residual stress with and without the WRS. In 

line with the equation presented above, the internal residual stress field is considerably changed in the 

presence of the WRS.  

 

 
Figure 6 Internal von Mises residual stress a) without WRS; b) with WRS. 

 

However, it should be noted that though shakedown and ratchet limits are not influenced by the presence 

of the WRS, its presence causes a difference in the relaxation and redistribution of the stresses. Hence, 

it will affect the damage mechanisms of the structure. 

 

5. Effect of residual stress on transient cycles 
 

Within the first few cycles, if the structure experiences plasticity, the WRS tends to re-distribute within 

the structure. To study the effect of WRS, a comprehensive understanding of the evolution of stress and 

strain during the initial cycles is required. The LMM is only capable of assessing the cyclic response of 

the structure at steady-state, hence inelastic step by step analysis is used to study the stress-strain 

evolution during the initial cycles, with and without WRS. Figure 7 presents the contours for the plastic 
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strain accumulated during the initial cycle, with and without WRS. In the absence of WRS, substantial 

plastic strain accumulation is observed during both loading and unloading, whereas with the WRS, the 

plastic strain accumulated during loading is completely nullified and the region and magnitude of the 

plastic strain accumulated during unloading become smaller. Figure 8 presents the contours of creep 

strain at the end of the first dwell with and without WRS. It is quite evident that the creep strain 

accumulated within the WM is considerably increased in the presence of WRS. This is because of the 

higher start of dwell stress within the WM. The reduction in the overall plastic strain and creep strain 

in the HAZ region is because the WRS and the resultant stress due to the applied loads are opposite in 

direction. The WRS is mostly tensile within the HAZ while the applied load results in compressive 

stress. This reiterates the importance of assessing the damage due to WRS on the life of the structure.  

 

 
Figure 7 Plastic strain accumulation for initial cycle a) loading without WRS; b) loading with WRS;  

c) unloading without WRS; d) unloading with WRS. 

 
Figure 8 Comparison of the creep strain accumulation within the weldment at the end of first dwell a) 

without WRS; b) with WRS. 

 

At different positions within the structure, depending on the state of the WRS and its magnitude, 

whether it is in tension or compression, it will have a different effect on the creep-cyclic plasticity 

interactions; hence, four critical elements are selected within the weldment region for further 

discussions, as presented in Figure 9. Figure 10 presents the hysteresis loops generated for the normal 

operation load, where the blue and red line correspond respectively to without WRS and with WRS. 

The sign/direction of the equivalent stress at each element is accessed using the Rule of Sign for 

Dominant Principal Direction [28]. This takes into consideration all the principal stress components and 
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assigns the directions based on the principal stress which exhibits the maximum stress magnitude. This 

allows to identify and differentiate the regions with prominent tensile and compressive stress. Due to 

the irregular geometry and different material paramaters, assigning the directions throughout the 

structure based on any single chosen principal stress would lead to a lesser level of accuracy.  

 

For all the cases analysed, the steady-state response is obtained within the first few cycles itself. Under 

such scenarios, the general practice within R5 [14] and ASME [29] is to assume that the damage within 

the transient cycle is not prominent and the safe life is calculated with regard to the damage 

accumulation during the steady-state. Nevertheless, if damage within the first few cycles is considerably 

high then R5 advises using an inelastic analysis to compute the damage accumulation within the 

transient cycles.  

 

 
Figure 9 Positions of weld locations analysed. 

 

At the element P1, the presence of WRS decreases both the plastic strain during the initial loading and 

the creep strain during the first dwell, resulting in a smaller hysteresis loop compared to the case without 

WRS. Similarly, at element P2, a decrease in the plastic and creep strain is observed. At both these 

elements, the resultant stress due to the thermo-mechanical loading is in compression, whereas the WRS 

is in tension. This results in a decreased damage accumulation in the initial cycles, though they may 

have different effects at steady-state. For element P3, after the initial cycle, the structure exhibits an 

elastic response, the presence of the WRS exhibits a similar response but with a larger start of creep 

stress and a larger creep strain for the first cycle. Here, the mean stress increases in the presence of 

WRS, though this increase in the mean stress will only influence the HCF life. At element P4, the WRS 

is in compression while the resultant stress due to the thermo-mechanical loading is in tension. This 

again reduces the plastic strain, the creep strain and the start of dwell stress for the initial cycles. It 

should be noted that the change in the mean strain caused by the WRS at all the elements are quite 

different. 

 

 

P1

P2 P3

P4
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Figure 10 Comparison of hysteresis loop at the critical elements with (red) and without (blue) WRS. 

 

6. Effect of residual stress on steady-state 
 

From the hysteresis loops presented earlier, it is clear that the WRS as such relaxes within the first few 

cycles and similar steady-state cyclic responses are observed with and without WRS. It has been 

reported extensively in the literature that the HCF of a component is affected by the mean stress; 

similarly, the LCF of a component is affected by its mean strain. Generally, a large mean strain is 

detrimental in terms of LCF life. Wenlan, W. et al. [30] has reported that for N80Q steel, a positive or 

negative mean strain results in a decrease in LCF life. For HS80H Wei, W. et al. [31] has reported that 

for mean strain > 0, the fatigue life decreases with an increase in the mean strain whereas for mean 

strain < 0, the fatigue life increases for an increase in the mean strain. Das, B. & Singh, A. [32] has 

reported that for P91 a reduction in the fatigue life was observed with an increase in the mean strain for 

the same strain amplitude. Hence, it can be understood that the mean strain has a significant role in the 

LCF damage of a component.  
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Though the WRS relaxes at an earlier stage, its effect on the mean strain might be significant. Revisiting 

the hysteresis loops presented in Figure 10, it is clear the WRS influences the resultant mean strain of 

the component. Figure 11 presents the evolution of PEMAG for P1, P2, and P4. In the case of P3, there 

is no plastic strain accumulation in any of the cycles. For all the three elements, the WRS results in a 

difference in the peak strain. It should be noted that Figure 11 is not an indication of ratcheting as the 

plastic strain accumulated during the steady-state cycle is compensated by the creep strain (presented 

in Figure 12). For P1, P2, and P4 the magnitude at which creep strain accumulation commences is 

reduced for the initial cycle with WRS, for the subsequent ones, the creep strain accumulated per cycle 

is very similar. For P3, WRS increases the magnitude at which creep strain accumulation commences 

but is restricted to the first cycle only after which no plastic or creep strain accumulation is observed.   

 

 
Figure 11 Evolution of PEMAG for critical elements. 
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Figure 12 Evolution of CEMAG for critical elements. 

 

6.1 Effect of mean strain on LCF life 

 
Studies have shown that the detrimental effects of a tensile WRS on fatigue damage may be reduced by 

introducing a compressive residual stress [33]. A reason for this is that the mean strain is reduced 

resulting in lower fatigue damage and consequently a larger fatigue life. However an in-depth 

knowledge on the effect of mean strain on fatigue damage is still limited. The Manson-Coffin law, 

though widely used, does not account for the non-zero mean strain effects on LCF life. Kondo Y. [34], 

has proposed a damage equation to account for the mean strain effects.  

 

𝐷 𝑀 =
𝑁 ∆𝜀 𝜀0⁄ 𝑎

1 −
𝜀
𝜀

𝑎 = 1 
(6) 

 

where 𝐷 𝑀 is the damage accumulated considering the mean strain,  ∆𝜀  is the plastic strain range, 𝜀0 

and 𝑎 are material constants, 𝜀  is the mean strain and 𝜀  is the fracture ductility. This is based on the 
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assumption that the mean strain affects the fracture ductility of the material, which in turn affects the 

LCF life. Equation (6) may be re-written in the following way to obtain the number of cycles.  

 

𝜀 − 𝜀 . 𝜀0

∆𝜀 . 𝜀

𝑎

= 𝑁 (7) 

 

Another method discussed within the literature is based on the understanding that when the mean strain 

is greater than zero the tensile strain is greater than the compressive strain whereas when the mean strain 

is less than zero, the compressive strain is greater than the tensile strain [31]. For both instances, the 

amplitude used within the Manson-Coffin fatigue model is modified. When the mean strain is greater 

than zero, the half amplitude of the total strain is modified to 𝜀  + 𝜀𝑎. When the mean strain is less 

than zero, the half amplitude of the total strain is modified to 𝜀  - 𝜀𝑎 . For the fatigue damage 

calculation in the next section, the Manson-Coffin fatigue model is used with the suggested 

modifications presented here to include the mean strain effects. 

 

7. Creep-fatigue damage endurance 
 

The aim of this section is not to provide a solid conclusion with respect to the life of the welded flange 

with or without WRS, instead, it compares the life considering the transient cycles also and discusses 

the effect of WRS. The total damage is defined as: 

 

𝐷 𝑎 = 𝐷 + 𝐷 + 𝐷 𝑀 (8) 

 

where 𝐷 𝑎  is the total damage, 𝐷  is the creep damage due to the transient cycles, 𝐷  is the creep 

damage at steady-state and 𝐷 𝑀 is the fatigue damage considering the effect of mean strain. Detailing 

the numerical LMM eDSCA procedure to evaluate the creep effects at steady-state is beyond the scope 

of this work and the reader is referred to [11]. The initial data required for the damage assessment within 

the transient cycles are obtained using step-by-step inelastic analysis. This is then used as an input for 

the modified LMM eDSCA to account for the damage within the transient cycle and modify the fatigue 

damage considering the mean strain. For steady state, the LMM eDSCA provides all the required data 

for damage calculaton such as the start/end of dwell stress, creep stain and total strain range. A flowchart 

is proposed in Figure 13 to exhibit the logic of the numerical investigation.  
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Figure 13 A flow chart for the creep-fatigue damage analysis through the modified LMM eDSCA method 

considering WRS. 

 
The Manson-Coffin-Basquin equation (Equation (9)) is used for the construction of the fatigue curve 

for fatigue damage calculation. The same EN curve is used for all three zones.  

 

∆𝜀
2

=
𝜎
𝐸

2𝑁 + 𝜀 2𝑁  (9) 

 

The values for the material constants for Manson-Coffin-Basquin equation is obtained from [35] as 𝜎  

= 260; b = − 0.0319; c = − 0.5965 ;and 𝜀  = 0.2918. The Time Fraction (TF) method is used for assessing 

the creep damage. The time to creep rupture 𝑡  is described by the reverse power-law mentioned 

below: 

 

 𝑡 = 𝐵 𝜎𝑎
−  (10) 

 

with 𝐵  and 𝑘  are the creep constants and 𝜎𝑎  is the average stress over the dwell period ∆𝑡. The 

creep-rupture properties are adopted from NIMS and modified for the temperature of 600 ℃. The plot 

for creep rupture stress vs rupture time is presented in Figure 14. 
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Figure 14 Creep rupture stress vs time to rupture diagram. 

 
The rupture stress used for the creep damage is considered to be the average stress during the dwell 

period. It wouldn’t be reasonable to use the arithmetic average of the start and end of dwell stress as it 

would produce overly conservative results considering the nonlinear stress relaxation during the dwell. 

Hence, the rupture stress is defined as below:  

 

𝜎𝑎𝑣𝑔(∆𝑡, 𝜎1, 𝑍) =
1

∆𝑡 𝜎(∆𝑡, 𝜎𝑐𝑠, 𝑍)𝑑𝑡
∆𝑡

0

 (11) 

 

where 𝑍 is the elastic follow up factor and 𝜎𝑐𝑠 is the stress at the beginning of dwell period. For steady-

state, the LMM subroutine calculates the elastic follow up factor, Z, which is used to calculate the 

average stress. For the initial cycle, the start of dwell stress, end of dwell stress, and creep strain obtained 

from the step-by-step analysis is used as an input in the modified LMM eDSCA subroutine which 

calculates the Z for the initial cycle and the subsequent average stress. 

 

From the hysteresis loops and creep strain evolution plots presented in Figure 10 and Figure 12 

respectively, it is clear that substantial creep strain/damage is accumulated within the initial cycles 

hence it is only reasonable that they are also accounted for in the damage assessment. Table 6 presents 

a comparison of the damage accumulation for the three main scenarios considered a) without 

transient/WRS effect and without the effect of mean strain on steady-state cycle (Scenario A); b) 

without WRS effect on transient cycle but with the effect of mean strain on steady-state cycle (Scenario 

B); c) with WRS effect on transient cycle and with the effect of mean strain on steady-state cycle 

(Scenario C). In the absence of mean strain effect on fatigue damage, the equivalent fatigue damage per 

cycle is not significant. The maximum fatigue damage, which is observed in P4 is in the order of 10-4. 

The total damage, which is calculated as the sum of the creep damage and the fatigue damage, as such 
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is driven by the creep damage. In effect, the total damage is significant in the same order of creep 

damage with P1 and P4 indicating similar damage accumulation.   

 

Table 6 Comparisons of creep, fatigue and total damage. 

Creep Damage 

Element No. 1 2 3 4 

Scenario A 0.0029 0.0025 0 0.0033 
Scenario B 0.0074 0.0081 0.0011 0.012 
Scenario C 0.0033 0.0036 0.003 0.0079 

 

Fatigue damage 

Element No. 1 2 3 4 

Scenario A 0.0006 0.0004 - 0.0006 
Scenario B 0.0068 0.0029 - 0.0049 
Scenario C 0.0021 0.0003 - 0.0011 

 

Total damage 

Element No. 1 2 3 4 

Scenario A 0.0036 0.0029 0.0002 0.0039 
Scenario B 0.017 0.0135 0.0011 0.0203 
Scenario C 0.0083 0.0064 0.003 0.0123 

 

The creep damage within the transient cycle with and without WRS is quite substantial and larger than 

the creep damage per cycle at steady-state. At locations, P3 where the start of dwell stress is increased 

due to WRS, the magnitude of creep damage slightly increases, and at the other elements where the 

start of dwell stress is reduced, due to WRS, the creep damage also decreases.   

 

For scenario B, the order and significance of fatigue damage changes substantially. In elements P1, P2, 

and P4, the fatigue damage per cycle increases on a scale comparable to the creep damage. At element 

P3, at steady-state, an elastic response is observed, hence the mean strain doesn’t have an effect on the 

LCF but would have an effect in the HCF life. Considering the structure as a whole, the effect on the 

HCF life is not significant and crack initiation will be due to the LCF-creep interaction. The total 

damage is in the order of P4>P1>P2. 

 

Considering scenario C, the presence of the WRS acts beneficial to the fatigue damage. Within elements 

P1, P2, and P4 the WRS, as discussed in the earlier sections, reduce the plastic strain accumulation 
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within the initial cycles and thereby the mean strain. As seen in Table 6, the fatigue damage is reduced 

within these three elements and the order in which it is reduced depends on the reduction in the mean 

strain. 

 

From the results presented in Table 6, a concrete relationship between creep-fatigue-mean strain-WRS 

cannot be drawn. Nevertheless, it throws light on the importance of mean strain at steady-state. It is 

recommended that even for damage calculation at steady state a thorough investigation considering the 

change in the mean strain during the transient cycle should be carried out. The presence of the WRS in 

this regard can act beneficially if its direction is opposite to that of the resultant forces during the initial 

cycle.  

 

8. Conclusions 
 

Creep-cyclic plasticity and creep-fatigue damage analysis of a welded flange are analysed considering 

both the thermo-mechanical load and the WRS. The WRS is calculated in two steps using an in-elastic 

FE analysis. The first step involves simulating the temperature history which is then used within the 

static analysis to calculate the final WRS.  

 

The presence of WRS is found to have a minimal effect on the shakedown and ratcheting interaction 

curve, though the stress distribution changes considerably in the presence of WRS. The residual stress 

within the structure redistributes itself to accommodate the WRS so that the shakedown-ratchet limit 

curve remains the same. The effect of WRS is predominant for the initial cycles after which it relaxes 

so that at steady-state the creep-cyclic plasticity response is similar for with and without WRS. The 

resultant load produced compressive stress within the HAZ compared to the tensile stress induced by 

the WRS, which was beneficial in terms of creep-fatigue damage. However, within the root pass region 

in the WM, which exhibits elastic response at steady-state, large creep damage was observed during the 

initial cycles, which is exacerbated by WRS.  

 

The LMM eDSCA subroutine was modified to assess the creep-fatigue damage considering both 

transient cycles and WRS. This is employed by obtaining critical data for the transient cycles such as 

the start of dwell stress, end of dwell stress, and mean strain by SBS analysis which is used as inputs 

within the subroutine to calculate the total damage. Results show that the presence of weldment induces 

tensile and compressive stress/strain at the vicinity of the weldment, which substantially influences the 

creep and fatigue damage. The presence of WRS further complicates this. For the damage calculations 

undertaken, the consideration of WRS and mean strain, vary the damage distribution and peak 

considerably. 
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