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A B S T R A C T   

This paper is concerned with the creep-damage modelling of a Grade 91 pressurised header, which was observed 
to undergo in-service cracking in the weldments. A multi-axial creep damage model of Kachanov type, with a 
single state damage variable, has been implemented into finite element analysis to study the creep damage re
sponses of weldments and the sub-zones i.e. the base metal (BM), weld metal (WM) and heat-affected zone 
(HAZ). Material properties for each weld constituent were obtained from the results of accelerated creep tests on 
materials extracted from the header. Predictions of crack initiation were made for sections of the stub to header 
welds. This analysis was also used to estimate creep failure life of the header weldment under ultra-super-critical 
conditions. Further, creep crack growth behaviour was predicted based on time-dependent critical damage 
growth. The predicted damage distributions and failure mode of the cross-weld creep test specimens were in 
good agreement with the reported experimental observations. The predicted damage distributions and cracking 
in the header correlate reasonably well with the reported industrial observations.   

1. Introduction 

Pressure vessels are commonly used in power generation industry as 
part of the system required to provide steam for turbines. With the 
increasing drive to enhance the thermodynamic efficiency and reduce 
greenhouse gas emissions, these components are expected to operate 
under ultra-super-critical conditions (i.e. power plants operate at steam 
pressure exceeding 20 MPa and operating temperatures higher than 
600 ◦C) [1]. Tempered martensitic steels with 9–12%Cr have been 
extensively utilized in the construction/retrofitting of power plant 
header components owing to their excellent properties, e.g., creep 
strength and oxidation resistance [2]. The current work considers the 
in-service behaviour of a header which operated at the Aberthaw Power 
Station, a schematic diagram is shown in Fig. 1 [3,4]. When these 
headers operate under baseload conditions, the performance of 9–12% 
Cr welded connections is typically dominated by creep mechanisms. 
Early in life issues, for example, creep damage or cracking has been 
found to occur in the heat-affected zone (HAZ) of the welds. This has 
been commonly referred to as Type IV cracking [3,4]. Without suitable 
inspection and action cracks at these locations could eventually lead to 
the failure of components. Therefore, creep performance of 9–12% Cr 

steel weldments is a key concern in the assessment of components 
integrity and lifetime. For this reason, accurate prediction of damage 
locations, identification of failure mechanism and reliable life assess
ment of weld in components operating under creep conditions are crit
ical to ensure safe, efficient and reliable power plant operation. 

Creep-damage analysis of Grade 91 steel weldments is complicated 
due to the presence of distinct microstructure regions across the weld
ment, which requires robust methods of analysis. Several material 
behaviour models have been developed for creep analysis and creep life 
predictions. These range from simple approaches like the power law to 
more advanced models such as continuum damage mechanics (CDM) 
models [5–9], theta projection method [10] and Robinson’s plasticity 
model [11]. Among these, continuum damage mechanics (CDM) models 
have gained popularity as they are able to characterize the full creep 
regime and can be easily incorporated in a finite element (FE) solver to 
study creep-damage behaviour of weldments [12–15]. Many previous 
investigations on the creep-damage assessment of weldment in pres
surised header components have focused on creep behaviour of weld
ment fabricated from CrMoV steels. For instance, Hayhurst et al. [16] 
have performed FE-creep damage analysis to predict creep damage and 
failure life of low ferritic CrMoV steel welded pipes, based on continuum 
damage mechanics models specifically developed for these grades of 
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steel. In addition, Mustata et al. [17] and Hyde et al. [18] have investi
gated high-temperature fracture behaviour and creep crack growth in 
low alloy ferritic welded pipes, based on continuum damage constitutive 
models. Some recent studies have attempted to investigate fracture and 
damage behaviour of Creep Strength Enhanced Ferritic (CSEF) steel 
weldment under creep conditions (e.g. Refs. [14,19,20]) or 
creep-fatigue conditions [21]. These studies have identified that damage 
and/or cracking tends to concentrate within a specific microstructural 
region within the weld, referred to as the HAZ. However, there is still 
little research available in the literature regarding the prediction of 
creep crack growth in pressurised header welded connections fabricated 
from Grade 91 steels. In a recent study by Shlyannikov & Tumanov [22], 
creep damage and fracture in a plane strain biaxiality loaded plate and 
3D finite thickness compact tension specimen are investigated by using 
damage evolution equations. The damage model for the fracture of the 
process zone is represented using a stress-based formulation [22]. In 
addition to the stress-based CDMs, creep damage and fracture have also 
been examined using ductility-based damage models [23,24]. For 
instance, Cocks and Ashby [23] developed a multi-axial creep 
ductility-based model based on the cavity growth theory. On the basis of 
Cock-Ashby model, creep damage and fracture behaviour of 316H steel 
at 550 ◦C have been investigated [25]. Shlyannikov, V. and Tumanov, A. 
[26] presented an approach to determine creep fracture properties and 
crack growth behaviour in pure modes I and II using stress-and ducti
lity-based formulations. Based on the ductility model, new multi-axial 
failure strain conditions are derived [26]. 

For the purpose of FE creep modelling of the weldments and to ac
count for material heterogeneity, it is often considered that a pipe 

weldment constitutes several distinct material zones. Each may have 
different material properties which are usually determined from creep 
tests to provide solutions for the material constitutive equations. For 
instance, novel approaches for determination of the creep constitutive 
parameters of the base metal (BM), weld metal (WM) and HAZ have 
been proposed by Hyde et al. [13,14,27], based on continuum damage 
mechanic modelling and utilizing creep tests. In more details, material 
constants for the base metal and weld metal were identified from a set of 
uniaxial creep tests and notched bar rupture tests (e.g. Ref. [13]), while 
the creep properties of the HAZ were derived from cross-weld creep tests 
and other novel non-standard tests such as impression creep test (e.g. 
Ref. [14]). Saber et al. [28] have proposed a two-material model ac
counting only for the base metal and weld metal to investigate 
creep-damage properties of P92 weldment, based on steady-state and 
creep damage analyses and utilizing accelerated uniaxial and notched 
bar creep tests, without considering the creep response of the 
heat-affected zone. As such, creep damage assessments accounting for 
the three weld constituents (base metal, heat-affected zone and weld 
metal) are required to investigate the potential creep performance of 
CSEF steels under ultra-super-critical conditions in future power plant 
applications. 

This paper investigates creep-damage behaviour of a Grade 91 
pressurised header under ultra-super critical conditions using CDMs. To 
achieve this, a multi-axial creep damage model of Kachanov type, with a 
single state damage variable, is adopted to characterize the material 
behaviour of weldment under creep conditions. A multi-material model 
consisting of the BM, WM and the HAZ is utilized to characterize the 
localized stress-strain distributions and evolution during creep loading. 

Nomenclature 

εc
ij Creep strain 

Sij Deviatoric stress 
σe von Mises equivalent stress 
σI Maximum principal stress 
σr Rupture stress 
ω State variable characterising creep damage 
ε̇c, min Minimum creep rate 
t Creep time 
tf Creep rupture life 
A, n, m, B, φ, χ Uniaxial material constants 
α Material constant related to multiaxial stress state 

k Number of creep curves corresponding to different stress 
levels 

m Number of points per curve 
ρi A scaling factor accounting for the time error in the 

optimization process 
CDM Continuum damage mechanics 
FE Finite Element 
CSEF Creep Strength Enhanced Ferritic Steel 
BM Base metal 
WM Weld metal 
HAZ Heat-affected zone 
PT Partially transformed zone  

Fig. 1. A schematic diagram showing the general layout of the secondary superheater header which operated at Aberthaw Power Station [3,4].  

R. Ragab et al.                                                                                                                                                                                                                                  



International Journal of Pressure Vessels and Piping 192 (2021) 104389

3

Material properties for each weld constituent are obtained from creep 
tests conducted at 625 ◦C on materials extracted from the ex-service 
header. Following the determination of creep dependent properties, a 
3D FE analysis was performed on the pressurised stubs-header, with the 
aim to predict the nucleation and evolution of creep damage and to 
estimate the creep life of these weldments (under ultra-super critical 
conditions) using ABAQUS FE software package [29]. Moreover, creep 
crack growth behaviour of the header was predicted using damage 
mechanics-based material models. 

2. Experimental work 

Creep specimens machined from the ex-service header were tested at 
a temperature of 625 ◦C and a specific stress range to investigate the 
creep response of P91 weldment under both uniaxial and multiaxial 
stress conditions and to determine specific material constants in the 
coupled creep-damage constitutive equations introduced in Section 3. 
The experimental program was conducted following EPRI guidelines 
and ASTM standard methods, e.g., ASTM E2714-09. The dimensions of 
the specimens used in the creep and rupture tests (Fig. 2) are chosen for 
practical reasons (e.g., to enable laboratory metallographic assessment 
on the tested specimens) and to produce creep fracture behaviour close 
to that in service. This section presents a summary of the results ob
tained from creep tests. Further details regarding the experimental work 
are provided in the cited reference [30,36]. 

2.1. Uniaxial creep tests and notched bar creep rupture tests 

Seven uniaxial creep tests were performed to obtain the uniaxial 
creep strain and creep rupture data for the P91 BM and the simulated 
HAZ. The dimensions of the uniaxial specimen used in these tests are 

shown schematically in Fig. 2a. The uniaxial tests were performed at 
625 ◦C and under a stress range of 70–120 MPa for the BM, while the 
simulated HAZ was tested under a stress range of 45–80 MPa. The 
simulated HAZ terminology in the present study refers to a specific weld 
region generated from the application of simulated welding thermal 
cycles to replicate the mechanical and microstructural properties of the 
‘‘real’’ HAZ [34,35]. To study the creep response of materials under 
multi-axial loading conditions, six notched bar creep rupture tests were 
performed at 625 ◦C and under a nominal stress (on the minimum 
notched cross section) range of 100–160 MPa for the BM and 60–100 
MPa for the simulated HAZ. The dimensions of the notched bar specimen 
are shown in Fig. 2b. The failure times of the uniaxial creep tests and 

Fig. 2. A schematic diagram showing the geometrical details of a) Uniaxial specimen, b) Notched bar specimen, c) Cross-weld specimen (elevation view), and d) 
Cross-weld specimen (plan view) (All dimensions in mm). 

Table 1 
Summary of smooth bar and notched bar creep rupture tests for the P91 BM and 
HAZ [30,36].  

Material Test Temperature (◦C 
) 

Stress 
(MPa) 

Rupture time 
(hours) 

BM Plain Bar 625 70 13603* 
80 7291.5 
100 994.2 
120 142.1 

Notched 
Bar 

100 8272.8 
120 3349.3 
160 435.9 

HAZ Plain Bar 625 45 17873.4* 
60 3144.8 
80 365.8 

Notched 
Bar 

60 14836.1 
80 1938.0 
100 759.0 

Nb: The (*) notation indicates ongoing test. 
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notched bar creep rupture tests are summarized in Table 1. The exper
imental uniaxial creep curves for the BM and the HAZ are shown in 
Fig. 3a for a stress level of 80 MPa. 

2.2. Cross-weld creep tests 

Two cross-weld specimens were machined from the P91 weldment, 
consisting of three different materials; BM, WM and HAZ, to study the 
mechanical response of this weldment under creep conditions. The 
geometrical details of the cross-weld specimen are shown in Fig. 2c. The 
specimen geometries were chosen to induce a multi-axial stress state in 
the gauge section and therefore to better replicate in-service damage. 
The cross-weld creep tests were performed at 625 ◦C and under two 
nominal stress (on the cross section of the uniform section) levels of 60 
MPa and 80 MPa. The experimental results related to these tests are 
summarized in Table 2 and the creep curves are plotted in Fig. 3b. 
Further details regarding the experimental work on the cross-weld creep 
tests are provided in the cited reference [30]. 

3. Determination of the creep properties of the P91 weldment 

3.1. Creep damage constitutive equations 

An empirical creep damage model of Kachanov type has been 
adopted in this work to characterize the material behaviour of weldment 
under creep conditions due to its simplicity and computational conve
nience. The model incorporates one state variable representing material 
damage, with a value ranges from 0 to 1, corresponding to no damage 
state and full damage state, respectively. This model has been success
fully applied to investigate creep and damage behaviour of power plant 
steel weldments by Refs. [19,20]. The constitutive equations in the 
multi-axial form are expressed as follows [5,33]: 

For creep strain rate: 

dεc
ij

dt
=

3
2

A
( σeq

1 − ω

)n Sij

σeq
tm (1) 

For creep damage rate: 

dω
dt

=B
σχ

r

(1 − ω)φtm (2)  

where Sij and εc
ij , (i, j = 1,2,3) are the deviatoric stress and creep strain 

components, respectively; σeq, σ1 and σr are the equivalent, maximum 
principal and rupture stresses, respectively; ω is a state variable char
acterising creep damage due to internal cavitation, ω ∈ [0, 1] ; A, n, m, B, 
φ, χ are the material constants obtained via uniaxial tensile creep tests. 
The multi-axiality in this model is accounted for through the rupture 
stress, and it is assumed to be a combination of the maximum principal 
stress and von-mises equivalent stress as given below: 

σr = ασ1 + (1 − α)σeq (3)  

where α is the constant that is related to the material behaviour in the 
multi-axial stress states. Microstructural investigations conducted by 
Refs. [30,31] on Grade 91 steel weldment have revealed that creep 
damage is dominated by cavitation, which is consistent with the model 
hypothesis regarding the nature of creep damage. 

3.2. Determination of creep properties of weldments 

In order to solve the above constitutive equations, the material 
constants for each material must be determined first. For this purpose, a 
multi-material model consisting of the BM, the WM and the HAZ, is used 
to characterize the localized stress-strain state distribution and evolu
tion during creep loading. For both the BM and HAZ, the six uniaxial 
constants are determined from the uniaxial creep tests on plain bars, 
while the triaxial parameter is determined by matching the FE simula
tion results of the notched bar creep rupture tests with the corresponding 
experimental results. The creep properties of the WM are determined by 
comparing FE predictions of cross-weld creep responses with the 
experimental results. The creep properties obtained for the P91 steel 
weldment are listed in Table 3. 

Fig. 3. Experimental creep curves at 625 ◦C for: a) the BM and HAZ under stress level of 80 MPa at 625 ◦C, and b) the cross-weld specimens.  

Table 2 
Summary of cross-weld creep tests [30].  

ID Temperature (◦C ) Stress 
(MPa) 

Rupture time 
(hours) 

Failure 
location 

Test-1 625 60 13201 HAZ 
Test-2 625 80 3743 HAZ  
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3.2.1. Determination of uniaxial material constants 
The uniaxial constants (A, n, m, B, φ, χ) for both the BM and HAZ of 

P91 steel are determined based on the plain bar creep tests performed at 
different stress levels, following an inverse optimization procedure. 
First, the multiaxial form of the constitutive equations (1)–(3) is reduced 
to a uniaxial form by noting that in a uniaxial loading condition the 
rupture stress, maximum principal stress and von Mises equivalent stress 
are all equal, and hence yielding the following equations: 

dεc

dt
=A
( σ

1 − ω

)n
tm (4)  

dω
dt

=B
σχ

(1 − ω)φtm (5) 

Integrating equations (4) and (5) with respect to time yields an 
expression for the uniaxial strain in terms of stress and time as follow: 

εc =
Aσn− χ

B(φ + 1 − n)

⎡

⎢
⎣1 −

(

1 −
B(φ + 1)σχ tm+1

m + 1

)1− n
(φ+1)

⎤

⎥
⎦ (6) 

The optimization procedure requires initial estimates of the material 
parameters to be determined. For this purpose, the primary creep is 
neglected, and the damage is assumed to accumulate in the tertiary 
creep only (i.e. m = 0). As such, the expression in (4) can be further 
simplified to Norton’s law, which can be linearized as follow: 

log
(
ε̇c, min

)
= nlog(σ) + log(A) (7) 

Similarly, the relationship between the rupture time, tf , and the 
stress, σ, can be expressed as follow: 

tf =
1

B(φ + 1)σχ (8)  

log
(
tf
)
= − χlog(σ) + log

(
1

B(φ + 1)

)

(9) 

The experimental and fitted uniaxial creep and rupture data for the 
BM and HAZ are shown in Fig. 4a and 4b. 

Finally, a group of experimental creep curves were fitted to the 
uniaxial creep strain curves using equation (6) to determine the material 
parameters through an optimization technique with the objective 
function taking the following form [13,15]: 

∑k

i=1

{[
∑m

j=1

(
εpred

j − εexp
j
)2
]

i

+ ρi

(⃒
⃒tpred

fi − texp
fi

⃒
⃒

texp
fi

)}

→min (10)  

where k denotes the number of creep curves corresponding to different 
stress levels; m the number of points per curve; ρi a scaling factor ac
counting for the time error in the optimization process and its value 
ranges from 0 to 1; superscript pred denotes the quantities from pre
dictions and superscript exp denotes the quantities measured from 
experiments. 

The objective function in (10) is solved using MATLAB and the six 
uniaxial material parameters are determined for both the BM and HAZ 
as listed in Table 3 and depicted in Fig. 5a and 5b. 

3.2.2. Determination of the multi-axial material parameter, α 
The triaxial parameter was determined by comparing the rupture 

lives obtained from FE simulations of notched bar creep rupture tests 
with the experimental times to failure. The values of this parameter 
spanned a range from zero, where the failure is dominated by von Mises 
equivalent stress, to unity, where the failure is dominated by the 
maximum principal stress. Given this range, different values of α are 
assumed and the corresponding failure times of the notched bars are 
obtained from the FE damage analysis using all the other material 
properties already determined from uniaxial data. The analysis has been 
performed in conjunction with a user defined material model repre
senting Kachanov type model, as given by equations (1)–(3). For the 

Table 3 
Material constants of Kachanov damage model obtained for the P91 BM, WM 
and HAZ at 625 ◦C (stresses in MPa, and times in hours).   

A  n  ϕ  B  χ  m  α  

BM 3.52 ×
10− 28 

11.46 10.1 9.03 ×
10− 22 

8.49 3.8 ×
10− 3 

0.18 

HAZ 4.24 ×
10− 15 

5.4 3.0 6.7 × 10− 14 5.05 0 0.29 

WM 3.0 × 10− 28 11.33 6.67 1.2 × 10− 21 8.54 9.3 ×
10− 4 

0.2  

Fig. 4. a) Linear correlation between the steady state creep rate and stress, both on logarithmic scales, for the P91 BM and HAZ at 625 ◦C, and b) Linear correlation 
between the times to failure and stress, both on logarithmic scales, for the P91 BM and HAZ at 625 ◦C. 
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purpose of FE modelling, the notched bar is modelled using axisym
metric elements with reduced integrations, designated as (CAX8R) in the 
FE software ABAQUS. The mesh has been refined at the two notches, 
where stresses are expected to vary rapidly, to obtain more accurate 
results of the damage variable, as illustrated in Fig. 6. As the FE results 
are mesh dependent, a prior mesh convergence study was conducted 
using the maximum von Mises equivalent stress as an indicator, from 
which the total number of elements were found to be 1024, resulting in 
negligible stress variation relative to the chosen mesh. 

The relationships between the notched bar times to failure and the 
multi-axial parameter, α, obtained from creep tests and FE damage 
analysis, are depicted in Fig. 7a and 7b for the BM and HAZ, 
respectively. 

3.2.3. Determination of weld material constants 
A multi-material FE damage analysis has been conducted in this 

section to identify the weld material constants. The creep properties of 
the WM are determined by comparing the FE predictions of cross-weld 

creep response with the experimental results. The identified creep 
constitutive parameters, listed in Table 3, are used in the multiaxial 
creep damage model of the cross-weld specimen, which is modelled 
using 3D quadratic continuum elements with reduced integrations 
(C3D20R). Taking advantage of the symmetry, only a quarter of the 
geometry was modelled in ABAQUS, utilizing plane symmetry boundary 
conditions as illustrated in Fig. 8. The mesh assigned for the cross-weld 
specimen is shown in Fig. 8, with a local mesh refinement applied at the 
weld interface regions where stresses are expected to change rapidly. 
Again, a mesh sensitivity study was performed, using the maximum von 
Mises equivalent stress as an indicator, from which the total number of 
elements was found to be 28,000, resulting in negligible stress variation 
relative to the chosen mesh. 

The predicted creep responses of the cross-weld specimen under 
different stress levels of 60 MPa and 80 MPa and at a temperature of 
625 ◦C are compared with the experimental data, as shown in Fig. 9. 
Here, the nominal strain was calculated by dividing the gauge length 
extension at a given time by the initial gauge length. Creep damage 

Fig. 5. Experimental and predicted uniaxial creep curves using Kachanov model for: a) the P91 BM (at 625 ◦C; stress range 70–120 MPa) and b) the P91 HAZ using 
Kachanov model (at 625 ◦C; stress range 45–80 MPa). 

Fig. 6. Notched bar FE model to identify the loading, boundary conditions and mesh scheme.  
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distributions at a time close to failure are predicted for the cross-weld 
specimen tested under a stress level of 60 MPa and the results are 
shown in Fig. 10, which clearly indicate that creep damage is concen
trated in the HAZ, with higher damage values predicted in a specific 
microstructural region in the HAZ, referred to as the partially trans
formed (PT) zone, as shown in Fig. 10. Similar results were obtained for 
the cross-weld specimen tested under a stress level of 80 MPa. These 
predictions agree well with the experimental results of cavitation 
damage distribution in the cross-weld specimens reported in the cited 
reference [25]. The FE damage analysis has shown that creep failure 
occurs in the HAZ, as shown in Fig. 10. These predictions are consistent 

with the experimental observations shown in Fig. 10. Table 4 compares 
the exact macro-failure location within the HAZ as predicted by the FE 
simulation to that observed in the cross-weld creep tests. It should be 
noted that the failure location was measured as the distance relative to 
the fusion line. As illustrated in Table 4, both the FE predictions and the 
experimental findings are in good agreement. 

4. Creep damage analysis of the pressurised header 

The weld sections considered in this investigation are stub tubes to 
Barrel section-2 weldments, as shown in Fig. 1. This selection was made 

Fig. 7. Determination of the multi-axial parameter, α, for the P91 BM (average α = 0.18) and b) Determination of the multi-axial parameter, α, for the P91 HAZ 
(average α = 0.29). 

Fig. 8. FE model of the cross-weld creep test specimen.  
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because these welded connections were shown to undergo significant 
creep damage during the header service life. The key geometrical details 
of the analysed sections are illustrated in Fig. 11a. The header has a 
cylindrical cross-section (450 mm OD x 50 mm WT) referred to as 
“barrels”, ASTM A335 P91. The stub tubes (54 mm OD x 8 mm WT) are 
welded to the header barrel section with arrangement mostly at 50◦

intervals around the circumference between 55◦ and 305◦ from the top 
dead centre position [32]. It should be noted that the header component 
was analysed under ultra-super-critical ‘temperature’ conditions (i.e., at 
temperature of 625 ◦C), which is higher than the industrially recorded 
operating temperature (570 ◦C), and under nominal steam pressure of 
16.5 MPa to investigate the potential creep-damage of the pressurised 
header in future power plant applications. 

4.1. 3D finite element model 

A FE creep damage analysis was performed under an internal pres
sure of 16.5 MPa using creep continuum damage model, given by 
equations (1)–(3), with the material properties obtained at 625 ◦C. The 
weldment is modelled using three material phases, namely the BM, WM 
and HAZ as shown schematically in Fig. 11a. Material properties used in 
the damage calculations are listed in Table 3. The regions of interest 
were modelled using 3D quadratic continuum elements. Quadratic ele
ments were chosen over elements with linear interpolation function 
since they better fit the curved geometry and are less susceptible to shear 
locking in the anticipated bending deformation [29]. Since the FE results 
are mesh dependent, a prior mesh convergence study was performed, 
using the maximum equivalent stress as an indicator, from which the 
total number of elements used in modelling stub tubes weld were found 
to be 32,749. A negligible stress difference (less than 0.1%) was found 
relative to the chosen mesh, shown in Fig. 11b. A local mesh refinement 
was applied to the weld region, where material discontinuity exists. To 
reduce the computational efforts in terms of analysis time and memory 
storage, only a quarter of the geometry was modelled in ABAQUS, uti
lizing appropriate axisymmetric boundary conditions as shown in 
Fig. 11b. An equation type constraint was also prescribed to the end of 
the vessel, as shown in Fig. 11b, to maintain planar motion [29]. An 
internal pressure of 16.5 MPa was applied to the inner surfaces while a 
proportion of this load was applied as an axial thrust to the end of the 
vessel and stub tubes. At the end of the stubs, displacements are 
constant. 

Fig. 9. Experimental and predicted nominal creep strain of the P91 cross-weld 
specimens at 625 ◦C. 

Fig. 10. Predicted creep damage distribution for cross-weld specimen at a time close to failure (at 625 ◦C and stress of 60 MPa) as compared to the experimentally 
observed failure mode observed by Ref. [25]. 

Table 4 
Comparison between the experimentally observed and the predicted failure lo
cations in the cross-weld test specimens.  

ID Stress 
level 

(MPa) 

Macro-failure location in the HAZ 
based on experimental 
observations (mm) [30] 

Macro-failure location 
based on FE simulation 

(mm) 

Test- 
1 

60 1.625 1.4 

Test- 
2 

80 1.440 1.3  
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4.2. Continuum damage mechanics analysis of the header 

Continuum damage mechanics (CDM) based FE analyses have been 
performed to estimate the initiation and growth of cracking in the stubs- 
header weld under ultra-super-critical creep conditions. In the FE 
damage calculations, material failure at a point is assumed to occur 
when the damage variable (ω) approaches unity. In the analysis, creep 
crack initiation is defined as the first element reaching a damage level 
(ω ≈ 1). Once the element has failed, it is assumed incapable of sup
porting any additional loads, and its elastic modulus is adjusted 
accordingly to ~ zero. Creep crack growth is, therefore, simulated by the 
accumulation of damaged elements with time along the HAZ near the 
BM. 

Fig. 12 shows the predicted von Mises equivalent stress distributions 
on stubs-header weldment at different times. It should be noted that in 
Fig.12a–c, the magnified sections on the left show the distribution of 
stresses on the outer surface of the stub tubes-header weld, while those 
on the right show stress distributions on the inner surface of the header. 
It can be seen that at creep time (t) of 300 h, Fig. 12a, stress values tend 
to peak in the HAZ, adjacent to the BM, where creep cracking is pre
dicted to initiate. When material failure occurs in local material points 
(elements reaching a damage level, ω ≈ 1.0) in the HAZ, stresses are off 
loaded from the damaged elements and redistributed to adjacent ele
ments due to the increasing creep strain rate during creep process. This 

redistribution leads to the enhancement of stresses locally in the BM and 
the WM, as shown in Fig. 12b and c. 

The predicted creep damage distributions for the stubs-header weld 
connection at different times are presented in Fig. 13a and 13b. These 
results clearly indicate that creep damage levels in the HAZ are signif
icantly higher than those in the BM and the WM, at all creep times. Creep 
crack initiation (defined as the first element reaching a damage level, ω 
≈ 1.0) is predicted to occur in the HAZ at the interface with the BM, as 
shown in Fig. 13a, after about 28,000 h. The results of the analysis also 
reveal that creep failure of the stubs-header weld connection occurs in 
the HAZ on the barrel side weld toe, Fig. 13b, which is consistent with 
the cracking location observed by the metallographic examinations on 
stubs weld shown in Fig. 13, for the service conditions (steam temper
ature 570 ◦C and internal pressure of 16.5 MPa). Although the FE ana
lyses results correspond to the header operating in the ultra super- 
critical conditions, with a temperature higher than the realistic indus
trial service temperature, the industrial observations can still provide 
some useful insights regarding the damage behaviour of the header 
weldment and therefore could be used to qualitatively evaluate the 
capability of the FE predictions of the pressurised header. The failure 
time was considered as the time to achieve a damage level of around 1.0 
in a small number of elements. It has been shown that the remaining 
creep time before complete failure occurs is relatively small compared to 
the total creep time [14,18]. The predicted creep crack growth 

Fig. 11. A schematic of the stubs-header model showing a) Geometrical details of the analysed section, and b) Mesh scheme and boundary conditions in the FE model 
of the stub tube-header weld. 
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Fig. 12. Distributions of von Mises equivalent stress at a) t = 300 h, b) t = 28,000 h and c) at t ≈ 40,000 h (failure).  
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behaviour is shown in Fig. 14a. As can be seen, crack starts to initiate 
after 70% of the total life had been consumed. Following crack initia
tion, Type IV cracking starts to propagate at increasing rates until the 
critical crack size is reached after around 40,000 h. The FE predictions of 
creep crack growth also indicate that close to failure the rate of crack 
propagation accelerates very quickly, leading to unstable crack growth. 
It should be noted that creep crack propagation results obtained in 
Fig. 14a is defined here as the critical damage growth path along the 
circumference on the outer surface of the stub tubes header-weld. In 
addition, the successive positions of the crack surface growth are pre
sented for different creep times in Fig. 14a. To ensure the accuracy of the 
FE results, finer mesh with smaller element sizes has been applied locally 
in the HAZ region, as shown in Fig. 11b, where peak damage is expected 

to occur. A prior mesh convergence study has been conducted, where 
creep crack growth predictions for different mesh sizes are obtained, as 
illustrated in Fig. 14b. To offer a compromise between the analysis costs 
and accuracy of FE results, a mesh density with an element size of 2 mm 
in the HAZ region is chosen, resulting in a small difference in the pre
diction of crack length (less than 2%) between the two finest meshes. It 
has been shown that a small difference in the convergence of creep crack 
growth could be acceptable (i.e., the numerical solutions can be 
considered to have converged) [37]. 

5. Conclusion and future work 

In the present study, the creep-damage behaviour of a power plant 

Fig. 13. Creep damage distribution and cracking for the stubs-header weld connection at a) t = 28,000 h, and b) at failure (t ≈ 40,000 h) and the experimentally 
observed creep cracking on the stub-header weldment for the service conditions (steam temperature 570 ◦C and internal pressure of 16.5 MPa). (The experimental 
results are adapted from Ref. [32]). 
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pressurised header weldment operating under ultra super-critical con
ditions was investigated using a stress-based continuum mechanics 
model. The FE results have shown the capability of predicting expected 
failure location, compared to industrial observations. Following are 
some insights into future work:  

1. Creep ductility effects on creep performance should be considered to 
account for the wide variability observed in the creep performance of 
CSEF steel cross-welds and therefore reduce the uncertainty when 
predicting long-term component performance. Besides, future 
models should offer the capability to evaluate the micro-damage in 
terms of the number densities of cavities, cavitation rate and cavity 
distributions for a specific alloy composition under given applied 
stress and temperature.  

2. Creep damage constitutive laws need to be extended to account for 
the effects of stress state on creep deformation and damage in order 
to satisfy some other requirements, e.g., creep strain rate consistency 
and damage evolution consistency [9,38] and therefore produce 
more consistent results regarding lifetime and strain at failure for a 
wide range of stress state and stress level.  

3. The methodology used to derive creep properties of the weldment 
could be improved in future work. This may involve utilization of 
miniature specimen testing and local hardness mapping to derive 
more accurate properties of the HAZ [39]. 
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