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Abstract 

The geometrical increase in the demand for electrical energy has posed serious pressure on the power 
generation components such as the steam pipes due to the consequential increase in the operating 
parameters such as temperature and pressure. This increment in operating parameters tends to limit 
the useful life of these pipes. Thus, high creep resistant materials such as X20 CrMoV12-1 and P91 
(9Cr-1Mo) are used to manufacture steam pipes. In this paper, the creep behaviour of X20 CrMoV12-
1 and P91 (9Cr-1Mo) steam piping network subjected to typical operating condition was determined 
via a finite element analysis code, Abaqus CAE/2017 alongside fe-safe/Turbolife software, and their 
results were compared. The maximum creep stress, strain rate, creep damage and worst creep life in 
both piping materials were developed on the intrados of the elbow, with P91 steam pipe having higher 
useful creep life. Furthermore, a good correlation was achieved between the result of the analytically 
calculated and numerically simulated creep rate at the straight section of the piping networks. 
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Introduction 

The quest to create a balance between the ever-growing demand for electrical energy and its supply 
has resulted in the constant increase of the power plant’s operating parameters like the pressure and 
temperature. In order to meet up with this demand, the steam pipes, which is one of the important 
components of power plants, must possess unique material properties capable of withstanding the 
harsh operating conditions it will be subjected to. Hence, steam pipes are made from martensitic steels 
like X20 CrMoV12-1 (ferritic stainless steel containing 12% chromium) and P91 (9Cr-1Mo) [1] due 
to their higher creep strength, good corrosion resistance [2] and fantastic weldability property [3,4,5] 
displayed by both steels at high temperature. Both steels are often used in steam generator as headers 
and also as tubing for conveying steam from the boiler to the turbine compartment. The high strength 
displayed by the steels at elevated temperature can be attributed to their complex microstructures, 
which exhibit high dislocation density consisting of lath and subboundaries that show MX and 
M23C6 type precipitates in the matrix [5]. Also, the very minute MX type inter-particle precipitates in 
addition to the increased volume fraction and resistance to coarsening account for the improved creep 
strength of the steel [5]. 

Several challenges are involved during creep damage modelling, and these challenges have been 
widely explored in the literature [6, 7]. It was discovered that there is severe difficulty in creep cavity 
quantification and characterization, and the development of damage criterion for materials. 
Furthermore, the development and application of novel creep model and formulation capable of 
handling a wide range of stress was another challenge encountered. 

Since the creep rate of components during operation strongly depends on temperature and pressure, 
several creep equations and models have been proposed. Some of these creep models/equations show 
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the relationship between the steady-state creep strain rate under hot deformation conditions or creep 
condition when the component is subjected to stress either in tension and in compression [8]. Hence, 
under creep conditions, a new generation expression termed the modified hyperbolic sine creep law 
that possesses the exceptional ability to effectively account for both high and low-stress range was 
proposed by Garofalos [9], and under hot deformation, the same model was proposed by Sellars and 
Tegart [8]. 

The service life prediction of steam pipes under creep condition is of keen interest to power plant 
operators since the steam pipes operate at elevated temperatures. For engineering components such as 
pipes and pipe related components [10,11,12,13,14], the use of damage continuum mechanics in 
conjunction with finite element (FEA) technique becomes very useful for the prediction of their useful 
creep life [11, 15]. The continuum damage mechanic model is based on the concepts of Kachanov 
[11, 16], and it attempts to characterize the full creep behaviour of components in creep environment. 
Other frequently used creep models include one-state variable constitutive equation and multi-state 
variables constitutive equation that represent the creep deformation and failure mechanisms of 
components [17]. 

Over time, the simplicity of the power-law creep model makes it attractive for computing creep rate, 
but both the strain-hardening and time-hardening version of law are limited by relatively low stress 
state and constants when applied [18]. Since the stress around the tips of cracks are relatively high and 
creep strain rates are exponentially dependent on stress at high stresses, hyperbolic sine creep model 
well known for its exponential dependence on stress at high-stress levels [18], and ability to take into 
account high and low-stress range [8] should be implored when determining the creep rate and 
behaviour of components in creep environment. 

In this study, the creep behaviour of two frequently used steam piping materials, X20 and P91 steel 
pipes, under typical operation conditions was computed via finite element analysis code, Abaqus 
CAE/2017. The phenomenological modified hyperbolic sine creep model user subroutine script used 
was written in Fortran and implemented in Abaqus, while the useful remaining creep life and damage 
of the piping network was computed using fe-safe/Turbolife software. 

Thermo-mechanical stress in a thick pipe 

When thick cylinder or pipe is subjected to internal pressure, radial stress σr, circumferential stress, σt 
and axial or longitudinal stress, σz are the three stresses developed. The pressure force on the head of 
the pipe accounts for the constant longitudinal stress developed in the pipe, while the radial and 
circumferential stresses developed are known to vary throughout the pipe [19]. If a thick cylinder or 
straight pipe with an internal and external radius ri and ro respectively is acted upon by internal 
pressure of magnitude P, Lamé [20] introduced the generalized expression for the three forms of 
stresses that are developed in the pipe as shown below: 

σ P            (1) 

σ P            (2) 

σ            (3) 

Also, the effective mechanical stress of the straight pipe can be determined using the von-Mises 
theory. 

σ σ σ σ σ σ σ σ σ σ        (4) 
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where σm represent the effective or total Von-Mises stress developed in the pipe. 

Similarly, the developed thermal stress in thick straight pipe [21, 22] with internal radius, ri, and 
external radius, ro, is given by 

σ Trdr Trdr Tr        (5) 

σ Trdr Trdr         (6) 

σ Trdr T         (7) 

The effective thermal stress is determined using von-Mises theory. 

σ σ σ σ σ σ σ σ σ σ        (8) 

where σr represents the radial mechanical stress, σt represents the circumferential mechanical stress 
and σz represents the axial mechanical stress. σrT represents the thermal radial stress, σtT represents 
thermal circumferential stress and σzT represents axial thermal stress. σm and σT represent the effective 
or total von-Mises mechanical stress and thermal stress respectively. 

Hence, the developed effective thermo-mechanical stress, σTM, in a straight thick pipe is obtained by 
the summation the two effective von-Mises stresses obtained. 

σ σ σ           (9) 

Creep model 

For components in service under creep environment, creep strain rate expression capable of 
adequately accounting for the creep strain rate over a vast stress range was proposed by Garofalo [8, 
9]. A similar expression was proposed by Sellars and Tegar for components subjected to hot 
deformation [8]. The proposed creep model is known to effectively describe the relationship that 
exists between the temperature of deformation, flow stress and creep strain rate. The expression for 
the modified hyperbolic sine creep model that is capable of accounting for the different regime of 
stresses is given as 

ε A sinh σH exp          (10) 

where H, n and A are material constants; Q represents the activation energy (J/(molK); T represents 
the operating temperature in kelvin (K) and the gas constant is represented with R (J/(molK). 

Damage model 

Ductility exhaustion theory presumes that a critical ductility characterized by the induction of forward 
crack propagation is developed when a component experiences local strain [23, 24]. Hence, at failure, 
the creep strain rate to creep strain ratio can be used to determine the creep strain damage as depicted 
in Eq. (11). 
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d ∗             (11) 

where dc is the creep damage, εc represents the creep strain rate and ε∗ represents multiaxial creep 
strain at failure strain. 

Due to the complexity in the nature of the creep strain developed at intricate parts such as that 
obtained at the elbows of a piping network, the value of ε∗ obtained is quite different from that 
obtained in uniaxial creep strain, ε . Thus, it is paramount to create a proper relationship between both 
strains to accurately determine the creep damage. In view of this, many multiaxial creep ductility 
factors (MCDF) that shows the ratio of multiaxial creep strain to uniaxial creep strain at failure have 
been proposed. Wen [25] proposed MCDF that is based on the theory of coalescence and cavity 
growth defined as 

∗

exp
.

.
exp 2

.

.
         (12) 

where σm and n is hydrostatic stress and material constant respectively. 

This model proffers a higher multiaxial creep strain accuracy when compared with other MCDFs [25]. 

When a material defined as a function temperature and stress displays limiting creep life before 
rupture, the cumulative damage is presumed to occur without the influence of the order in which the 
stress was applied. Hence, the linear damage rule proposed by Robinson is deemed suitable for such 
materials [26, 27]. The creep linear damage rule is given as 

D ∑            [13] 

where Dc represents creep damage, ti represents the duration of creep at the operating stress and 
temperature, and Tr represents creep life before rupture. 

Model verification 

Using Abaqus CAE/2017 software, the FEA model for the heat transfer and creep analysis was 
developed, while the useful/worst creep life and damage of the piping network were determined with 
fe-safe/Turbolife software by postprocessing the output database (.odb) results obtained from the 
conducted creep analysis. The phenomenological modified hyperbolic sine creep model script was 
written in Fortran and used via a user-subroutine procedure in the Abaqus. 

FE model 

3D model of power generation pipe-insulation jacket was developed in Abaqus to capture and 
compare the precise creep behaviour of the steam piping network made of X20 and P91 steel 
subjected to a real service condition. The part model of the steel piping, insulation jacket, and the 
pipe-insulation assembly is depicted in Figs. 1, 2, and 3. 
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Fig. 1. Model of piping 
 

 
Fig. 2. Model of insulation jacket 
 

 
Fig. 3. Model of pipe-insulation jacket 

Tables 1 and 2 show the dimensions of the X20 steel piping and insulation jacket (pyrogel) used in 
this study, while their material properties are depicted in Tables 3 and 4 respectively. Also shown in 
Figs. 5, 6, and 7 is the temperature-dependent material properties of P91 steel pipe used in this 
analysis. The analysis was conducted sequentially starting with the thermal/heat transfer analysis [35, 
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36] due to the influence of temperature on the stress developed during creep analysis but not vice 
versa [36]. 

Table 1 Steel pipe dimension [28, 29] 

 
 
Table 2 Pyrogel insulation jacket dimensions [30,31,32] 

 
 
Table 3 X20 steel material constant [33] 

 
 
Table 4 Pyrogel insulation jacket material constant [31, 34] 

 

Mesh convergence study conducted using the thermomechanical stress developed during the analysis 
shows that 50-mm seed size having 92196 DC3D8 element type was suitable for the heat transfer 
analysis, while 50-mm seed size having 92196 C3D8R element type was suitable for the creep 
analysis. Sink temperature load of 550 °C representing the operating temperature of steam with 
10,000 W/m2K film coefficient was applied to the inner surface of the piping, while a 25 °C sink 
temperature having 18 W/m2K heat transfer coefficient was applied to the outer surface of the 
assembly [31, 32, 37]. Also, 18-MPa pressure load depicting the operating pressure of steam pipe was 
applied to the inner surface of the piping network, while an appropriate boundary condition that 
mimics the real case scenario was applied to the assembly. The displacement/rotation mechanical 
boundary condition was applied in such a way that the assembly is allowed displacement in the x, y 
and z directions and rotate at the elbow in the xR1, yR2 and zR3 directions as depicted in Fig. 4. 

 

Fig. 4. Boundary conditions applied on assembly model 

Creep parameters and damage model 

Thermal, elastic/plastic material properties (Figs. 5, 6, and 7; Table 3) and the modified hyperbolic 
sine creep model constants of X20 and P91 steel obtained via curve fitting of the creep data of X20 
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[38] and P91 [39] at 550 °C was implemented into the finite element model. The Poisson’s ratio and 
thermal conductivity of P91 steel used is 0.33 and 33 W/mK respectively. Also, through a creep user-
subroutine procedure, the Fortran script for the creep model was implemented and executed in 
Abaqus. Tables 5 and 6 show the creep constants of the two piping materials obtained through curve 
fitting. 

 

Fig. 5. Plasticity of P91 steel [29] 
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Fig. 6. Temperature-dependent elasticity density of P91 steel [29] 
 

 
Fig. 7. Temperature-dependent specific heat capacity and thermal expansion of P91steel [29] 
 
Table 5 X20 steel creep material constants at 550 °C [38] 
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Table 6 P91 steel creep material constants at 550 °C [39]

 
 

The damage and useful creep life of the two piping network were obtained using fe-safe/Turbolife 
software. Turbolife properties were activated, and the Neuber plasticity technique having 0.3 follow-
up factor was used. Also, the ductility exhaustion method with Morrow correction algorithm [40] was 
applied. Furthermore, two surface finishes namely machined-finish surface with 16 < Ra ≤ 40 μm and 
fine machined-finish surface with 4 < Ra ≤ 16 μm were used in this analysis. 

Result and Discussion 

In the analysis, a 50-mm mesh size having 92126 elements and 155162 nodes was discovered suitable 
after the mesh convergence study conducted. Depicted in Fig. 8 is the graph of the mesh convergence 
study conducted, while Fig. 9 shows the meshed assembly model. 

 

Fig. 8. Graph for mesh convergence study 
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Fig. 9. Assembly mesh for pipe-insulation jacket 

Displayed in Fig. 10 a and b is the plot (contour) and temperature distribution attained during heat 
transfer analysis of X20 and P91 steam piping respectively. From the plot, it was obvious that the 
optimum operating temperature was used to drive the analysis in both pipes. However, the 
temperature was observed to drop across the wall thickness of the assembly such that the minimum 
temperature on the X20 pipe-insulation assembly dropped to the lowest value of 39.9 °C and that on 
the P91 pipe insulation assembly dropped to 42.9 °C. The difference in the minimum temperature on 
the insulation jackets can be ascribed to the difference in heat conductivity of the two piping 
materials. The minute value of temperature on both insulation jackets as compared with the operating 
temperature is a pointer to the fact that pyrogel can be considered as a good insulation jacket suitable 
for insulating high-temperature components and steam pipes. Also, further reduction in the exterior 
surface temperature of the assembly can be achieved by increasing the jacket’s thickness [31]. 

 

Fig. 10. Temperature distribution contour plot for a X20 and b P91 steam pipe 

The creep stress and strain rate contour plot for X20 steam pipe under 1-h operational condition is 
shown in Fig. 11a and b, while that of P91 steam pipe is depicted in Fig. 12a and b respectively. Also 
shown in Fig. 13a and b is the creep stress and rate developed at the straight section of the two piping 
material after 1 h in service. The optimum value of creep stress developed by X20 after an hour in 
service is 222.1 MPa, and the creep strain rate is 3.117 × 10−5 h−1, while the value of the maximum 
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creep stress developed by P91 after an hour in service is 220.2 MPa and the creep strain rate is 
1.061 × 10−5 h−1. The maximum stress and strain in both piping networks were developed on the 
elbow, specifically at the intrados. Thus, indicating that the intrados of the piping is the location 
where the pipe’s failure will emanate from during service. 

 

Fig. 11. Contour plot and result for X20 creep a stress and b strain rate 

 
Fig. 12. Contour plot and result for P91 creep a stress and b strain rate 
 

 
Fig. 13. Creep stress and strain rate result of straight section of a X20 and b P91 steam piping 
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The creep stress and strain graph plotted with respect to the operational time on a log scale for the two 
piping networks are shown in Fig. 14a, while the plot of the stress relaxation and the corresponding 
creep rate of the piping networks are depicted in Fig. 14b. In both piping networks, the creep stress 
decreases with an increase in time of operation, while the creep strain increases with increase in time 
of operation. As expected, the stress developed in both piping networks relaxes with an increase in 
time of operation as depicted in Fig. 14b. After an operational time of 165,195 h, the stress developed 
in the X20 steam pipe relaxes from 222.1 to 131.5 MPa, while the strain rate reduces from 
3.117 × 10−5 to 6.67 × 10−7 h−1. Similarly, the developed creep stress in the P91 steam pipe relaxes 
from 220.2 to 143.9 MPa, while the strain rate reduces from 1.061 × 10−5 to 3.37 × 10−7 h−1. The rate 
of stress relaxation in X20 steam pipe was observed to be higher than that of P91, but the opposite 
was observed with the creep strain rate. This signifies that P91 possesses a superior creep resistance 
behaviour than X20 and thus will survive more useful life when both piping materials are subjected to 
similar service conditions. 

 

Fig. 14. a Creep stress and strain and b stress relaxation and corresponding creep rate of X20 and P91 steam 
piping as a function of time. 

The obtained results and contour plots for the analysis carried out in fe-safe/Turbolife for the two 
different surfaces considered namely machined and fine machined-finish surfaces of the two piping 
networks are shown in Figs. 15 and 16. Under the specified operating temperature of 550 °C and 
pressure of 18 MPa, the useful creep life of the machined-finish X20 piping is 15.30 years and the 
creep damage is 7.479 × 10−6, while the useful creep life of the fine machined-finish surface is 16.90 
years with creep damage of 6.78 × 10−6. Similarly, the useful creep life of the machined-finish P91 
piping is 17.80 years and the creep damage is 6.414 × 10−6, while the useful creep life and damage of 
the fine machined-finish surface are 18.90 years and 6.056 × 10−6 respectively. In both piping 
networks (X20 and P91), the worst life and creep damage were located at the elbow particularly at the 
intrados. Furthermore, the useful creep life of the fine machined-finish surface is higher than that of 
the machined finish in both piping materials. This is an indication that the useful creep life of a 
material is significantly influenced by the type of surface finish it was given during manufacturing. 
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Fig. 15. Creep life and creep damage contour plots and results of a X20 and b P91 machined-finish surface 
steam pipe 
 

 
Fig. 16. Creep life and damage contour plots and results of a X20 and b P91 fine machined-finish surface steam 
pipe 

The comparison of the useful creep life and creep damage obtained when the two piping networks 
were assigned machined-finish and fine machined-finish surfaces is depicted in Table 7. 

Table 7 Comparison of worst/useful life and maximum creep damage of machined and fine machined-
finish X20 and P91 steam piping surfaces in operation 

 

Analytical validation of creep rate 

Being characterized by a combination of elbows and straight pipes, the analytical validation of the 
developed creep rate in the piping network during service is impossible. Nevertheless, the readily 
available expressions for the developed mechanical and thermal stress in a straight pipe allow for the 
possible validation of the creep rate at the straight section of the piping network. Equations (1)–(9) are 
used to determine the developed mechanical, thermal, and thermo-mechanical stresses in the straight 
section of the piping, while the creep rate is determined using Eq. (10). Good agreement was achieved 
when the simulated result was compared with that obtained analytically. The simulated stress 
developed due to creep and the creep rate at the straight section of the piping network for the two 
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piping materials is shown in Fig. 13a and b, while the comparison of the numerical and analytically 
computed rate is shown in Table 8. 

Table 8 Comparison of the analytically calculated and simulated creep rate at the straight section of the 
piping networks

 

Conclusion 

Creep failure of X20 and P91 steam piping network subjected to normal or typical power plant service 
condition was simulated in finite element analysis code, Abaqus CAE/2017. A Fortran creep user 
subroutine script written for the creep model was applied in Abaqus to determine the behaviour of the 
pipes during operation. Also, the damage caused by creep and the useful life of the two piping 
materials were computed using fe-safe/Turbolife software, and the computed creep rate, useful creep 
life and damage of the two piping material under the stipulated service conditions were compared. 
The optimum creep stress, strain and damage value were obtained at the intrados of the piping elbow 
in both piping materials, thus making this region of the elbow most susceptible to failure during 
operation. Also, the creep stress in both piping material relaxes with an increase in operational time, 
with X20 steam pipe having a higher stress relaxation. Nevertheless, P91 steam pipe showed a lower 
creep rate, creep damage and higher useful creep life when compared with X20 steam pipe. Also, the 
comparison of the creep rate obtained in the straight section of the two piping materials showed that 
there is good agreement between the simulated and calculated creep rates. Lastly, P91 steel gave a 
higher useful creep life than X20 steel, and thus, it is preferable for use in the fabrication of steam 
pipes in power generation plants. 
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