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Significant reduction in creep life 
of P91 steam pipe elbow caused 
by an aberrant microstructure 
after short‑term service
Hongyu Zhou 1,2*, Jian Li 3, Jie Liu 4, Peichen Yu 1, Xinyang Liu 1, Zhiyang Fan 1,  
Anqing Hu 5* & Yinsheng He 1*

P91 steel is an important steam pipe for ultra‑supercritical power plants due to its excellent creep 
strength, which generally has a design life of 100,000 h. Here, we found a significant aberrant 
decrease in the creep rupture life of a main steam pipe elbow after only 20,000 h of service. The 
microstructure in the aberrant piece exhibited a decomposition of martensitic lath into blocky ferrite 
due to recrystallization and accumulation of  M23C6 as well as formation of the Laves phase along 
the prior austenitic grain boundaries, resulting in the decrease of hardness that no long meet ASME 
standard requirement. The creep testing of the P91 piece at 550–600 °C and 85–140 MPa shows that 
the influence of temperature on the cavity formation and cracking is greater than that of the applied 
stress. The rupture life is nearly two orders of magnitude shorter than the normal P91, attributing 
to the creep damage of the subgrain growth,  M23C6 and Laves phase coarsening (aggregation 
approaching 3.4 μm). The residual life of the aberrant piece was evaluated to be 53,353 h based on the 
Larson–Miller parameter, which is much shorter than the design life, suggesting the safety operation 
of the elbow area should be paid more attention during the afterward service periods. P91 steel, main 
steam pipe elbow, aberrant microstructure, service degradation, creep life prediction

Due to its excellent high-temperature strength, corrosion resistance and heat-transfer properties, the P91 steel 
has been widely used for power generation components such as steam generators, intermediate heat exchangers, 
and coal-fired power plants 1–3. However, the creep damage of P91 steel in long-term service is one of the prime 
causes of structural aging and degradation, which can lead to premature failure  accidents4,5. Plant operators 
normally expect a service life of at least 100,000 h, and normal tempered martensitic steels such as P91 with 
complex microstructures meet this  qualification6. However, the bending process of the main steam pipe involving 
a large amount of deformation can produce an aberrant microstructure of the heat-resistant steel, which may 
lead to significant changes in creep  characteristics7.

In some conditions of an aberrant mis-heat treated pipe, a part of or 100% tempered martensite transformed 
into polygonal ferrite in the structure of the main steam pipe elbow, mainly because of the potential 
recrystallization provided by the increased internal energy during the bending  process8. Usually many precipitates 
in P91 with the pinning effect along prior austenitic grain boundaries (PAGBs) and lath boundaries can inhibit 
free dislocation movement and subgrain boundary migration, and enhance the creep strength of the normal 
 P919. In the case of the aberrant pipe, the absence of martensitic lath boundaries weakens the effect of dislocation 
 strengthening7. At the same time, the absence of martensitic lath boundaries may also result in abnormal growth 
of the Laves phase. Under operating temperature, the high coarsening rate of the Laves phase leads to the loss 
of the early positive effect of precipitation-strengthening during the early creep  process10 and reduces the solid 
solution  strengthening11. If the creep life deterioration caused by the aberrant structure directly affects the safe 
operation of the power unit, and the nuclear or thermal power plant operators will face a safety risk. Therefore, 
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the creep life prediction of critical components, especially those with aberrant mis-heat treated conditions, needs 
to be carefully assessed for the sake of safe operation of power  plants10,12,13.

In addition, some literature results have shown that increasing  stress10, reducing  temperature9, and prolonging 
exposure  time14 may also lead to accelerated cavity growth rates and coalescence, resulting in large-sized 
cavities and smaller number density of voids. The cavity formation in normal P91 steel is determined by stress, 
temperature, and exposure time. In this work, a comprehensive analysis is performed to assess the creep fracture 
mechanism of the aberrant P91 piece.

The in-service aberrant microstructures of the P91 elbow of the main steam pipe that had been in operation 
for 20,000 h and its creep rupture behavior, hardness variation, and microstructure evolution under a relevant 
range of temperatures and stresses were investigated in this work. Using the results of the creep experiment, 
the Larson–Miller constant was accurately determined, and the residual life of aberrant P91 was predicted. 
Furthermore, the microstructural degradation mechanisms of aberrant P91 heat-resistant steel were also 
explored.

Experimental
Materials
The initial structure of ASME Gr. 91 pipe steel is a tempered martensite matrix with dense dislocations and 
precipitates. The P91 piece used in this experiment is a type of aberrant mis-heat treated steel, which has been 
operated for 20,000 h under around 550 °C and 2.67 MPa of steam. The geometric parameters of the main steam 
pipe elbow in the power plant are as follows: the outer diameter is 610 mm, and the thickness is 17.45 mm. The 
chemical composition of the steel is listed in Table 1, and the sampling positions of the main steam pipe elbow 
piece are illustrated in Fig. 1.

Methods
Creep tests were performed in air utilizing a creep machine (RDJ30, Sinotest Equipment Co., Ltd., China). The 
detailed test parameters are shown in Table 2. The standard stress rupture samples with gauge parameters of 
Φ10 × 50 mm were processed according to the Chinese national standard GB/T 2039-1997. Micro-hardness 
values were measured by a Vickers hardness tester (EM1500L, Shanghai Hengyi Precision Instrument Co., 
Ltd., China) at a load of 50 g (0.49 N) with a dwell time of 10 s. For one material state, five measurements were 
performed.

The microstructural and compositional examinations of samples were observed using a ZEISS SUPRA 35 field 
emission scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS). The samples were 
mechanically ground and polished. The microstructure, distribution, and chemical composition of precipitates 
of the experimental steels were obtained with a JEOL-2100 transmission electron microscopy (TEM) at an 
accelerating voltage of 200 kV, and the thin foils were prepared by the ion milling method. The selected area 
electron diffraction (SAED) was applied to identify the structure of  M23C6, Laves, and MX precipitates. The 

Table 1.  Composition of the as-received material (wt. %).

Element C Si Mn Cr Mo Ni V Nb Al Cu P S

Content 0.14 0.29 0.45 8.67 0.91 0.17 0.23 0.08 0.005 0.02 0.02 0.002

Code requirement 0.08–0.12 0.2–0.5 0.3–0.6 8.0–9.0 0.85–1.05  ≤ 0.4 0.18–0.25 0.08–0.10  ≤ 0.04 –  ≤ 0.02  ≤ 0.01

Figure 1.  (a) Sampling positions of the main steam pipe elbow piece for creep testing, (b,c) interesting area for 
microstructure and hardness study.
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overall morphology and substructure of the aberrant ferritic matrix were observed by backscattered detection 
(BSD) using Merlin Compact field emission SEM with EDS technique.

Result and discussion
Microstructures the aberrant pipe extracted from service
The microstructure of as-received P91 after standard heat treatment contained PAGB, tempered lath and 
substructures with the dispersion of domain  M23C6 precipitations at various boundaries and grain interior. 
During short-term service as a superheater and reheater, the significant change is the formation of the Mo-riched 
Laves phase at PAGB boundaries, while other microstructures are very stable. Figure 2 is the typical SEM 
micrograph of the aberrant P91 steel operated for 20,000 h. The characteristics of tempered martensite structure 
(lath blocks) were hard to be seen, which could have decomposed into blocky ferrite and block-shaped or rod-
shaped precipitates. This evidence implied that the bend before entering service is mis-heat treated.

The size of PAGB of aberrant heat-resistant steel showed good consistency, ranging from 20 to 30 μm. The 
precipitates presented in Fig. 2a were amplified and identified by EDS analysis shown in Fig. 2b. The block-
shaped or rod-shaped precipitates along the PAGBs, subgrain boundary, and grain interior were the dominant 
 M23C6, as indicated by yellow arrows. A further observation indicated that the  M23C6 in grain boundaries was 
coarser than in the grain interior. The diameters of block-shaped and rod-shaped  M23C6 were measured with an 

Table 2.  Creep rupture time of the P91steel at different creep temperatures and stresses.

Creep temperature (°C) Stress (MPa) Rupture time (h) Reduction of area (%)

550

120 5524 94.04

130 1598 94.41

140 594 92.65

575

100 1550 94.69

120 363 95.25

140 54 95.08

600

85 2739 95.33

95 767 94.49

105 116 89.46

Figure 2.  Microstructure of the aberrant P91 steel after service for 20,000 h: (a) PAGB morphology and 
precipitates distribution, (b) higher magnification image of the yellow dotted box of (a), (c) corresponding BSD 
image of (b).
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average width of 582 nm and length of 1,460 nm, which are significantly bigger than the average size of 248 nm 
with the as-received  one11, and that of 481 nm as P91 steel after aging at 650 °C for 20,000  h15. The coarsening 
of  M23C6 after 20,000 h service is supposed to be the mechanism of Ostwald ripening that is the carbon atoms 
in the steel matrix precipitated as  M23C6 during long service  exposure16. According to literature  reports4,11, 
the finely spherical precipitates could be MX types. The yellow arrows show that some  M23C6 were spread in 
rows in the grain interior. The row of  M23C6 indicated distribution along the boundaries that could be a trace 
of the disappearance of the martensitic lath due to the recovery of dislocations within lath boundaries and 
recrystallization of two  boundaries16, which proved that the aberrant transition from tempered martensite to 
ferrite had been completed. Figure 2c shows the BSD images of the Laves phase (marked with red arrows), which 
give high brightness, because the Laves phase is rich in  Mo17. Bright Laves particles were located in the vicinity 
of the boundary with an average size of 637 nm.

The elemental mapping of aberrant P91 steel operated for 20,000 h is shown in Fig. 3 showing a uniform 
distribution of Si, Mn, and V. However, Mo and Cr were inclined to concentrate along the PAGBs and subgrain 
boundaries due to the formation of Laves phase after long service exposure. The precipitation of the Laves phase 
devours the  M23C6. The Laves nucleated, grew, and eventually formed a cluster on the PAGBs and subgrain 
boundaries after creep exposure, consistent with other studies of P91  steels18. The leaves phase decreases the 
content of dissolved Mo in the matrix, which could reduce the solid solution strengthening of P91 steel.

Compared with a new P91 pipe, the martensitic lath of the P91 steel operated for 20,000 h entirely disappeared 
and transformed into ferrite, and discontinuous precipitated phases occupied some intact grain boundaries. In the 
normal tempering process of P91 steel, martensite only undergoes recovery transformation. However, the elbow 
piece was deformed twice during the bending process, which increases a large amount of internal energy to the 
martensite structure, providing a driving force for the recrystallization of the aberrant ferrite  phase7. The forma-
tion of aberrant ferrite weakens the effect of dislocation  strengthening7, the Ostwald ripening of  M23C6 weakens 
the effect of the precipitation  strengthening19, and the Laves phase reduces the solid solution  strengthening11. 
The three superposition effects significantly influence the strength, plastic toughness, and high-temperature 
creep strength of P91 steel in this study.

Creep rupture behavior
Figure 4 shows the creep rupture strength of the aberrant P91 steel, which was compared with the National 
Institute for Materials Science (NIMS) creep data sheet on the received  one20. In practice, the Grade 91 steels 
before use should have a creep strength better than the lower line, as shown in Fig. 4. However, the creep 
rupture life of the aberrant P91 piece after service for 20,000 h is reduced by nearly two magnitudes at the test 
temperatures.

The effects of creep temperature and stress on the rupture time of aberrant P91 steel are listed in Table 2. 
Specimens under the different creep temperatures from low to high stress all presented dimple-mode ductile 
fracture, so only the fracture surface of the samples with the lowest stress under the corresponding creep 
temperature is given in Fig. 5. A lot of circular dimples and cavities existed in the micrography of the fracture 
surface for aberrant P91 samples at lower magnification. Besides, the dimples, cavities, cracks, and tear ridges 
can be revealed at higher magnification. As can be seen from Fig. 5d,g, many cavities and dimples, with a high 
density of dimples dispersed around the cavities observed under 550 °C. With an increase in creep temperature 
up to 575 °C, the number and density of dimples began to decrease while that of cavities increased significantly; 
simultaneously, the size and depth of the cavities increased considerably, as shown in Fig. 5e,h. When the 
temperature eventually increased to 600 °C, the size of cavities and depth grew dramatically, and the proportion 
of cavities in the entire visual field reached a relatively high degree, which is presented in Fig. 5f,i.

Figure 3.  Electron probe microanalysis of aberrant P91 steel operated for 20,000 h.
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The reduction of area after fracture of the creep rupture samples with increasing temperature was 94.04, 94.69, 
and 95.33%, respectively, indicating severe plastic deformation in the near fracture region at 600 °C for 85 MPa. 
The percentage reduction of area after fracture was consistent with those of the microscopic microstructure. 
Green circles in Fig. 5g,h,i demonstrate the cavity formation around a precipitate, which illustrates that the 
precipitates promote the formation of cavities. Small cavities grow during the creep and eventually merge into 
big cavities, leading to fractures. Our study of aberrant P91 steel indicates that the cavity size produced under low 
temperature and high stress conditions is smaller than that under high temperature and low stress conditions. 
However, other works of literature have demonstrated that increasing  stress10, reducing  temperature9, and 
exposure  time14 also result in greater cavity growth rates and coalescence, which leads to larger size and smaller 
number density of cavities. Stress, temperature, and exposure time directly determine the cavity formation for 
normal P91 steel. Therefore, a comprehensive analysis is needed to grasp the creep fracture mechanism of the 
aberrant P91 steel.

Figure 4.  Comparison of creep rupture strength of the aberrant P91 steel after service for 20,000 h with the 
NIMS creep data  sheet20.

Figure 5.  Fracture surface morphology for the creep ruptured specimens at: (a,d,g) 550 °C/120 MPa, 
 tr = 5524 h; (b, e, h) 575 °C/100 MPa,  tr = 1550 h; (c,f,i) 600 °C/85 MPa,  tr = 2739 h.
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Figure 6 illustrates the rupture surface of the specimens under 140 MPa at different temperatures. By 
comparing Fig. 6a and Fig. 6b, it can be seen that with the increase in creep temperature from 550 to 575 °C, the 
density and size of cavity increased. However, the rupture time of the specimen under 575 °C only operated for 
54 h. The above analysis indicated that under the same stress, the process of cavity growth is more sensitive to 
the increase in temperature than the extension of exposure time. Furthermore, combined with the fractograph 
morphology, we found that under the same creep temperature, the cavity size increased as the exposure time 
extended (i.e., the smaller the stress). The growth of the cavity is sensitive to the extension of exposure time under 
the condition of constant temperature. We can infer that for the aberrant P91 piece in this study, the influence 
of temperature on cavity size is crucial, followed by the effect of stress.

The formation of cavities and initiation of cracks in fracture cross-section are shown in Fig. 7. Different from 
the intergranular crack propagation, the cavity connection under the action of axial stress formed the crack. 
Fig. 7a–d compared the effects of temperature on cavity size and cracked width under almost the same rupture 
time. With the creep temperature increased from 550 to 575 °C, the cavity size and crack width exhibited a 
noticeable increase, indicating that the higher temperature has a significant effect on the microstructure evolution 
of the diffusion-controlled. After being tested at 600 °C as shown in Fig. 7e,f, the cavity size and crack width 
were the largest, although the stress was reduced compared with the specimens tested at 550 and 575 °C, which 
also confirms that the influence of temperature on the cavity and crack is greater than the stress for the aberrant 
P91 steel.

Hardness variation
Figure 8 shows the variation of micro-hardness  HV0.05 with the position on the gauge of the creep rupture 
specimens. The gauge portion of the aberrant creep rupture specimen exhibited various hardness trends 
according to different exposure temperatures. The hardness trend of the samples at 550 °C (for all stress) and 
600 °C (for 85 and 95 MPa) decreased with distance from the fracture site. However, close to the fracture surface, 
a slight drop in the hardness can be observed compared to that of the rest of the gauge portion of specimens at 
575 °C (for all stress) and 600 °C (for 105 MPa). The difference in hardness variation trend may be related to the 
creep damage evolution mechanism. Figure 7e,f and (g,h) exhibit completely different microstructures under 
creep conditions of 600 °C, 95 and 105 MPa. The higher stress (105 MPa) resulted in significant recrystallization, 
and elongated grains transformed into equiaxed grains. In addition, by comparing Fig. 7a–d, it can also be 
found that compared with 550 °C, the shape of elongated grains at gauge portion under 575℃ creep condition 
has not changed significantly, but the grain boundaries have become blurred. The morphology transformation 
suggests that the sample is already in the recrystallization stage under the creep exposure condition of 575 °C, 
but the structure has not been completely reconstructed into new equiaxed grains. The present results show that 
these microstructural transformations and softening processes, i.e., the result of recrystallization, both operate 
under creep conditions with high temperature and high stress. Due to the interaction of the work hardening 
and recrystallization at the necking of the gauge portion, the hardness distribution of the sample shows two 
different trends.

The average hardness of aberrant P91 steel operated for 20,000 h was 175.2 ± 6.8  HV0.05. This study also shows 
a slight variation in hardness between the gauge far away from the fracture surface and the grip portion, which 
is consistent with other research  findings7,21. As mentioned above, the matrix structure of the aberrant P91 piece 
operated for 20,000 h was transformed into ferrite, weakening dislocation, precipitation, and solid solution 
strengthening capabilities. Hence, the hardness of aberrant P91 was only 175.2 ± 6.8  HV0.05, which is less than 
200–250  HV0.5 for normal  P917 and does not meet the hardness standard of BPVC. CC. BPV in ASME for P91 
(185-248HBW). Recrystallization under high temperatures and stress conditions causes the loss of subgrain 
boundaries as a major obstacle against dislocation motion, weakening dislocation strengthening and further 
reducing the hardness of aberrant  P9115,22. The structure evolution accelerates the softening of hardness, result-
ing in premature creep failure of in-service  steel23. Hence, non-destructive measurements utilizing hardness is 
a solid foundation for evaluating creep life.

Figure 6.  Fracture surface at high magnification for creep ruptured samples with (a) 550 °C/140 MPa, 
 tr = 594 h, (b) 575 °C/140 MPa,  tr = 54 h.
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Microstructure evolution after creep testing
Figure 9 shows the microstructure of the specimen after creep failure at 550 °C for 140 MPa  (tr = 594 h). The 
PAGBs and absence of lath boundaries can be clearly seen in Fig. 9a,b from BSD images. Noted that the white 
mesh stripes were the damage marks produced by the process of ion milling of the TEM specimen. The Cr-rich 
 M23C6 were block-like or rod-like elongated precipitates distributed along the PAGB or in the grain, while the 
Mo-rich Laves phase mainly appeared in the PAGBs. The subgrain can be seen in the gauge portion of aberrant 
ferritic steel, as revealed in Fig. 9b, and the coarsening trend of the subgrain can also be seen, as shown in the 
green arrow in Fig. 9c. The  M23C6 distributed along the subgrain boundaries can stabilize subgrains by applying 
pinning forces that impede the  recrystallization22. The dislocation networks constitute the subgrain boundaries, 
which are the hard region in the microstructure of ferritic steel and can be expected to provide high creep 
 strength24. The Nb-rich MX is present mostly inside the grains, the same as another research  result4, possibly 
because fewer subgrain boundaries are left in the aberrant ferritic. Figure. 9d revealed that the Laves phase 

Figure 7.  Fracture cross-section characteristic for the creep ruptured specimens tested at: (a,b) 
550 °C/130 MPa,  tr = 1598 h, (c,d) 575 °C/100 MPa,  tr = 1550 h, (e,f) 600 °C/95 MPa,  tr = 767 h, (g,h) 
600 °C/105 MPa,  tr = 116 h.
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eventually gathers a cluster on PAGBs after a specific creep operation. The high hardness of the Laves phase 
is also a reason for the formation of the creep  cavity11. In addition, the precipitation of the undesirable Laves 
phase causes loss of solid solution strengthening and accelerates the subgrain coarsening, leading to decreased 
creep  properties23.

Figure 10 shows the typical BSD and TEM images of the creep ruptured specimen at 575 °C/100 MPa/ 
(tr = 1,550 h). Comparing with Fig. 9a,b and Fig. 10a,b, it can be observed that the significantly decreased 
subgrain density with the coarsening of the subgrain is attributed to the migration and unknitting of  dislocation25. 
Subgrain boundaries, in turn, constitute a significant obstacle to dislocation  movement15. The decrease of the 
subgrain density further leads to the reduction in hardness, as can be seen from the hardness data away from 
the fracture surface in Fig. 8, which agrees with Armaki’s  results22. In addition, the 575 °C creep ruptured 
specimen shows a decrease in dislocation density due to dislocation annihilation and rearrangement, and there 
is no interaction area between MX and dislocation, as shown by the blue and teal blue arrows in Fig. 9c. It is 
found that the spacing of MX precipitated phase did not change significantly with creep temperature increasing 
from 550 to 575 °C, which is consistent with the literature pointing out that MX has high thermal  stability23. 
Corresponding to no deterioration of the performance of the Z-phase was found. Figure 10c certifies that high-
temperature creep promotes the precipitation of the Laves phase at PAGBs and forms a cluster around the  M23C6 
after a certain creep time. Figure 10d further confirms that the Laves phase cluster along the PAGBs with a large 
area, and the linear size within the visual range was close to 3.4 μm. The precipitates preferentially nucleate at 
PAGBs, lath boundaries, and subgrain  boundaries10,11. Due to the loss of the lath boundary and the decrease 
of subgrain boundaries for aberrant P91 steel in this study, a cluster of Laves phase precipitates at PAGBs. The 
formation of large Laves has a severe impact, which causes PAGBs to break away from the pinning effect of the 

Figure 8.  Hardness distribution for creep rupture failed specimens.

Figure 9.  Microstructure of the creep ruptured specimen at 550°C for 140 MPa (tr = 594 h): (a) aberrant ferritic 
matrix observed by BSD, (b) higher magnification image of (a), (c,d) typical structure of subgrain, dislocation, 
 M23C6, MX and Laves observed by TEM; corresponding EDS and SAED are indicated in the right insets.
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precipitates and significantly weakens the solid solution  strengthening11. Therefore, forming the large area Laves 
phase limits the life of aberrant heat-resistant steel.

Creep life prediction
Larson–Miller method (LMP) is an effective way to assess the effects of operating temperature and service time 
on creep  behavior10,26, which is given by Eq. (1).

where T is the temperature in degrees Kelvin, tr is the rupture time, and C is constant, which approximately equal 
to 20 for most  steel25. Some experimental data have proved that the values of C mainly rely on carbon  content27, 
and the optimal ranges of the values are  narrow6,21,28,29. Since predicting the remaining life involves exponential 
changes of time with the parameters, the deviation of each parameter leads to serious prediction errors, which 
means that the value of C needs to be accurately calculated. MATLAB code has been applied to calibrate the mate-
rial constants of twelve models such as Larson–Miller, Manson–Haferd, Manson–Brown, Orr-Sherby-Dorn and 
so on, and proved to have good  accuracy30. Other studies have shown that the quadratic polynomials is sufficient 
and that the use of higher degree polynomials is  superfluous31. To obtain an accurate value of the Larson-Miller 
constant, we expressed LMP equations as quadratic  polynomials32,33 based on MATLAB. LMP, T (C + lgtr) and 
 lgtr can be described by:

(1)LMP = T ·
(

C + lg tr
)

(2)LMP = a0 + a1(lgσ ) + a2(lgσ )
2

(3)T · (C + lg tr) = a0 + a1(lg σ)+ a2(lg σ)
2

Figure 10.  Typical microstructure of the creep ruptured specimens at 575°C/100 MPa (tr = 1550 h): (a) 
aberrant ferritic matrix observed by BSD, (b) higher magnification image of (a), (c,d) typical structure of 
subgrain,  M23C6, MX and Laves phase observed by TEM. The corresponding EDS and SAED are indicated in 
the right insets.

Figure 11.  Larson-Miller parameter fitting results.
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where σ is the stress, and  a0,  a1 and  a2 is the coefficient of the polynomial, respectively. Taking the creep 
experimental data into Eq. (4), the calculated curve fitting with a confidence level of 95% using the MATLAB 
curve fitting toolbox. The fitting results and relevant data are shown in Fig. 11 and Table 3, respectively. According 
to the fitting analysis, when the value of C was 33.65, and the value of  a0,  a1, and  a2 was 9.53 ×  104, − 5.23 ×  104, 
and 1.02 ×  104, respectively. Shrestha et al.21 have reported that the typical empirical value of C is 33 for the P91 
steel, which is almost the same as the result obtained by the MATLAB method for the aberrant piece in this 
study. The best correlation coefficient (R2) calculation reaches 0.97, which was close to 1, indicating the accuracy 
of the fitting result.

According to Eq. (5), the allowable stress (σa) of the main steam pipe with an operating pressure of 2.67 MPa 
in service is 70 MPa.

P, D, δ, and n are the main steam pipe elbow’s operating pressure, diameter, wall thickness, and safety 
coefficient. The safety factor coefficient is generally chosen as 1.5. Taking the various operating temperatures 
and allowable stress into Eq. (4), the prediction curves of the stress rupture life of P91 heat-resistant steels were 
calculated using the LMP method, presented in Fig. 12a. At the temperatures of 550, 575, and 600 °C, creep life 
increases with the lowering of the applied stress. The fitted plots were basically consistent with the creep testing 
results, showing sound-fitting effects on the experimental data. The residual life time of P91 performed at 550, 
575, and 600 °C was 11,447,201, 722,039, and 53,353 h, respectively. The main steam pipe elbow is in service 
at about 550 °C. The creep test conditions are too ideal and can not fully simulate the actual working state of 
P91 steel. Therefore, the ambient temperature in the assessment parameter is selected as 600°C to obtain the 
extrapolating  life34. With 20,000 h of service under pre-test conditions, the service life of aberrant P91 steel under 
operating conditions can reach more than 73,353 h. There is still a large gap between the service life and the 
100,000 h plant operators  expect35. The service life of the aberrant microstructure can not guarantee the safety 
operation to the greatest extent of the main steam pipe elbow.

The extrapolating strength for the main steam pipe elbow with aberrant microstructure from tests up to 
5524 h at 600 °C was analyzed to predict by the time–temperature parameters (LMP), seen in Fig. 12b. The 
extrapolating strength under 600 °C for P91 steel predicted by the LMP method and the data from other works 
of  literature10,21,34,36–38 are listed in Table 4. Based on a large scale of creep tests in the temperature range of 
600–700 °C and at stresses 35–350 MPa, the extrapolating 100,000 h stress of Grade 91 CL2 steel of 91 MPa for 
600 °C is determined using the LMP  method21. The extrapolating stress range of 100,000 h creep rupture stress 
at 600 °C for P91 steel in Table 3 is between 83 and 92 MPa. A new assessment of creep rupture stress for Grade 

(4)lg tr =
a0 + a1(lg σ)+ a2(lg σ)

2

T
− C

(5)σa =
nPD

2δ

Table 3.  Data obtained by MATLAB fitting.

C a0 a1 a2 SSE R2

23.65 − 2.95 ×  104 − 1.77 ×  105 − 1.90 ×  104 – –

43.66 2.20 ×  105 6.75 ×  104 3.94 ×  104 – –

33.65 9.53 ×  104 − 5.23 ×  104 1.02 ×  104 0.16 0.97

Figure 12.  Larson-Miller plot of creep rupture data for P91:(a) allowable stress rupture life prediction 
compared with experimental data, (b) extrapolating stress for a rupture life of 100,000 h under 600 °C



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5216  | https://doi.org/10.1038/s41598-024-55557-w

www.nature.com/scientificreports/

91 steel is based on the European Creep Collaborative Committee (ECCC) data sheet in 1995 that had passed 
100,000 h in the range 575–625 °C, which calculated the 100,000 h value at 600 °C is 90 MPa, according to the 
LMP  method34. According to the last ECCC data sheet in  201939, the 100,000 h value at 600°C is 84.2 MPa. The 
long-term creep result exhibited that the rupture stress of P91 steel for 112,431 h at 600 °C is 80  MPa36, which 
means the allowable stress under 100,000 h must be greater than 80 MPa. The extrapolating strength of the LMP 
method is in good agreement with ECCC creep data and experimental data. Moreover, the extrapolating 100,000 
h stress of 67.5 MPa by LMP for aberrant P91 steel in this study, which is lower than the predicted values from 
other works of literature, indicating aberrant microstructure exhibits reduced creep resistance, and the safety of 
the main steam pipe elbow must be further evaluated in the later service period.

Conclusions
In this work, the creep behaviors of the aberrant P91 main steam pipe elbow after service for 20,000 h were 
performed in the temperature range of 550–600 °C and at stresses 85–140 MPa. The results are summarized as 
follows:

(1) The martensitic lath of the P91 steel operated for 20,000 h entirely disappeared and transformed into the 
aberrant ferrite. Discontinuous precipitated replaced some intact grain boundaries. The recrystallization 
of the elbow decreased the hardness of the aberrant P91 to 175.2 ± 6.8  HV0.05, which is less than 200–250 
 HV0.5 for normal P91 and does not meet the hardness standard of BPVC. CC. BPV in ASME for P91 (185-
248HBW).

(2) The creep results (i.e., 550 ℃ and 575 ℃ test comparison) showed that the stress and rupture life reduced, 
but the cavity size and crack width were the largest, which confirms that the influence of temperature on 
the cavity and crack is more significant than that of the stress for the aberrant P91 steel.

(3) The high stress and temperature resulted in significant recrystallization, and elongated grains were trans-
formed into equiaxed grains. Due to the interaction of the work hardening and recrystallization at the 
necking of the gauge portion, the hardness distribution of the sample shows two different trends.

(4) After creeping till failure at 575 °C for 100 MPa, due to the loss of the lath boundary and the decreased of 
subgrain boundaries for aberrant P91 steel, large clusters of Laves phase with an aggregation size approach-
ing 3.4 μm precipitated at PAGBs, which causes PAGBs to break away from the pinning effect of the pre-
cipitates and significantly weakens the solid solution strengthening.

(5) According to the extrapolation of the Larson–Miller model, the service life of aberrant P91 steel under 
operating conditions can reach more than 72,549 h, which is short of the 100,000 h of service life expected 
by factory operators.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 9 December 2023; Accepted: 25 February 2024

References
 1. Wang, K. et al. Creep behavior and life prediction of P91 heat-resistant steel using modified wilshire model. Int. J. Pres. Ves. Pip. 

199, 104726 (2022).
 2. Pandey, C., Mahapatra, M. M., Kumar, P. & Saini, N. Effect of strain rate and notch geometry on tensile properties and fracture 

mechanism of creep strength enhanced ferritic P91 steel. J. Nucl. Mater. 498, 176–186 (2018).
 3. Pandey, C. et al. Effect of post weld heat treatments on microstructure evolution and type IV cracking behavior of the P91 steel 

welds joint. J. Mater. Process. Tech. 266, 140–154 (2019).
 4. Han, K. et al. Study of the creep cavitation behavior of P91 steel under different stress states and its effect on high-temperature 

creep properties. J. Mater. Res. Technol. 20, 47–59 (2022).
 5. Erami, M., Daei-Sorkhabi, A. H. & Vakili-Tahami, F. Creep constitutive equations for as-received 9Cr1Mo steel. Int. J. Pres. Ves. 

Pip. 176, 103947 (2019).

Table 4.  Extrapolating stress for rupture time as long as 100,000 h of P91 under 600 °C by LMP method and 
experimental data. a ECCC data sheet in 1995. b ECCC data sheet in 2019.

Method Extrapolating stress (MPa) Reference

LMP 91 Shrestha et al.21

LMP 92 Srinivasan et al.38

LMP 83 Wilshire et al.37

ECCC a + LMP 90 Bendick et al.34

ECCC b 84.2 ECCC data sheet 39

Experiment (113,431) 80 Panait et al.36

LMP 67.5 This study



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5216  | https://doi.org/10.1038/s41598-024-55557-w

www.nature.com/scientificreports/

 6. Kim, W.-G. et al. Improvement of long-term creep life extrapolation using a new master curve for Grade 91 steel. J. Mech. Sci. 
Technol. 32, 4165–4172 (2018).

 7. Brett, S. J. et al. An investigation of the effect of pre-straining on the creep behaviour of a P91 steel at 600 °C using impression 
creep testing. Mater. Sci. Eng. 776, 139032 (2020).

 8. Qi, Q. Y. & Yang, X. Microstructure and mechanical properties of P91 steel steam pipe after long service. Heat Treat. Metals 45, 
189–193 (2020).

 9. Pandey, C., Mahapatra, M. M., Kumar, P. & Saini, N. Effect of creep phenomena on room-temperature tensile properties of cast & 
forged P91 steel. Eng. Fail. Anal. 79, 385–396 (2017).

 10. Huang, Y. Y. et al. High-temperature creep rupture behavior of dissimilar welded joints in martensitic heat resistant steels. Eng. 
Fract. Mech. 273, 108739 (2022).

 11. Pandey, C. et al. Microstructure-based assessment of creep rupture behaviour of cast-forged P91 steel. Mater. Sci. Eng. 695, 291–301 
(2017).

 12. Xue, J. L. & Zhou, C. Y. Finite element creep damage analyses and life prediction of P91 pipe containing local wall thinning defect. 
High Temp. Mat. Process. 35, 283–295 (2016).

 13. Lok, V., Le, T. G. & Yoon, K. B. Creep life estimation of a service-exposed P91 cross-weld joint based on a primary-secondary creep 
deformation model. Fatigue Fract. Eng. M. 46, 654–666 (2023).

 14. Xue, J. L., Zhou, C. Y., Lu, X. F. & Yu, X. C. Plastic limit load of Grade 91 steel pipe containing local wall thinning defect at high 
temperature. Eng. Fail. Anal. 57, 171–187 (2015).

 15. Ghassemi Armaki, H., Chen, R., Maruyama, K. & Igarashi, M. Premature creep failure in strength enhanced high Cr ferritic steels 
caused by static recovery of tempered martensite lath structures. Mater. Sci. Eng. 527, 6581–6588 (2010).

 16. Abe, F. Coarsening behavior of lath and its effect on creep rates in tempered martensitic 9Cr–W steels. Mater. Sci. Eng. 387–389, 
565–569 (2004).

 17. He, Y. S., Chang, J., Lee, J.-H. & Shin, K. Microstructural evolution of grade 91 steel upon heating at 760–1000 °C. Korean J. Mater. 
Res. 25, 607–611 (2015).

 18. Pandey, C., Mahapatra, M. M., Kumar, P. & Saini, N. Some studies on P91 steel and their weldments. J. Alloys Compd. 743, 332–364 
(2018).

 19. Pandey, C., Giri, A. & Mahapatra, M. M. Evolution of phases in P91 steel in various heat treatment conditions and their effect on 
microstructure stability and mechanical properties. Mater. Sci. Eng. 664, 58–74 (2016).

 20. Kang, Y. et al. Demonstration testing of boiler tubes in a clean power test-bed plant. Korean J. Met. Mater. 57, 817–827 (2019).
 21. Shrestha, T. et al. Creep rupture behavior of Grade 91 steel. Mater. Sci. Eng. 565, 382–391 (2013).
 22. Ghassemi-Armaki, H., Chen, R. P., Maruyama, K. & Igarashi, M. Contribution of recovery mechanisms of microstructure during 

long-term creep of Gr.91 steels. J. Nucl. Mater. 433, 23–29 (2013).
 23. Kim, W.-G., Lee, H.-Y. & Hong, H.-U. Evaluation of tension and creep rupture behaviors of long-term exposed P91 steel in a 

supercritical plant. Eng. Fail. Anal. 116, 104736 (2020).
 24. Hald, J. Microstructure and long-term creep properties of 9–12% Cr steels. Int. J. Pres. Ves. Pip. 85, 30–37 (2008).
 25. Ghassemi Armaki, H. et al. Microstructural degradation mechanisms during creep in strength enhanced high Cr ferritic steels 

and their evaluation by hardness measurement. J. Nucl. Mater. 416, 273–279 (2011).
 26. Larson, F. R. & Miller, J. A time-temperature relationship for rupture and creep stresses. Trans. ASME 74, 765–771 (1952).
 27. Yang, R. C., Chen, K. & Feng, H. X. Determination and application of Larson-Miller parameter for heat resistant steel 12CrlMoV 

and 15CrMo. Acta. Metall. Sin. 17, 471–476 (2004).
 28. Ghatak, A. & Robi, P. S. Modification of Larson–Miller parameter technique for predicting creep life of materials. Trans. Indian 

Inst. Met. 69, 579–583 (2016).
 29. Choudhary, B. K. et al. On the reliability assessment of creep life for grade 91 steel. Procedia Eng. 86, 335–341 (2014).
 30. Haque, M. S. & Stewart, C. M. Metamodeling Time-Temperature Creep Parameters. J. Press. Vess. https:// doi. org/ 10. 1115/ 14045 

887 (2020).
 31. Šeruga, D. & Nagode, M. Unification of the most commonly used time–temperature creep parameters. Mater. Sci. Eng. 528, 

2804–2811 (2011).
 32. Fu, J. H. et al. Correlation between reliability and safety factor based methods in characterizing uncertainty of creep rupture 

properties. Int. J. Pres. Ves. Pip. 206, 105068 (2023).
 33. Ortega, J. et al. Coupled modeling of a directly heated tubular solar receiver for supercritical carbon dioxide Brayton cycle: 

Structural and creep-fatigue evaluation. Appl. Therm. Eng. 109, 979–987 (2016).
 34. Bendick, W., Cipolla, L., Gabrel, J. & Hald, J. New ECCC assessment of creep rupture strength for steel grade X10CrMoVNb9-1 

(Grade 91). Int. J. Pres. Ves. Pip. 87, 304–309 (2010).
 35. Aghajani, A., Somsen, C. & Eggeler, G. On the effect of long-term creep on the microstructure of a 12% chromium tempered 

martensite ferritic steel. Acta Mater. 57, 5093–5106 (2009).
 36. Panait, C. G. et al. Study of the microstructure of the Grade 91 steel after more than 100,000 h of creep exposure at 600 C. Int. J. 

Pres. Ves. Pip. 87, 326–335 (2010).
 37. Wilshire, B. & Scharning, P. J. A new methodology for analysis of creep and creep fracture data for 9–12% chromium steels. Int. 

Mater. Rev. 53, 91–104 (2008).
 38. Srinivasan, V. S., Choudhary, B. K., Mathew, M. D. & Jayakumar, T. Long-term creep-rupture strength prediction for modified 

9Cr–1Mo ferritic steel and type 316L(N) austenitic stainless steel. Mater. High Temp. 29, 41–48 (2012).
 39. European Creep Collaborative Committee. ECCC Data Sheets Update 2019/1, https:// www. eccc- creep. com/ wp- conte nt/ uploa ds/ 

2019/ 12/ datas heets- update- 2019-1. pdf (2019).

Acknowledgements
The authors are grateful to Chief Prof. Wenyue Zheng from the University of Science and Technology Beijing 
for his useful discussions, comments, support, help and review of the paper. Prof. W.Z. discloses support for the 
research of this work from China United Heavy-Duty Gas Turbine Technology Co., Ltd [grant number J433]. 
H.Z. discloses support for the research of this work from the National Natural Science Foundation of China 
[grant number 52301030], and L.J. (Jie Liu) discloses support for the research of this work from the National 
Key Research and Development Program of China [grant number 2021YFC3001803].

Author contributions
H.Z.: Methodology, Investigation, Project administration, Writing—original draft, Funding acquisition. J.L.: 
Validation. J.L.: Project administration, Resource. X.L.: Data curation. P.Y. and Z.F.: Investigation. A.H.: Investi-
gation, Formal analysis. Y.H.: Writing—review and editing. All authors reviewed the manuscript.

https://doi.org/10.1115/14045887
https://doi.org/10.1115/14045887
https://www.eccc-creep.com/wp-content/uploads/2019/12/datasheets-update-2019-1.pdf
https://www.eccc-creep.com/wp-content/uploads/2019/12/datasheets-update-2019-1.pdf


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5216  | https://doi.org/10.1038/s41598-024-55557-w

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.Z., A.H. or Y.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Significant reduction in creep life of P91 steam pipe elbow caused by an aberrant microstructure after short-term service
	Experimental
	Materials
	Methods

	Result and discussion
	Microstructures the aberrant pipe extracted from service
	Creep rupture behavior
	Hardness variation
	Microstructure evolution after creep testing
	Creep life prediction

	Conclusions
	References
	Acknowledgements


