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A B S T R A C T   

This paper reports creep crack growth modelling of Grade 91 vessel weldments at high temperature using a 
modified ductility-based continuum damage mechanics (CDM) model, which is based on the Kachanov-Rabotnov 
CDM and utilizing the concept of ductility exhaustion. The proposed model holds a key advantage over existing 
models in that it requires fewer material constants to be identified and calibrated. The new modified model was 
implemented into a user-defined subroutine in ABAQUS and then used to predict the creep crack growth of Grade 
91 vessel weldments. Creep crack initiation and growth in the vessels were predicted to occur in the heat-affected 
zones of the weldments associated with the end closures, which is in good agreement with the corresponding 
vessel tests. Further, the predicted creep rupture lives of the notched bars and the vessels using the proposed 
model correlated reasonably well against the experimental results. This suggests that the modified ductility- 
based damage model can be used for creep crack growth and life prediction for high temperature structures 
with confidence.   

1. Introduction 

With the increasing derive to enhance the thermal efficiency and 
reduce carbon emissions, energy conversion systems such as power 
plants are expected to operate under high temperature and pressure 
conditions. Creep Strength Enhanced Ferritic (CSEF) steels including 
9–12%Cr steels have been extensively used in the construction of high- 
energy components owing to their good mechanical performance, such 
as creep strength and oxidation resistance (Masuyama, 1999; Choudh-
ary and Palaparti, 2012). When components operate under 
high-temperature creep regime, creep deformation and fracture are 
major concerns (Xu et al., 2017). As such, more reliable creep damage 
and creep life assessment methods are needed for safe, efficient and 
reliable plants operation. 

Continuum damage mechanics-based models have been widely uti-
lized for creep damage and creep life predictions. Typically, these 
methods can characterise the full creep stages and can be easily imple-
mented into a finite element (FE) code to predict creep deformation and 
damage behaviour of steels at high temperatures (e.g., ref (Hayhurst 

et al., 1984; Hyde et al., 2004; Hyde et al., 2006)). In general, damage 
evolution models can be broadly categorised into stress-based and 
strain-based damage models (Wen et al., 2016). In the first category, the 
evolution of damage is based on the rupture (representative) stress cri-
terion, while the latter approaches assume that material failure at a 
given point occurs when the locally accumulated creep strain reaches its 
critical value (i.e. creep ductility of the material) (Wen et al., 2016; 
Meng and Wang, 2019). 

Stress-based damage evolution models (e.g. Kachanov-Rabotnov 
CDM (Kachanov, 1958; Rabotnov, 1969) and Liu-Murakami model 
(Liu and Murakami, 1998)) have been applied by many researchers to 
investigate creep damage and crack growth behaviour in 
high-temperature steels (Hyde et al., 2001) and damage induced by 
creep-fatigue conditions (Li et al., 2016). For instance, Hyde et al. 
(2001) have proposed a stress-based damage mechanics approach to 
predict creep damage initiation and growth in power plant steels 
weldment. Further, they presented an approach to determine material 
properties of the damage model based on accelerated creep tests (Hyde 
et al., 2001; Hyde and Sun, 2000). Goyal et al. (2013) successfully 
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predicted creep deformation and damage evolution in 2.25Cr–1Mo 
steels under uniaxial and multiaxial creep conditions by performing FE 
analysis coupled with stress-based continuum damage models. A novel 
approach has been presented by Hyde, C.J et al. (Hyde et al., 2010a) for 
modelling creep crack growth of 316 stainless steel using continuum 
damage mechanics, in conjunction with the finite element (FE) methods. 
The predicted crack patterns were consistent with the experimental 
observations. Similar work has been used to model the high-temperature 
creep damage and crack growth in P91 steel weldments through the 
applications of stress-based CDMs (Hyde et al., 2010b, 2010c). In a 
recent study by the author (Ragab et al., 2021), a multi-axial creep 
damage model of Kachanov type was adopted to investigate the creep 
failure behaviour of a Grade 91 header weldment. The damage evolution 
is represented through stress-based formulations and found to produce 
consistent results (Ragab et al., 2021). Further examples on the 
stress-based creep damage modelling are provided in the cited refer-
ences (Shlyannikov and Tumanov, 2018a; Hosseini et al., 2013; Nau-
menko and Kostenko, 2009; Xu and Barrans, 2003; Dyson, 2000; Pétry 
and Lindet, 2009). In summary, the application of stress-based CDMs 
have been successful in these investigations and critical findings 
regarding the damage locations, remaining life and failure mechanisms 
in high-temperature steels have been concluded. Nevertheless, 
stress-based continuum damage models require, in general, many ma-
terial constants to be obtained. For instance, seven material constants 
should be identified in Kachanov type CDM (Hyde et al., 2001; Hyde and 
Sun, 2000), (e.g. A, n, m, B, φ, χ, α) and more than five material pa-
rameters are required in Liu-Murakami model (Liu and Murakami, 
1998) and Dyson’s model (Dyson, 2000). In addition, it has been found 
that a small change in the multi-axial parameter (α), which is typically 
used to define stress rupture criterion in stress-based CDMs, could lead 
to a significant change in the predicted creep rupture life and creep crack 
growth predictions of a P91 weldment (Hyde et al., 2010b; Hyde et al., 
2010c) and therefore this parameter should be carefully calibrated. Most 
importantly, stress-based CDMs do not usually consider the effects of 
creep ductility on creep performance of metallurgically susceptible 
steels such as Grade 91 steels. As such, the wide variability observed in 
the creep performance of CSEF steels weldment cannot be adequately 
captured (Parker, 2017). It has been experimentally demonstrated that 
creep ductility has serious implications on the creep performance of 
CSEF steels at high temperatures (Parker, 2017; Parker and Siefert, 
2018; Siefert, 2019; Holdsworth, 2019). Furthermore, experimental 
studies on CSEF steels have revealed that low ductility materials could 
exhibit creep life reductions under multi-axial stress state (Parker, 2017) 
and could also be at risk when metallurgical constraints due to weld-
ments are present (Parker and Siefert, 2018; Siefert, 2019). Therefore, 
considerations of the creep ductility of specific heats are critical for 
creep damage predictions and crack growth analysis of steels at high 
temperatures. 

Strain-based models, on the other hand, are based on the ductility 
exhaustion concept, where the rate of creep damage accumulation is 
defined as the ratio of the equivalent creep strain rate to material creep 
ductility (Yatomi et al., 2003; Nikbin et al., 1984). Several 
ductility-based damage models have been proposed in recent years to 
predict creep crack growth and damage in creeping solids with different 
levels of accuracy (e.g., ref (Nikbin et al., 1984; Cocks and Ashby, 1980; 
Wen and Tu, 2014; Zhang et al., 2017; Spindler, 2004; Nikbin, 2017)). 
Provided appropriate knowledge of strain accumulation is available, the 
strain-based models can yield more accurate life predictions than the 
stress-based damage evolution models (Wen et al., 2016; Spindler, 
2007). For example, Cocks and Ashby (1980) proposed a multi-axial 
creep ductility-based model assuming that cavity growth is governed 
by the power law creep. This model has been widely used to investigate 
creep damage behaviour of steels and the related failure mechanisms 
(Shlyannikov and Tumanov, 2018b; Oh et al., 2011; Kim et al., 2013; 
Alang and Nikbin, 2018). Yatomi et al. (2008) developed a strain-based 
approach to predict creep crack growth in 316H stainless steel at 550 ◦C. 

Further, two-dimensional elastic–plastic–creep analyses are carried out 
under plane stress and plane strain conditions assuming power-law 
creep behaviour and using average creep strain rate to characterise 
the constitutive behaviour of the steel (Yatomi et al., 2008). While the 
predictions were found in reasonable agreement with the experimental 
data of 316H stainless steel, the applicability of this model for materials 
which tend to develop enhanced creep rates due to the accumulation of 
damage could be limited. Therefore, for materials with complex damage 
mechanisms such as CSEF steels, the damage evolution and creep 
deformation laws should couple each other. Wen et al. (2013) developed 
a novel creep damage model which accounts for the effects of creep 
damage and stress state on creep deformation. The model is employed 
into a FE code to simulate creep crack growth and damage in 316 
stainless steel at 600 ◦C and the predicted results showed good corre-
lations with the corresponding experimental results. However, the pri-
mary creep effects are ignored in the model proposed. For some 
materials, the primary creep can be significant and hence the time 
exponent in the time-hardening creep law (m) is not necessarily equal to 
zero (Hyde et al., 2004; Chang et al., 2015). Therefore, for more accurate 
assessments, creep damage evolution models should incorporate all 
stages of creep (primary, secondary and tertiary), which will be 
addressed in the new proposed model of this work. To overcome the key 
limitations presented above for stress- and strain-based damage evolu-
tion models, a modified strain-based continuum damage model on the 
basis of Kachanov-Rabotnov CDM is proposed in this work utilizing the 
concept of ductility exhaustion. The proposed model requires fewer 
material constants to be identified and calibrated comparing with that of 
Kachanov-Rabotnov. Further, the model characterises the full creep 
curve and enables the effects of creep rupture ductility on creep lives to 
be assessed. 

In this study, a modified ductility-based continuum damage me-
chanics model is proposed to study creep crack growth behaviour of 
Grade 91 vessels weldment. The paper is laid out as follows: Section 2 
presents a summary of the experimental data pertinent to creep tests on 
weldment and the results related to the long-term creep tests of the 
Grade 91 vessels. In Section 3, the modified ductility-based CDM model 
is presented and discussed. In Section 4, the optimization procedure 
adopted to determine material properties of the new model is illustrated. 
The capability of the proposed CDM model to predict creep damage and 
failure is examined in Section 5. Finally, concluding remarks and some 
insights into future work are presented in Section 6. 

2. Experimental work 

In this section, the main findings from creep tests are presented. The 
experimental data relevant to the accelerated creep tests on weldment 
(based metal, weld metal, heat-affected zone) are presented in Section 
2.1, while those obtained from the long-term creep tests on Grade 91 
vessels are reported in Section 2.2. 

2.1. Creep tests on weldment 

Accelerated creep tests were performed on Grade 91 weldment at a 
temperature of 625 ◦C to study the creep behaviour of these weldments 
under both uniaxial and multiaxial stress states. Further, the results 
related to these tests will be utilized to determine creep damage prop-
erties in the constitutive equations for each weld constituent (based 
metal, weld metal, heat-affected zone) as outlined in Section 4. The 
tested materials were extracted from an ex-service header, which was 
operating under a nominal steam temperature of 570 ◦C and internal 
pressure of 16.5 MPa for about 78,000 h. Further details on the ex- 
service header and its in-service behaviour are documented in the 
cited references (Review of Fabrication and, 2013; Parker and Brett, 
2013). The experimental work was undertaken based on EPRI guidelines 
and ASTM standard methods, e.g. ASTM E2714-09. Details of the testing 
have been provided previously (Siefert, 2019; Takahashi et al., 2019), so 
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a summary of the main results obtained from the uniaxial, notched bar 
and cross-weld (CW) creep tests is presented in the following 
subsections. 

2.1.1. Uniaxial creep tests and notched bar creep rupture tests 
Uniaxial creep deformation and creep rupture data were measured 

by performing a total of six uniaxial creep tests at 625 ◦C and under a 
stress range of 80–160 MPa for the P91 BM, while the simulated HAZ 
was subjected to a stress range of 60–80 MPa. The terminology of 
simulated HAZ refers to a specific weld region generated from the 
application of simulated welding thermal cycles to replicate the me-
chanical and microstructural properties of the real HAZ (Takahashi 
et al., 2018). In the simulation process, specimens are heated at a rate of 
1 ◦C/s for a peak temperature of 900 ◦C followed by a rapid cooling 
using Gleebe simulator, reproducing the partially transformed (PT) re-
gion in the HAZ. Following the simulation process, a post weld heat 
treatment (PWHT) is applied where the simulated HAZ samples are 
heated in an electrical furnace to 740 ◦C for about 4 h before gradually 
cooled. Further, six notched bar creep rupture tests were performed at 
625 ◦C and under nominal stress (on the minimum notched 
cross-section) within the range 100–160 MPa for the base metal and 
60–100 MPa for the simulated HAZ to evaluate the creep response of 
these materials under a multiaxial stress state. The experimentally 
measured failure times of the uniaxial creep tests and notched bar creep 
rupture tests are listed in Table 1. Fig. 1a shows the experimental uni-
axial creep curves (nominal strain vs time) for the P91 BM under a stress 

of 80 MPa and for the simulated HAZ under 60 MPa. 

2.1.2. Cross-weld creep tests 
The creep behaviour of the Grade 91 weldment under high- 

temperature conditions was investigated using feature type cross-weld 
creep tests. For this purpose, two cross-weld specimens were manufac-
tured from the Grade 91 weldment, comprising three different materials: 
BM, WM and HAZ. Both cross-weld specimens were tested at 625 ◦C and 
under two nominal stress (on the cross-section of the uniform section) 
levels of 60 MPa and 80 MPa. Table 2 provides a summary of the main 
results obtained from the cross-weld creep tests, while the creep curves 
are shown in Fig. 1b. 

2.2. Long-term creep tests of the Grade 91 vessels 

Long-term creep tests were conducted on two Grade 91 vessels 
manufactured from an ex-service header by (Parker and Siefert, 2020). 
The general layouts of the welded vessels are shown schematically in 
Fig. 2 and Fig. 3. Both vessels comprise cylindrical sections with an 
outside diameter of 457 mm and a wall thickness of 53 mm.Vessel-1 
involves a hemispherical end cap, one original girth weld, two rows of 
stubs with six stubs per row, endplate closure, and the new weld joining 
the endplate, as shown in Fig. 2. Vessel-2 (shown in Fig. 3) comprises a 
longitudinal seam weld, one original girth weld, two rows of stubs with 
six stubs per row, end plug weld, endplate fitting, and the new weld 
joining the endplate. 

Both vessels were creep tested at 625 ◦C and internal pressure of 15 
MPa, following EPRI guidelines (Parker and Siefert, 2020). The tests 
provided key information on the effects of end closures and the associ-
ated weldment on the long-term high-temperature creep behaviour of 
the vessel components. Vessel-1 failed after 10,000 h and cracking was 
observed in the HAZ region on the endplate side of the weld, while 
vessel-2 lasted for approximately 8000 h and cracking was associated in 
general with the endplate fitting weld and end plug weld. The endplate 

Table 1 
Summary of plain bar and notched bar creep rupture tests for the BM and 
simulated HAZ (Siefert, 2019; Takahashi et al., 2019).  

Material Test Temperature 
(oC) 

Stress 
(MPa) 

Rupture time 
(hours) 

BM Plain Bar 625 80 19703.0 
100 2982.3 
120 233.3 
160 27.3 

Notched 
Bar 

100 19550.3 
120 7715.9 
160 1121.1 

Simulated 
HAZ 

Plain Bar 625 60 1953.0 
80 231.0 

Notched 
Bar 

60 15544.4 
80 3475.4 
100 352.8  

Fig. 1. Experimental creep curves at 625 ◦C for: a) the P91 BM under a stress of 80 MPa and for the simulated HAZ under 60 MPa, and b) the cross-weld specimens.  

Table 2 
Summary of cross-weld creep tests (Siefert, 2019).  

ID Temperature (o 

C) 
Stress 
(MPa) 

Rupture time 
(hours) 

Failure location 

CW- 
A 

625 60 18270.3 Heat-affected 
zone 

CW- 
B 

625 80 5518.7 Heat-affected 
zone  
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weld of vessel-2 developed cracks in the HAZ on the endplate side of the 
weld while the end plug weld cracking was confirmed in the HAZ on the 
header side of the weld. It should be noted that no cracking was detected 
for the girth weld or the longitudinal seam weld. Further details on the 
experimental work could be found in the cited reference (Parker and 
Siefert, 2020). 

3. Constitutive models 

In this section, a strain-based CDM model is proposed based on the 
classical Kachanov type CDM and utilizing the concept of ductility 
exhaustion. The constitutive equations (outlined in Section 3.1) are first 
expressed in the general multi-axial form. Then, a closed-form (analyt-
ical) solution is derived for creep strain as a function of time and for 
creep rupture life under uniaxial stress state. The multi-axial creep 
ductility is computed based on constrained void growth models, as 
outlined in Section 3.2. 

3.1. Ductility-based creep damage constitutive equations 

Kachanov type CDM (Kachanov, 1958; Rabotnov, 1969) is an 
empirical model, which incorporates a single state variable representing 
material damage due to internal cavitation, with a value ranges from 

0 to 1, corresponding to no damage state and full damage state, 
respectively. The application of this model for examining creep defor-
mation and fracture behaviour of power plant steels weldment has been 
successful in many previous investigations (e.g., ref (Hyde et al., 2004; 
Hyde et al., 2001)). The model can generally be expressed in the 
following multi-axial form: 

For creep strain rate: 

dεc
ij

dt
=

3
2

A
( σeq

1 − ω

)n Sij

σeq
tm (1) 

Traditionally, in stress-based models, creep damage evolution is 
expressed in terms of the rupture stress as shown below: 

dω
dt

=B
σχ

r

(1 − ω)∅tm (2) 

where the rupture stress is usually assumed to be a combination of 
the maximum principal stress and von-mises equivalent stress: 

σr = ασ1 + (1 − α)σeq (3)  

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 

Fig. 2. Layout and dimensions of Vessel-1 on a) elevation view and b) side view (All dimensions in mm).  

Fig. 3. Layout and dimensions of Vessel-2 on a) elevation view and b) side view (All dimensions in mm).  
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characterising creep damage due to internal cavitation, ω ∈ [0, 1] ; A, n, 
m, B, ∅, χ are the material constants related to the uniaxial stress sate. 

Although the application of the stress-based damage mechanics 
models has been successful in many situations, there are key limitations 
including the larger number of material constants to be calibrated, as 
shown above. Furthermore, the sensitivity of creep life and creep dam-
age predictions to the multi-axial parameter (α) is another limitation 
(Hyde et al., 2010c). Besides, stress-based damage models do not usually 
consider the effects of creep ductility on creep fracture behaviour in 
damage susceptible steels such as CSEF steels. Therefore, to overcome 
these limitations and capture the effect of creep ductility on creep 
damage of steels at high temperature, creep damage evolution is defined 
using an alternative approach, known as ductility exhaustion. In this 

Fig. 4. Predicted creep rupture lives of Grade 91 notched bars at 625 ◦C and 
net section stress 100 MPa with different creep ductility values using the pro-
posed model. 

Fig. 5. Comparison of creep ductility predictions by several multiaxial 
constraint ductility models with the experimental data from plain and notched 
bar creep tests at 625 ◦C. 

Fig. 6. Optimization flow chart used for obtaining the P91 base metal and 
simulated HAZ properties. 

Fig. 7. Variation of the minimum creep strain rate with the stress, both on 
logarithmic scales, for the P91 BM and HAZ at 625 ◦C. 

Table 3 
Optimized material constants for the proposed strain-based damage model ob-
tained for the P91 BM, WM and HAZ at 625 ◦C (stresses in MPa and times in 
hours).   

A  n  m  

BM 5.88 × 10− 26 10.14 1.0 × 10− 4 

HAZ 2.26 × 10− 14 5.23 4.56 × 10− 5 

WM 3.0 × 10− 27 9.3 4.0 × 10− 5  
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approach, it is assumed that failure at a given material point occurs 
when the locally accumulated creep strain reaches its critical value (i.e. 
creep ductility of the material). Thus, the damage rate can be defined as 
follow: 

dω
dt

=
ε̇c

ε∗f
(4)  

where ε̇c and ε∗f are the effective creep rate and multiaxial creep 
ductility, respectively. The multi-axial creep ductility can be computed 
using void growth models introduced in Section 3.2. 

Based on Equations (1) and (4), the framework of our strain-based 
model can be established for a multi-axial stress state. 

Under uniaxial loading conditions, the following relations can be 
obtained: 

σ1 = σeq = σ (5) 

The deviatoric stress can be generally expressed in the following 
tensorial form: 

Sij = σij −
δijσkk

3
(6)  

where, δij is the Kronecker delta function. 
Under a uniaxial stress state, the stress component, σkk, can be 

expressed as: 

σkk = σ1 (7) 

Substituting Equation (7) into Equation (6) leads to the following 
expression: 

S11 =
2
3

σ (8)  

where, σ and S11 are the applied stress and deviatoric stress component, 
respectively. 

Hence, Equation (1) can be written as: 

dεc

dt
=A
( σ

1 − ω

)n
tm (9) 

For a uniaxial stress state, the ratio of the multiaxial ductility to 
uniaxial ductility is given by: 

ε*
f

εf
= 1 (10) 

Hence, the damage evolution in Equation (4) can be defined as 
follow: 

dω
dt

=
ε̇c

εf
(11) 

For a given material, stress and temperature conditions, creep 
ductility can be regarded constant value. By integrating Equation (11) 
with respect to time and substituting in Equation (9) for the damage 
parameter (ω), we can get an expression for the uniaxial creep strain rate 
in terms of creep ductility as follow: 

dεc

dt
=A
(

εf σ
εf − εc

)n

tm (12) 

Equation (12) represents an ordinary differential Equation with an 
initial condition (at t = 0, creep strain = 0). The solution of this equation 
yields an expression for the uniaxial (nominal) creep strain in terms of 
time, stress, and creep ductility as follow: 

εc = εf −

[
− Aεf

n(n + 1)σntm+1

m + 1
+ εf

n+1
] 1

n+1

(13) 

Fig. 8. Experimental and predicted uniaxial creep curves using the proposed strain-based model at 625 ◦C for: a) the P91 BM, and b) the P91 simulated HAZ.  

Fig. 9. The FE model of the CW creep test specimen showing the mesh, loading 
and boundary conditions. 
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As shown by Equation (13), the proposed strain-based model re-
quires fewer material constants to be determined (A, n, m) as opposed to 
the stress-based Kachanov type CDM. 

An expression for the creep failure time (under a uniaxial stress state) 
based on the modified model can be derived by assuming that at t = tf 
the local creep strain will reach the rupture ductility εf : 

tf =

[
εf (m + 1)

A (n + 1) σn

] 1
m+1

(14) 

Based on Equation (14), it is clear that creep failure life is influenced 
not only by the stress level but also by creep rupture ductility of the 
material. Thus, materials with poor creep ductility are likely to undergo 
premature failure. The link between creep ductility and creep damage or 
failure has also been experimentally observed for Grade 91 steels in 
previous investigations (Parker and Siefert, 2018; Siefert, 2019; Siefert 
et al., 2017). 

It is worth noting that the effects of creep ductility on creep life of 

high-temperature steels cannot be directly captured from the conven-
tional stress-based Kachanov-Rabotnov CDM, where creep life can be 
expressed as follow (for a uniaxial loading condition): 

tf =

[
(m + 1)

B(φ + 1)σx

] 1
m+1

(15) 

Therefore, the proposed strain-based model may offer improved life 
assessment as it allows the estimation of creep life for steels with vari-
ability in creep ductility. The capability of the model to provide insights 
into the effects of creep ductility on creep rupture lives of notched bars 
(under a net section stress of 100 MPa and temperature of 625 ◦C) is 
illustrated in Fig. 4. For a given stress level and temperature, variability 
in creep performance of CSEF steels with ductility can be observed. It is 
also evident that a linear correlation is present between creep rupture 
life and uniaxial creep ductility, with the creep rupture lives predicted to 
increase by 6x as the creep ductility increases from 5 to 25%. 

Fig. 10. a: Comparison of the predicted nominal creep strain curves with the experimental results of the P91 CW specimens at 625 ◦C. b: FE creep damage pre-
dictions for the CW specimen at a time close to failure at 80 MPa and 625 ◦C as compared to the experimentally observed failure mode. 
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3.2. Constrained void growth models 

Since components are typically operating under multi-axial stress 
state conditions, the multi-axial ductility (ε*

f ) should be computed when 
predicting creep damage and failure. Further, experimental studies have 
shown that creep ductility is influenced by stress states (Chang et al., 
2015; Goyal and Laha, 2014; Goyal et al., 2014) and therefore the 
reduction in creep ductility under multiaxial stress state should be 
considered. The mathematical expressions which correlate the multi-
axial ductility to the uniaxial ductility are often referred to as void 
growth models since they are developed on the basis of cavity growth 
mechanism under multiaxial stress states (Cocks and Ashby, 1980; Wen 
and Tu, 2014; Rice and Tracey, 1968). In the literature, several models 
have been proposed to evaluate the multiaxial ductility based on the 
uniaxial ductility, e.g., Rice and Tracey model (Rice and Tracey, 1968), 
Cocks and Ashby model (Cocks and Ashby, 1980), Wen and Tu model 
(Wen and Tu, 2014). These models typically express the ratio of the 
multiaxial ductility to uniaxial ductility in terms of the stress triaxiality 
ratio (hydrostatic stress/effective stress) as shown below (Equations 
16–18): 

Rice and Tracey model: 

ε*
f

εf
= exp

(
1
2
−

3σm

2σe

)

(16) 

Cocks and Ashby model: 

ε*
f

εf
=

sinh
[

2
3

(
n− 0.5
n+0.5

)]

sinh
[

2
(

n− 0.5
n+0.5

)
σm
σe

] (17) 

Wen and Tu model: 

ε*
f

εf
=

exp
[

2
3

(
n− 0.5
n+0.5

)]

exp
[

2
(

n− 0.5
n+0.5

)
σm
σe

] (18)  

where σm and n are the hydrostatic (mean) stress and the steady state 
creep exponent, respectively. 

Equations 16–18 are represented graphically in Fig. 5. A creep 
exponent (n = 10.14) is adopted in the Cocks-Ashby model and Wen-Tu 
model to compute the multi-axial creep ductility. The value of the stress 

triaxiality 
(

σm
σe

)

in the notched bar specimen is obtained at the skeletal 

point. At this point, the stress value is invariant with the creep exponent, 
n (Yatomi et al., 2004; Webster and Nikbin, 2003). As shown, there is a 

decreasing trend in the normalised creep ductility 
(

ε∗f
εf

)

with the increase 

in stress triaxiality ratios 
(

σm
σe

)

. By comparing the experimental data of 

plain and notched bar tests of Grade 91 BM to the theoretical pre-
dictions, it is evident that the Cocks-Ashby and Wen-Tu models give 
better fit. However, the Cocks-Ashby model gives infinite ductility 
values at low degrees of constraint (not realistic) because of the sinh 
term. It may be pointed that the Wen-Tu model may slightly over-
estimate the multi-axial creep ductility in the range 0.33 < σm

σe 
< 1.5. 

However, as the degree of stress triaxiality increases, it is expected that 
both the Cocks-Ashby model and Wen-Tu would give similar results. In 
this study, the exponential law proposed by Wen and Tu (Equation (18)) 
will be used to predict the multi-axial ductility at various degrees of 
constraint based on the experimental uniaxial creep ductility. The uni-
axial creep ductility (εf ) at a given temperature can be estimated as the 
average value of the uniaxial creep rupture strains at different stresses 
(Zhang et al., 2017; Oh et al., 2011; Kim et al., 2013; Zhang et al., 
2020a). 

Fig. 11. The FE model of the double notched bar showing the mesh, loading and boundary conditions.  

Fig. 12. Experimental and predicted notched bar creep rupture lives at 625 ◦C 
using the proposed strain-based model for the P91 BM and simulated HAZ (Net 
section stress in MPa and time in hours). 
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4. Determination of material properties 

The constitutive model presented in the previous section requires 
material constants to be derived. Thus, in this section we demonstrate 
the optimization procedure followed to determine the material param-
eters of the proposed damage model for each weld constituent (BM, WM, 
HAZ) based on accelerated creep tests in conjunction with the FE 

simulation. Identification of the BM and HAZ creep properties is detailed 
in Section 4.1, while the approach adopted in obtaining the WM creep 
properties is outlined in Section 4.2. 

4.1. BM and HAZ properties 

An optimization code is developed in MATLAB to determine creep 

Fig. 13. The FE model (mesh scheme & boundary conditions) of a) Vessel-1, and b) Vessel-2.  
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properties for both the P91 BM and simulated HAZ by fitting a group of 
experimental creep curves to the uniaxial creep strain curves using 
Equation (13). The optimization flow chart is depicted in Fig. 6, with the 
objective function taking the following form: 

∑k

i=1

{ [
∑m

j=1

(
εpred

j − εexp
j
)2
]

i

+ ρi

(⃒
⃒tpred

fi − texp
fi

⃒
⃒

texp
fi

) }

→ min (19)  

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 (its value can be obtained by minimizing equation 
(19)); superscript pred denotes the quantities from predictions and su-
perscript exp denotes the quantities measured from experiments. 

The optimization process requires initial values for the material 
properties to be provided. Therefore, the relationship between the 
steady-state creep rate and the applied stress for the P91 plain bars, 
shown in Fig. 7, is utilized for this purpose. Material properties obtained 
from the optimization are listed in Table 3 and the predicted uniaxial 
creep curves for both the base metal and simulated HAZ are shown in 

Fig. 8. It should be noted that the uniaxial creep ductility of the BM and 
simulated HAZ are determined from the uniaxial creep tests on plain 
bars as the average creep rupture strains. Uniaxial creep ductility values 
of the BM and simulated HAZ were calculated as 0.17 and 0.25, 
respectively. 

4.2. Weld metal properties 

The creep properties of the WM are determined using an inverse 
approach where the FE predictions of CW creep responses are compared 
with the experimental results of the CW creep tests (Ragab et al., 2021). 
Initial material properties were first assigned to the weld metal. 
Following a series of FE analyses with the known properties for the BM 
and HAZ, the optimized weld metal creep properties are achieved by 
minimizing the difference between the FE predictions and the experi-
mental data of the cross-weld creep tests. The FE damage analysis has 
been conducted on the CW (BM, WM, HAZ) at 625 ◦C using the 
strain-based damage model, given by Equations (1), (4) and (18), in 
conjunction with the base metal and HAZ properties listed in Table 3. 3D 
quadratic continuum elements with reduced integrations (C3D20R) are 

Fig. 14. Distribution of the maximum principal stress in Vessel-1 at: a) Just before crack initiation, and b) at failure. (NB: The magnified section taken through the 
wall thickness indicates the distribution of the max. principal stress in the endplate weldment). 
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used to model the CW specimen in ABAQUS (ABAQUS 2019 online 
documentation, 2019). Due to the symmetry of the problem, only a 
quarter of the geometry was modelled, using plane symmetry boundary 
conditions as shown in Fig. 9. The mesh assigned for the CW specimen is 
illustrated in Fig. 9, with a local mesh refinement applied at the weld 
interface regions where stresses change rapidly. Based on a prior mesh 
convergence study, a total of 28,000 elements are used to model the 
geometry, resulting in negligible stress variations relative to the chosen 
mesh. Creep properties obtained for the WM are shown in Table 3. 
Uniaxial creep ductility of the WM is determined inversely from the FE 
analysis of the CW as 0.17. In the FE damage analysis, material failure at 
a point is assumed to occur when the damage variable (ω) approaches 
unity, and therefore, creep crack initiation is defined as the first element 
reaching a damage level (ω ≈ 1). To simulate time-dependent creep 
damage accumulation, a user defined subroutine is implemented in 
ABAQUS to reduce the element stiffness. 

The nominal strain vs time curves for the CW specimens are calcu-
lated by dividing the gauge length elongation at a given time by the 
initial gauge length. The predicted creep curves at a stress of 60 MPa and 
80 MPa are compared against the experimental results, as illustrated in 
Fig. 10a. Further, creep damage is predicted for the CW specimen sub-
jected to an 80 MPa stress, as depicted in Fig. 10b, which shows sig-
nificant creep damage in the HAZ region compared with the BM and 
WM. Creep failure is predicted to occur in the HAZ for both CW 

specimens tested under 60 MPa and 80 MPa, which is in agreement with 
the experimental results reported in Table 2. 

5. Capabilities of the proposed model 

In this section, the capability of the proposed modelling approach to 
predict creep damage and failure will be examined under bi-axial stress 
states using notched bars (Section 5.1) and under complex multi-axial 
stress state conditions using Grade 91 pressurized welded vessels (Sec-
tion 5.2). It should be noted that the experimental data used for com-
parison are not used in the identification of material parameters 
presented in Section 4. 

5.1. FE creep damage modelling of notched bars 

A FE creep damage analysis has been performed on the P91 notched 
bars through the implementation of the proposed strain-based model to 
predict creep rupture lives in notched bars at 625 ◦C. To simulate creep 
damage and failure in the notched bars, a similar technique as that 
illustrated in Section 4.2 is implemented, i.e., a user defined subroutine 
is utilized to reduce the element stiffness and to calculate critical dam-
age progression. The FE predictions are compared against the experi-
mental results for the P91 base metal (BM) and simulated HAZ to 
examine the accuracy of the damage model in predicting creep lives 
under biaxial stress states. The FE model of the notched bar is shown in 
Fig. 11. The notched bar is modelled using axisymmetric elements with 
reduced integrations (CAX8R) in ABAQUS. Based on the mesh conver-
gence study, a total of 3600 elements are used in the model, resulting in 
insignificant stress variations relative to the chosen mesh. Finer mesh 
has been assigned near the notches, where stresses vary rapidly. Fig. 12 
compares the numerical predictions of creep rupture lives of the notched 
bars based on the proposed model with the experimental results. In 
Fig. 12, creep rupture lives are plotted against the net section mean axial 
stress. As shown, the proposed model satisfactorily predicts the experi-
mental results of notched bar creep tests. 

5.2. Creep damage modelling of the vessel tests 

This section illustrates the implementation of the proposed damage 
evolution model in the FE software ABAQUS to simulate the long-term 
creep tests on Grade 91 vessels introduced earlier in Section 2.2 and 
shown in Figs. 2 and 3. First, the finite element models of the vessels are 
presented in Section 5.2.1. Then, the results related to the stress and 
damage analysis are presented and discussed in Section 5.2.2. Besides, 
the accuracy of the model in predicting creep damage, creep crack 
growth and failure is assessed by comparing the FE predictions of the 
simulated vessels to the corresponding experimental data, as detailed in 
Section 5.2.3. 

5.2.1. FE model of the Grade 91 vessels 
A FE continuum damage-based analysis is carried out on two Grade 

91 vessel components at an average temperate of 625 ◦C and internal 
pressure of 15 MPa in the commercial FE software ABAQUS (ABAQUS 
2019 online documentation, 2019). The layout and dimensions of these 
structures are as illustrated in Figs. 2 and 3. The ductility-based model as 
given by Equations (1), (4) and (18) is embedded into a user defined 
subroutine in ABAQUS to characterise the mechanical behaviour of the 
vessels and the associated weldment under high-temperature creep 
conditions. The weld regions in both vessels are assumed to comprise 
three material phases: BM, WM and HAZ as shown in Fig. 13a and 
Fig. 13b, with the corresponding creep damage properties as listed in 
Table 3. Both vessels are modelled using 3D linear continuum elements 
with reduced integrations (C3D8R). The mesh schemes for both vessels 
are shown in Fig. 13a and b, with a local mesh refinement assigned to the 
weld interface regions where material discontinuity exists. In total, 
vessel-1 is modelled with 170,000 elements, while vessel-2 mesh 

Fig. 15. Distribution of the maximum principal stress in Vessel-2 at: a) Just 
before crack initiation, and b) at failure. (NB: The magnified sections taken 
through the wall thickness indicate the distribution of the max. principal stress 
in the endplate and end plug weldment). 
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comprises 200,000 elements. Taking an advantage of the problem 
symmetry, only half of the geometry was modelled, using plane sym-
metry boundary conditions as illustrated in Fig. 13a and b. In both 
vessels, an internal pressure of 15 MPa was applied to the inner surfaces 
of the main pipes and the stubs, while a proportion of this pressure was 
applied as an axial thrust to the ends of the vessels and stub tubes. Rigid 
body motions are prevented in both vessels and the axial displacements 
at the end of stub tubes are maintained constant. In the FE damage 
analysis, the effects of residual stresses and any secondary loads, e.g., 
systems loads induced by manufacturing or hanger bending etc, are 
neglected. 

5.2.2. General stress and damage analysis 
The ductility-based damage evolution model as defined by Equations 

(1), (4) and (18) is implemented into user-defined subroutines in the FE 
software ABAQUS to determine the time-dependent creep behaviour 
and the accumulation of creep damage. In the ductility exhaustion 
approach, material failure at a given point is assumed to occur when the 
local strain reaches creep rupture ductility of the material, at which 
point the damage variable (ω) approaches unity. The uniaxial creep 

ductility employed in Equation (4) is estimated based on accelerated 
uniaxial tensile creep tests as the average value of the uniaxial creep 
rupture strains at different stresses. In the work presented by Zhang 
et al., 2017, 2020a on 9Cr–1Mo steels at 600 ◦C and under different 
stress conditions, the average creep rupture strain was found to yield a 
reasonable approximation of material creep ductility. Further, a con-
stant creep ductility value at a given temperature is assumed in the work 
by Wen and Tu (2014) since the local stress in the vicinity of the crack tip 
remains high. However, creep ductility may change with stresses (Wen 
et al., 2016; Goyal and Laha, 2014) and hence the long-term creep 
rupture ductility should ideally be obtained from long-term creep tests. 
The availability of such tests is currently limited. 

The predicted maximum principal stress distributions at different 
creep times in Vessel-1 and Vessel-2 are shown in Fig. 14 and Fig. 15, 
respectively. At longer term, the influence of the maximum principal 
stress on creep damage and rupture becomes more pronounced (Goyal 
et al., 2014). In Vessel-1, shown in Fig. 14a, a high stress concentration is 
predicted across the endplate weld in the HAZ region prior to crack 
initiation. It is worth noting that in Vessel-1, stress distributions at the 
domed end fitting are relatively lower than those predicted at the flat 

Fig. 16. Stress triaxiality distributions before creep crack initiation in a) Vessel-1, and b) Vessel-2.  
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end cap, as shown in Fig. 14a, which indicates that the domed end cap 
geometry provides better creep performance for minimizing stress 
concentrations. Similarly, the FE predictions for Vessel-2 test show that 
the maximum principal stress tends to peak in the HAZ of the endplate 
weld and end plug weld regions before crack starts to initiate with 
higher stresses predicted in the endplate weld than in the weld associ-
ated with the end plug, as illustrated in Fig. 15a. The predicted 
maximum stresses at a time close to failure are plotted in Figs. 14b and 
15b, which show that stress offloading may have occurred during creep 
process in the HAZ of the endplate and end plug weldment, indicating 
creep damage in these regions. In addition to the local stresses, the stress 

triaxiality parameter 
(

σm
σe

)

is obtained for Vessel-1 and Vessel-2 before 

crack initiation, as shown in Fig. 16a and Fig. 16b, respectively. 
Evidently, a highly localised triaxial stress state can be observed in the 
HAZ of the weldment associated with the end closures (i.e., end plug and 
endplate weldment). These results emphasise that the triaxiality 
parameter plays a key role in the multi-axial creep ductility and damage 
behaviour. This agrees with the findings reported by (Zhang et al., 
2020b). 

5.2.3. Creep damage and crack growth in weldment 
Creep crack growth analysis is also undertaken on the basis of the 

proposed ductility exhaustion model. Creep crack initiation can be 
defined as the first element reaching a damage variable ω ≈ 1 at the 
integration point (Hyde et al., 2001; Ragab et al., 2021). To simulate 
creep crack growth, a user subroutine is developed in ABAQUS to reduce 
the element stiffness to nearly zero after the element has failed. Hence, 
creep crack growth in this work has been simulated as the accumulation 
of the damaged elements zone. Fig. 17 and Fig. 18 respectively show the 
predicted creep damage patterns at 625 ◦C for Vessel-1 and Vessel-2 at 
different creep time intervals. The FE damage analysis results of Vessel-1 
indicate that crack initiation is predicted to occur in the HAZ of the end 
plate weld at about 8800 h (this is the region where high stress con-
centrations are predicted), as shown in Fig. 17a. Following crack initi-
ation, cracking in the HAZ within the end plate weldment is found to 
connect to the inside surface of the vessel and extend to >70% wall 
thickness, as shown in Fig. 17b. The predicted through-wall cracking as 
well as the circumferential cracking associated with the end plate weld 
at failure are shown in Fig. 17b and c. As shown, the predicted creep 
damage/crack locations using the proposed model are in good agree-
ments with the experimental observations reported by (Parker and 
Siefert, 2020). It can also be seen that while the HAZ on the end plate 
side of the weld has developed creep damage/cracking, the HAZ on the 
other side of the weld has developed no cracking, which is consistent 
with the experimental observations shown in Fig. 17b. Further, creep 

Fig. 17. Predicted creep damage distribution and cracking in Vessel-1 at: a) 8800 h, b) at failure (the magnified sections on the right compare the predicted through- 
wall cracking in the HAZ of the end plate weld to the corresponding experimental observations), and c) predicted circumferential cracking in the HAZ of the end 
plate weld. 
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Fig. 18. Predicted creep damage distribution and 
cracking in Vessel-2 at: a) 6500 h, b) at failure (the 
magnified sections on the right compare the predicted 
through-wall cracking in the HAZ of the end plug 
weld to the experimental results while those on the 
left compare the predicted through-wall crack in the 
HAZ of the end plate weld to the corresponding 
experimental data), and c) predicted circumferential 
cracking in the HAZ of the end plate weld (left) and 
end plug weld (right). (Experimental results are 
adapted from ref (Parker and Siefert, 2020)).   
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rupture life of Vessel-1 is predicted at about 9515 h, which is corre-
sponding well with the experimental failure life of 10,000 h. With regard 
to Vessel-2, crack initiation is predicted in the HAZ on the end plate side 
of the weld after about 6500 h of creep time, as shown in Fig. 18a. The 
stress analysis performed earlier has revealed high stresses in this re-
gion, as shown in Fig. 15a. Following crack initiation in Vessel-2, creep 
crack on the end plate weld is found to propagate in a similar manner to 
that predicted earlier for Vessel-1 (i.e. cracking in the HAZ on the end 
plate side of the weld connects to the inside diameter of the vessel and 
extends to >70% wall thickness). After about 6800 h, the end plate weld 
is predicted to fail and the locations of the through-wall cracking and the 
circumferential crack along the HAZ of the end plate weld are as shown 
in Fig. 18b and c. The cracking patterns obtained by the proposed model 
correlate reasonably well with the experimental results shown in 
Fig. 18b. The simulation has continued, and crack initiation is predicted 
after 7450 h in the HAZ on the end plug weld. After about 7820 h, a fully 
circumferential cracking is predicted in the HAZ associated with the end 
plug weld, as shown in Fig. 18c. Further, cracking is found to extend 
through the wall thickness as shown in Fig. 18b, which is in a good 
agreement with the corresponding experimental results presented in 
Fig. 18b. At this location, it is evident that only the HAZ on the header 
side of the end plug weld has developed cracking due to the higher 
bending stresses there. Based on the FE damage analysis, no dam-
age/cracking has been detected for the girth weld or the seam weld (in 
agreement with the experimental observations related to vessels testing 
(Parker and Siefert, 2020)). 

Creep crack growth for Vessel-1 and Vessel-2 weldment are predicted 
based on the proposed CDM and the results are depicted in Fig. 19. The 
successive positions of the crack surface growth on the end plate weld-
ment of Vessel-2 at different creep times are also shown in Fig. 19. As 
shown, crack initiates in the end plate and end plug weldment after 
90–95% of creep life had been consumed. It can also be seen that, 
following crack initiation, cracking in the weld starts to propagate 
rapidly until creep failure, where the critical crack length is reached. As 
presented in Fig. 19, the end plate weld of Vessel-2 is predicted to fail 
first, followed by the end plug weld. In summary, creep rupture lives of 
Vessel-1 and Vessel-2 as predicted by the proposed model are found in 
good agreement with the corresponding experimental results of vessels 
tests. 

6. Conclusion and future work 

In this study, a modified ductility based CDM model was developed 
and used to model the creep crack growth in welded pressurized vessels. 
The proposed model not only demonstrated good predictive capabilities 

but was also able to interpret some of the experimental findings related 
to the damage and cracking in the vessel tests, facilitating an improved 
understanding into Type IV failure in Grade 91 steel welded structures. 
The key conclusions are:  

• The predicted creep rupture lives of the notched bars based on the 
proposed CDM model were in good agreement with the experimental 
creep failure lives.  

• Creep damage/cracking in simulated vessels was predicted to occur 
in the HAZ of the weldment associated with the end fittings (i.e., end 
plug and endplate weldment), which is in good agreement with the 
experimental results of vessels tests. Moreover, the predicted creep 
rupture lives of the vessels by the proposed model showed good 
correlation with the corresponding experimental creep lives.  

• The highly localised stresses and stress triaxialities in the HAZ region 
were found to play a key role in the occurrence of Type IV failure in 
the vessel weldment. This is possibly assisted by the enhanced 
bending due to the geometry of the end closures. 

Following are brief insights into future work:  

• At longer term the multiaxial creep ductility may change, possibly 
due to voids coalescence and micro-cracks formation (Wen et al., 
2016). This will be explored in the future work through experimental 
testing and numerical modelling. Since the multi-axial ductility is 
stress state and stress level dependent, the current creep 
ductility-based model will be further improved in future work to 
consider more accurately the variability in the multiaxial behaviour.  

• CSEF steel weldment is metallurgically complex. Therefore, the 
current methodology adopted to obtain creep properties of the 
weldment could be improved in future work through utilizing 
miniature specimen testing (Wen et al., 2019) and local hardness 
mapping to characterise the microstructural gradient in the HAZ and 
hence derive more accurate properties.  

• The large level of scatter typically observed in creep data may 
constitute a challenge towards the implementation of the proposed 
model for real life applications. This could be alleviated by 
employing statistical approaches to consider the variability in ma-
terial properties, and therefore, obtain more reliable creep life 
predictions. 
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