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ABSTRACT
Modified 9Cr–1Mo (P91) steel components that are used in thermal power plants 
undergo creep degradation during long-term service at 600 °C. This study exam-
ines the effect of a short-term rejuvenation treatment (RT), involving normal-
izing at 1050 °C for 2 h followed by tempering at 750 °C for 2 h, on the creep 
life enhancement of partially crept P91 steel at 600 °C and 135 MPa. The creep 
response of rejuvenated P91 steel is compared with its as-received counterpart, 
which is creep-tested until rupture. Results reveal that the short-term RT erases 
the creep history in partially crept P91 steel and enhances creep life by approxi-
mately 4 times compared to its as-received counterpart. Microstructural analysis 
reveals that creep leads to lath coarsening, deviates the orientation relationship 
(OR) between laths and prior austenite grain (PAG) from the ideal Kurdjumov–
Sachs (K–S) OR, Oswald ripening of M23C6 precipitates, and a reduction in dis-
location density, ρ. RT on the partially crept P91 leads to a complete microstruc-
ture reversal, wherein the microstructural features match well with the uncrept 
as-received sample subjected to the same treatment. Microstructural evolution 
during creep, involving the competition between dislocation climb-assisted lath 
coarsening and lath boundary pinning by M23C6 precipitate, is discussed and 
numerically estimated from the continuum damage model (CDM). Correlations 
are established between the initial lath width, lath coarsening kinetics, steady-
state lath width, and creep rate. Implications of these results on extending the life 
of P91 components and the effectiveness of RT compared to similar rejuvenation 
treatments on other high-temperature alloys are discussed.
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Introduction

Modified 9Cr–1Mo tempered martensitic steel, also 
known as Grade 91 or P91 steel, is used for fabricat-
ing steam pipes in nuclear and thermal power plants 
as it exhibits good creep resistance in the temperature 
range of 600 to 650 °C [1–3]. The microstructure of P91 
steel comprises prior austenite grains (PAGs) within 
which different variants of martensitic laths are pre-
sent [4]. Moreover, it contains several M23C6 and MX 
precipitates at lath, block and PAG boundaries as well 
as within the intra-lath region. Before deployment 
in service, P91 steel components are normalized at 
1040–1080 °C and then cooled in air [5]. During nor-
malizing, martensite transforms to austenite, and the 
M23C6 and MX precipitates undergo full and partial 
dissolution, respectively. However, air cooling re-
transforms the austenite to martensite, which is hard 
and brittle. To alleviate the transformation-induced 
stresses in martensite, a tempering treatment is per-
formed in the temperature range of 730–780 °C [5]. 
This leads to coarsening of laths and the precipitation 
of M23C6 and MX phases at microstructural interfaces 
(lath, blocks, and PAG boundaries) as well as within 
the intra-lath region [6–9].

Several prior studies have documented the creep 
behavior of tempered martensitic steels in the temper-
ature range of 550–650 °C [7, 8, 10–13]. In these studies, 
it was determined that creep deformation primarily 
occurs in the steady-state regime and is governed by a 
dislocation climb-controlled mechanism, where dislo-
cations have to climb past M23C6 and MX precipitates 
to annihilate with their opposing pairs [12, 14, 15]. In 
the process of dislocation annihilation, the lath sub-
grain boundaries migrate leading to lath coarsening, 
which is significantly higher than what occurs during 
isothermal annealing at the same temperature [12]. 
Excessive growth leads to microstructural instabil-
ity, which in turn corresponds to the onset of tertiary 
creep in the alloy [7].

Following the work of some groups on performing 
secondary heat treatments to improve the fatigue and 
impact toughness of P91, we investigated the effect 
of a secondary short-term normalizing and tempering 
treatment on its creep behavior in a previous study 
[11]. Our results indicated that the secondary normal-
izing treatment followed by the short-term tempering 
treatment for 2 h significantly refines the lath sub-
grains compared to that in the as-received condition. 
Subsequent creep investigations revealed that the 

alloy that undergoes this secondary heat treatment has 
significantly higher creep life compared to that of its 
as-received counterpart. For instance, at the prescribed 
service conditions of 150 MPa and 600 °C, the former 
has sixfold higher creep life than that of the latter. 
Motivated by this observation, we considered the pos-
sibility of employing this heat treatment on a P91 com-
ponent, which has been exposed to service, to extend 
its creep life significantly. If successful, this short-
term heat treatment strategy can be adopted in ser-
vice to improve the operational life of the component, 
which in turn can have enormous economic benefits. 
This strategy, known as creep life rejuvenation, draws 
inspiration from similar efforts made in the aerospace 
industry, particularly for Ni-based superalloy turbine 
blades in aircraft engines [16–21]. These blades, which 
also undergo creep at elevated-temperature service, 
are both costly and composed of precious constitu-
ents. In these alloys, creep life rejuvenation strategies 
such as heat treatment, re-coating, and hot isostatic 
pressing, have been successfully employed to partially 
recover the initial microstructure, which enhances the 
creep life of these components to a great extent [21].

To the best of our knowledge, this is the first study 
to quantify the creep rejuvenation potential of ferritic 
martensitic steel, which provides direct experimental 
and analytical evidence of creep life recovery through 
controlled short-term heat treatment. To determine the 
potency and influence of the proposed creep rejuvena-
tion treatment for P91 steel, an as-received P91 steel 
sample, which has undergone creep at the prescribed 
service conditions for half its predicted rupture life, is 
subjected to the above-mentioned short-term normal-
izing and tempering treatment. Thereafter, this treated 
sample is again creep-tested in the same conditions 
until rupture. For reference, another as-received speci-
men is creep-tested up to failure without performing 
the rejuvenation treatment. Results reveal that the reju-
venation treatment largely restores the creep history 
of the tested sample and enhanced its creep life by a 
factor of ~ 4, which is the enhancement expected from 
an uncrept sample that is subjected to the same heat 
treatment. To understand the mechanisms that lead to 
this complete creep life rejuvenation, the evolution of 
key microstructural features of the creep-tested samples, 
such as lath sub-grain width, precipitates, the interstitial 
carbon in laths, and lath reorientation, is studied post-
partial creep deformation, post-rejuvenation treatment, 
and post-creep rupture in significant detail. Thereafter, 
the lath coarsening dynamics and precipitate growth 
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of creep-tested samples are studied by employing the 
continuum damage model (CDM) developed by Xiao 
et al. [12]. Finally, an empirical correlation between the 
lath sub-grain width and steady-state creep rate is estab-
lished, and a quantitative estimate of % growth in lath 
size in the secondary regime is obtained. Utilizing these 
observations, some key insights on applying the creep 
life rejuvenation treatment on P91 steel are provided.

Experiments

Materials

A 16-mm-thick cold-rolled plate of modified 9Cr–1Mo 
ferritic martensitic steel (FMS), commonly referred to as 
“P91” steel, is chosen in this study. The chemical com-
position of P91 steel, measured using optical emission 
spectroscopy, is presented in Table 1. The alloy is aus-
tenitized at 1050 °C for 6 h and then rapidly quenched 
in oil. Following this, the alloy is tempered at 750 °C for 
15 h and subsequently air-cooled to room temperature. 
In this state, the alloy will hitherto be referred to as the 
as-received (AR) alloy.

Creep tests and intermediate rejuvenation 
treatment

Creep tests are performed with a single-lever arm type 
dead weight creep machine with a lever arm ratio of 
20:1 equipped with a PID-controlled three-zone fur-
nace. Cylindrical samples with gauge section length 
and diameter of 25 mm and 5 mm, respectively, with 
their longitudinal axis parallel to the rolling direction, 
are extracted from the AR plate for creep tests. First, 
a creep test is performed at 600 °C and 135 MPa. The 
temperature of 600 °C represents typical operating con-
ditions for P91 steel piping in thermal power plants [13, 
22], while the applied stress is intentionally higher than 
the usual service hoop stress in piping (~ 60–90 MPa) 
to accelerate creep damage within a practical labora-
tory timescale. From this test, the rupture time/creep 
lifetime, tr, of the AR sample is determined and set as 
its benchmark rupture time. Next, two additional creep 
tests at the same temperature and stress are performed 
on the AR samples and interrupted after reaching 0.5tr. 

While one of these partially creep-deformed samples 
tested up to 0.5tr is utilized for post-creep characteriza-
tion, the other is subjected to a ‘rejuvenation heat treat-
ment’ (RT). RT treatment involves austenitization of the 
partially creep-deformed AR sample at 1050 °C for 2 h, 
followed by air-cooling, and subsequent tempering at 
750 °C for 2 h, followed by air cooling to room tempera-
ture. After this, the RT treated partially crept sample, 
which will hitherto be referred to as the RT sample is 
again creep-tested at 600 °C and 135 MPa. To under-
stand the effect of the RT treatment on the undeformed 
AR sample, creep tests are also performed on AR plate 
that is subjected to the RT treatment. This sample will 
hitherto be referred to as the ‘RTUD’ condition. A sche-
matic illustration of the thermal treatments on the AR, 
RT, and RTUD samples is shown in Fig. 1. The rationale 
for the choice of creep test interruption time and the RT 
treatment will be provided later. In a strain versus time 
plot, the duration of each creep stage is calculated by 
identifying the start of the secondary stage, where the 
curve becomes linear and has a constant slope, and the 
onset of the tertiary stage where the slope of the curve 
deviates from linearity and rises steeply.

Tensile tests

Three sets of tensile specimens with gauge length, 
width, and thickness of 18 mm, 3 mm, and 2 mm, 
respectively, are extracted from AR and RTUD plates. 
Uniaxial tensile tests are performed on three speci-
mens in each case at 25 °C and 600 °C, at a nominal 
strain rate of 10−3 s−1. To ensure precise determination 
of Young’s modulus and plastic strain, a video exten-
someter is employed to measure displacement during 
the tensile tests.

Microstructural characterization

For metallographic analysis of AR, RT, and RTUD 
samples, smaller pieces are extracted and sequentially 
ground using emery papers ranging from coarse to 
fine with varying grit sizes. This is followed by the 
final polishing step using 0.05-µm non-crystallizing 
colloidal silica suspension. Subsequently, the speci-
mens are etched using a freshly prepared Vilella’s 

Table 1   Chemical 
composition (in wt. %) of 
P91 steel

Element C Cr Mo Nb Mn Ni V W Si P S N Fe

Content 0.15 8.85 1.14 0.078 0.35 0.19 0.24 0.03 0.42 0.003 0.003 0.04 Bal
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reagent consisting of 1 g picric acid, 5 mL HCl, and 
100 mL ethanol. Microstructural characterization and 
elemental composition analysis are performed using 
JEOL JSM-7800F prime field emission scanning elec-
tron microscope (FESEM) operating at an accelerating 
voltage of 20 kV and an integrated Oxford Instruments 
energy-dispersive X-ray spectroscopy (EDS), respec-
tively. Microstructural observations are carried out 
on undeformed samples as well as on crept samples 
within the uniformly deformed gauge portion, which 
are located ~ 20 mm away from the fracture surface. 
Also, the size and area fraction of the precipitates 
are measured by considering at least 200 precipitates 
and corroborated with the size distribution obtained 
from bright-field TEM micrographs. To understand 
the texture evolution before and after the rejuvenation 
treatment and subsequent creep tests, electron back-
scattered diffraction (EBSD) scans are performed on 
the above-mentioned FESEM, which is also equipped 
with an Oxford Instruments EBSD detector. The scans 
utilized a step size of 0.5 µm over an area of 300 × 300 
µm2. Leveraging the EBSD data, the analysis of prior 
austenite grains, packets, and blocks is performed 
using the open-source MTEX software. To generate 
maps at the block scale, a critical misorientation angle 
of 3° is selected. The evaluation process employs the 
two-step variant graph algorithm, which takes into 
account the Kurdjumov–Sachs (K–S) orientation 
relationship (OR) between austenite and martensite, 
alongside the crystallographic orientation of each 
variant [23]. Although alternative ORs, such as the 
Nishiyama–Wassermann (N-W) and Greninger–Tro-
jano (G-T), exhibit a slight misorientation angle of 

about 2.5°, they are expected to induce only minor 
variations in the microstructural response [4, 24]. The 
algorithm used for analyzing ORs in this study is pre-
sented in detail by Niessen et al. [23, 25] in their recent 
publications.

For a comprehensive analysis of sub-grains, disloca-
tion density, their interactions with precipitates, and 
precipitate characterization, the study employs the 
JEOL JEM-ARM200F NEOARM high-resolution trans-
mission electron microscopy (HRTEM), equipped with 
a cold field emission gun (FEG) operating at 200 kV. 
These foils are subjected to electrolytic thinning in a 
solution of 10% perchloric acid and 90% ethanol, fol-
lowed by ion milling using the PIPS II equipment, 
before being transferred to the HRTEM for examina-
tion. Precipitate size, area fraction, interparticle spac-
ing, and lath/sub-grain width were measured from at 
least two to three independent TEM foils per condi-
tion, with 8–10 representative fields of view analyzed 
in total for each case. All measurements were taken 
from the gauge section at least 20 mm away from the 
fracture surface to avoid the influence of localized 
tertiary damage or necking. No significant micro-
structural gradients were observed within TEM foils 
extracted from these regions. Particle size and area 
fraction were obtained by considering at least 200 
particles in each case. Note that particle sizes were 
determined using identical magnification, threshold-
ing, and particle selection criteria across all conditions.
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Figure 1   Schematic illustration of thermal treatments on AR, RTUD, and RT samples.
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Results

Microstructure of uncrept AR and RTUD 
samples

Figures  2 and S1 show the microstructures of the 
uncrept AR and RTUD samples. The size of the prior 
austenitic grains (PAGs) in uncrept AR and RTUD 
samples is 21 ± 4 and 30 ± 3 µm, respectively. These 
PAGs are subdivided into several small units, each 
exhibiting a set of crystallographically related vari-
ants formed during martensitic transformation [4, 24]. 
These crystallographically related variants are organ-
ized into five levels of hierarchy, which are individual 
martensitic laths (see Figs. 2a–c, S1a–c), sub-blocks 

formed by adjacent laths of the same variant, blocks 
composed of sub-blocks of two variants misoriented 
by a small angle (see Figs. 2d, f, S1d, f), packets con-
taining blocks with nearly identical {111}γ//{011}α ori-
entations (see Figs. 2g, S1g), and PAGs consisting of 
interpenetrating packets (see Figs. 2h, S1h).

In both uncrept AR and RTUD samples, martensitic 
laths have an OR with parent austenite grain that devi-
ates slightly from K–S, G–T, and N–W ORs [26]. How-
ever, most laths in both samples can be characterized 
as having a near K–S OR, as is observed in Figs. S2 and 
S3. In the K–S orientation, laths in a packet share the 
same plane parallel relationship between parent (aus-
tenite) and child (martensite) closed-packed planes, 
resulting in four crystallographically distinct packets, 
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Figure  2   a Low- and b high-magnification SEM images, c 
bright-field TEM image, d inverse pole figure (IPF) map, e pole 
figures, f 24 variants in martensitic blocks observed according to 

K–S OR, g corresponding packets, h reconstructed parent austen-
ite grains of uncrept AR sample.
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within an austenite grain, which are represented by 
4 different colors, as shown in Figs. 2g and S1g. Fig-
ure S4 further illustrates the OR between 24 K–S vari-
ants as listed in Table S1.

In Figs.  2a and S1a, translucent yellow arrows 
denote the positioning of the martensitic lath within 
packets and PAGBs in uncrept AR and RTUD samples, 
respectively. The corresponding high-magnification 
secondary electron (SE) image of this region, shown in 
Figs. 2b and S1b, reveals a high-density of nano-sized 
precipitates in the two samples. These precipitates are 
located at PAGBs, packet boundaries, block bounda-
ries, and lath or sub-grain boundaries as well as within 
the intra-lath (or within the sub-grains) regions. TEM 
images of the uncrept AR and RTUD samples are 
shown in Figs. 2c and S1c, respectively. From these 
images, the average lath or sub-grain width, L, is 
measured and listed in Table 2. In the uncrept AR sam-
ple (see Fig. 2c), several martensitic laths and equi-
axed sub-grains with L of 676 ± 54 nm are observed. 
In comparison, the uncrept RTUD sample has a finer 
L of 552 ± 35 nm. In this context, lath and sub-grains 
are distinguished based on their aspect ratios, with 
the former being elongated (length/width > 3) in one 
direction and the latter being nearly equiaxed (length/
width ≤ 3). However, owing to their otherwise similar 
origins and characteristics, they will hitherto be col-
lectively referred to as ‘lath sub-grains’.

Additionally, the lath sub-grain boundaries contain 
M23C6-type precipitates, whereas the MX (X: C or N)-
type precipitates are found within the lath sub-grains 
[11]. The average sizes of the two precipitates, dM23C6 
and dMX, area fractions, AM23C6 and AMX, and their 
interparticle spacings, δM23C6 and δMX, in the uncrept 
AR and RTUD are measured and listed in Table 2. The 
interparticle spacing (δ) is calculated using the relation 

� =
(

d

2

)(

4�

3A

)

1∕3

 and the standard deviation was esti-

mated by recalculating δ using the upper and lower 
bounds of precipitate sizes. In the uncrept AR sample, 
dM23C6 and dMX are 164 ± 18 nm and 30 ± 5 nm, respec-
tively whereas in the uncrept RTUD sample, they are 
122 ± 8  nm and 22 ± 4  nm, respectively. Similarly, 
δM23C6 and δMX are 295 ± 65  nm and 141 ± 47  nm, 
respectively, in uncrept AR sample, those in the 
uncrept RTUD sample are 267 ± 35  nm and 
104 ± 38 nm, respectively, which are slightly smaller. 
However, while in uncrept AR and RTUD samples, 
AM23C6 is 9% and 5%, respectively, and AMX is 0.5% in 
both samples (see Table 2). The dislocation densities, 
ρ, of the uncrept AR and RTUD samples are measured 
from multiple TEM images and XRD analysis and 
listed in Table 2. ρ in the uncrept AR and RTUD sam-
ples is ~ 4.05 × 1014/m2 and ~ 5.53 × 1014/m2, respec-
tively, which is similar to that observed in our previ-
ous study [11]. Figure S5 displays an HRTEM image 
of the laths in the uncrept AR sample. The correspond-
ing inverse fast Fourier transform (IFFT) patterns for 
the (112) and (211) planes are also shown. Using the 
equation for the body-centered tetragonal (BCT) 
structure

where λ represents the interplanar spacing, a and c are 
the lattice parameters, and the c/a ratios of the uncrept 
AR and RTUD samples are calculated and listed in 
Table 2. The lattice parameters for the tempered mar-
tensitic phase in uncrept AR sample are a = 2.870 Å 
and c = 2.874 Å, which corresponds to the c/a ratio of 
1.0014. In comparison, the uncrept RTUD sample has 
a c/a ratio of 1.0064, indicating that it is comparatively 
more distorted. This is also validated by high-resolu-
tion X-ray diffraction measurements and is described 
in our previous study [11].
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2
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Table 2   Microstructural features in uncrept, partially crept, and creep-ruptured P91 steel samples

Condition M23C6 MX L (nm) ρ (m−2) c/a ratio MUD

dM23C6 (nm) AM23C6 (%) δM23C6 (nm) dMX (nm) AMX (%) δMX (nm)

Uncrept AR 164 ± 18 9 295 ± 65 30 ± 5 0.5 141 ± 47 676 ± 54 4.05 × 1014 1.0014 2.67
Uncrept RTUD 122 ± 8 5 267 ± 35 22 ± 4 0.5 104 ± 38 552 ± 35 5.53 × 1014 1.0064 2.55
Partially crept AR 188 ± 13 9 338 ± 47 32 ± 3 0.5 151 ± 28 857 ± 64 1.24 × 1014 1.0000 8.28
Uncrept RT 114 ± 15 5 250 ± 66 24 ± 2 0.5 113 ± 19 448 ± 41 6.56 × 1014 1.0065 2.30
Creep-ruptured AR 234 ± 21 9 421 ± 76 32 ± 4 0.5 151 ± 38 959 ± 85 0.95 × 1014 1.0000 11.50
Creep-ruptured RT 170 ± 14 9 306 ± 50 25 ± 4 0.7 76 ± 34 998 ± 78 0.98 × 1014 1.0000 2.40
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The inverse pole figure (IPF) maps of uncrept AR 
and RTUD samples are shown in Figs. 2d and S1d, 
respectively. EBSD scanning is performed on the roll-
ing direction–transverse direction (RD-TD) plane. 
IPF maps reveal that blocks have a diffuse orientation 
throughout the scanned area. The width of blocks is 
calculated by first identifying the trace of the habit 
plane for each block. Subsequently, a perpendicular 
line to the habit plane is plotted to measure the width 
of the block, as illustrated in Fig. S6a, for one PAG. 
The average block widths of uncrept AR and RTUD 
samples are ~ 1.1 ± 0.1 and 1.5 ± 0.2 µm, respectively, 
and the log-normal distribution best describes the 
scatter in the widths (see Fig. S6b). The diffused tex-
ture of blocks in both samples is further confirmed 
by the {100}, {110}, and {111} pole figures shown in 
Figs. 2e and S1e. Across all the pole figures, for the 
AR and RTUD samples, the highest multiple of uni-
form pole density (MUD) is measured and listed in 
Table 2. MUDs of the two samples are 2.67 and 2.55, 
respectively, which confirms the randomness of their 
textures. The ideal and measured K–S crystallographic 
OR between parent austenite and child martensite 
phase for a PAG with the highest Schmid factor for 
{110} < 111 > slip system are shown in Fig. S7 for both 
uncrept AR and RTUD samples. The PAGs of uncrept 
AR and RTUD samples that have the highest Schmid 
factor are outlined by a black dashed line in Figs. 2f 
and S1f, respectively. In both samples, the measured 
OR between parent austenite and child martensite 
phase only marginally deviates from the ideal K–S OR. 
Overall, it is evident that the RT treatment employed 
on the uncrept AR alloy slightly increases the PAG 
size, decreases dM23C6 and dMX precipitates, decreases 
L, but increases its distortion and ρ marginally. These 
results match well with those from our previous study 
on the effect of the short-term re-austenizing and re-
tempering treatment on the uncrept AR sample [25].

Tensile properties of uncrept AR and RTUD 
samples

Figure 3a shows the engineering stress (S) versus engi-
neering strain (e) plot for uncrept AR and RTUD sam-
ples at 25 °C and 600 °C. At 25 °C, the yield strength 
(YS), ultimate tensile strength (UTS), and strain to 
failure (% elongation) of the uncrept AR sample are 
509 ± 12 MPa, 644 ± 21 MPa, and 18 ± 2%, respectively. 
Alternately, the YS, UTS, and % elongation of the 
uncrept RTUD sample are 570 ± 16 MPa, 708 ± 23 MPa, 

and 15 ± 1%, respectively. At 600  °C, the YS and 
UTS of the uncrept AR sample dramatically drop 
to ~ 302 ± 8 MPa and 405 ± 12 MPa, respectively. Simi-
larly, in the uncrept RTUD sample, YS and UTS drop 
to 354 ± 7 MPa and 450 ± 9 MPa, respectively. How-
ever, there is not much change in the % elongation of 
uncrept AR and RTUD samples, which are ~ 15 ± 1 and 
14 ± 1, respectively. This indicates that the RT treat-
ment enhances the strength of the uncrept AR samples 
only by 10–15% and has no influence on ductility.

Creep testing

Figure  4a shows the creep strain, ε, versus time, 
t, plots, for the AR and RT samples at 600 °C and 
135 MPa. The response of interrupted creep test on the 
AR sample is also included in the plot for reference. 
For clarity, the AR sample that is interrupted during 
creep will henceforth be referred to as the partially 
crept AR sample to distinguish it from the creep-rup-
tured AR sample. Creep deformation in creep-rup-
tured AR and RT samples follows a pattern of small 
instantaneous strain upon loading, followed by a brief 
primary creep stage, a distinct secondary stage, and 
an extended tertiary creep stage. The rupture time, tr, 
and durations of the primary, secondary, and tertiary 
regimes of creep of both samples are listed in Table 3. 
The % of life spent in each creep regime is included 
within brackets in the columns listing the durations 
of primary, secondary, and tertiary creep. tr for the 
creep-ruptured AR sample is 992 h, out of which, 
86 h is the short primary creep regime, 449 h is the 
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Figure 3   Tensile stress–strain responses of AR and RTUD P91 
steel at 25 °C and 600 °C temperature.
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steady-state regime, and 443 h is the tertiary regime. 
Note that the onset of tertiary creep occurs at ~ 56% of 
the total creep life. With this consideration, the inter-
rupted creep test is performed only for 496 h, which 
corresponds to a duration of 0.5tr for the creep-rup-
tured AR sample. This essentially implies that when 
the test is interrupted, the partially crept AR sample 
is in the steady-state creep deformation stage. In con-
trast, tr of the creep-ruptured RT sample is 4357 h, 
which is ~ 4.4 times higher than that of the creep-rup-
tured AR sample. Moreover, the primary, secondary, 
and tertiary creep regimes of the creep-ruptured RT 
sample are 2, 6, and 4 times higher than those of the 
creep-ruptured AR sample. It is also observed that, 
unlike the creep-ruptured AR sample, the primary 
creep regime of the creep-ruptured RT sample is only 
3.3% of the total creep life, whereas that of the steady-
state creep regime is 63%. The observed short-lived 
primary stage and prolonged tertiary stage is expected 
for creep tests performed at temperatures higher than 
the homologous temperature exceeding 0.4 in P91 
steels [13]. Note that, according to the NIMS creep 
database for Grade 91 steel [27], the scatter observed in 
creep rupture life at any given stress and temperature 

typically corresponds to − 50 to + 100% of the mean 
creep life. This implies an expected scatter of roughly 
0.5 to 2 times the mean creep life under comparable 
conditions. Even considering this conservative scatter 
envelope, the present 4.4 times increase in rupture life 
in RT sample substantially exceeds the upper bound 
of expected variability. This clearly indicates that the 
observed enhancement in creep performance cannot 
be attributed to statistical scatter.

Figure 4b illustrates the evolution of creep rate for the 
creep-ruptured AR and RT samples with time. The data 
for the partially crept AR sample, which was interrupted 
at 0.5tr, is also included for reference in the same plot. 
In all samples, the creep rate gradually decreases to a 
minimum and then dramatically increases until failure 
occurs. The final stage of increasing creep rate is not 
observed for the partially crept AR sample as its test-
ing is interrupted in the secondary creep regime. The 
minimum creep rate ( 𝜀̇

min
 ) of the creep-ruptured AR 

and RT samples is listed in Table 3. 𝜀̇
min

 of the creep-
ruptured AR sample and the partially crept AR sam-
ple is ~ 1.28 × 10−8 s−1 and ~ 0.79 × 10−8 s−1, respectively. 
In contrast, 𝜀̇

min
 of the creep-ruptured RT sample 

is ~ 1.75 × 10−9 s−1, which is one order of magnitude lower 

Figure 4   a Creep strain versus time plot of creep-ruptured AR, partially crept AR, and creep-ruptured RT samples; b Temporal evolu-
tion of creep rate of creep-ruptured AR and partially crept and creep-ruptured RT samples.

Table 3   Creep data of AR and RT P91 steel

Condition T (°C) σR (MPa) Primary creep life (h) Secondary creep life (h) Tertiary creep life (h) tr (h) έmin (s−1)

Creep-ruptured AR 600 135 86 (8.67%) 449 (45.26%) 443 (44.66%) 992 1.28 × 10−8

Creep-ruptured RT 600 135 160 (3.67%) 2742 (62.93%) 1452 (33.33%) 4357 1.75 × 10−9
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than that of creep-ruptured AR and partially crept AR 
samples.

To compare the creep rupture lives of the samples, the 
Larson–Miller parameter (LMP) approach is adopted. 
LMP for each rupture stress is calculated from [5, 28]

where T represents the creep test temperature in Kelvin 
(K), tr is the rupture time in hours (h), and C = 32 is the 
material constant commonly used for P91 steel [29]. On 
obtaining the LMP of alloys at different stresses, pro-
vided the microstructure is stable, the long-term creep 
rupture life of alloys can be predicted from extrapola-
tion [29, 30]. A plot of the rupture stress versus LMP 
for the creep-ruptured AR sample is displayed in Fig. 5. 
The data for creep-ruptured RTUD sample, which was 
tested in our previous study [11], are included in the 
same plot as a reference. Note that the LMP of the 
creep-ruptured AR sample for all stresses is lower than 
that of the RTUD sample. Therefore, from Eq. 2, it is 
evident that for the temperature range of 550–650 °C, 
the tr of the RTUD sample is higher than that of the 
creep-ruptured AR sample. The data points corre-
sponding to the creep test performed at 135 MPa and 
600 °C for the creep-ruptured AR, partially crept AR, 
and creep-ruptured RT samples are superimposed 
and highlighted in the plot. Interestingly, at the rup-
ture stress of 135 MPa, the LMP of the creep-ruptured 
RT sample coincides with that of the creep-ruptured 
RTUD sample. This implies that the RT treatment on 
the partially crept AR sample leads to creep resistance 
that is equivalent to the creep resistance of the RTUD 
sample, which in turn implies that RT treatment erases 
the creep deformation history of the P91 steel for even 
up to 50% of its rupture life. Note that the creep perfor-
mance of RT and RTUD conditions is comprehensively 
compared with the NIMS (Japan) creep database and 
with some other literature, including detailed docu-
mentation of the corresponding heat treatment param-
eters, as shown in Table S3 in SI. This comparison dem-
onstrated that the short-term heat treatment employed 
in our study provided superior creep performance 
compared to the reported values in the literature.

Microstructure of partially crept AR sample 
and uncrept RT sample

Figure 6a, b shows the microstructures of the par-
tially crept AR sample and uncrept RT sample. Higher 

(2)LMP = T

[

log

(

t
r

)

+ C

]

magnification image of the partially crept AR sample 
reveals (see Fig. 6c) the presence of M23C6 precipitates 
at the lath sub-grain boundaries.

Figure 7a–c, e–h shows the bright-field TEM images 
of the partially crept AR and uncrept RT samples, 
respectively. L, AM23C6, AMX, dM23C6, dMX, and their 
δM23C6 and δMX in them are listed in Table 2. AM23C6 in 
the partially crept AR sample is ~ 9%, which is similar 
to that of the uncrept AR sample (see Table 2). How-
ever, dM23C6 and dMX in the partially crept AR sam-
ple are 188 ± 13 nm and 32 ± 3 nm, respectively. In the 
uncrept AR sample, dM23C6 is 15% lower than that in 
the partially crept AR sample (see Fig. 7 and Table 2). 
Similarly, the δM23C6 in the partially crept AR sample 
is 338 ± 47 nm, which is 15% higher than that in the 
uncrept AR sample.

L in this sample is 857 ± 64 nm, which is 27% larger 
than that of the uncrept AR sample (see Table  2). 
Within the lath sub-grains, several MX carbonitrides 
(indicated by orange arrows), M23C6 precipitates (indi-
cated by yellow arrows), and Fe2Mo-type Laves phases 
(indicated by blue arrows) are observed, as shown 
in Fig. 7b. AMX, dMX, and δMX is 0.5%, 32 ± 3 nm, and 
151 ± 28 nm, respectively, which is similar to that of the 
uncrept AR sample. This indicates that the MX precipi-
tates in the partially crept AR sample are unaffected 

Figure 5   Rupture stress versus Larson–Miller parameter (LMP) 
plot for creep-ruptured AR and RTUD samples, for stresses in the 
range of 90 to 260 MPa at temperatures of 550 °C, 600 °C, and 
650 °C. Additional data points are taken from ref. [11]. The LMP 
values calculated at 600  °C and a stress of 135  MPa for both 
creep-ruptured AR and RT samples are superimposed for com-
parison.
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Figure 6   Microstructures 
of a and c partially crept AR 
sample, b and d uncrept RT 
sample. PAGB
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by creep. The selected area electron diffraction (SAED) 
patterns of these precipitates, shown in Fig. 7d1, d2, 
indicate that M23C6 precipitates have an FCC struc-
ture, whereas Laves phases have the HCP structure. 
The presence of Laves phases in the partially crept 
AR sample is further confirmed by EDS maps, shown 
in Fig. S9, which reveals that Mo and Si have segre-
gated adjacent to Cr-rich M23C6 carbides present at 
the sub-grain boundaries. Isik et al. [31, 32] reported 
that Laves phase nucleation begins with the segrega-
tion of Mo and Si at lath sub-grain boundaries in the 
vicinity of M23C6 carbides. They suggested that with 
increasing time, rod-shaped Laves phases evolve by 
consuming M23C6 carbides. Furthermore, as can be 
seen in Fig. 7c, several dislocations pileup at the lath 
sub-grain boundary, near the M23C6 precipitates. From 
the TEM images, ρ and c/a ratio of the lath sub-grains 
are determined and listed in Table 2. Note that ρ in the 
partially crept AR sample is ~ 1.25 × 1014 m−2 and the 
c/a ratio of the lath sub-grain is 1. Note that SEM and 
TEM examination of interrupted AR sample did not 
reveal any creep cavities, indicating that permanent 
damage associated with the tertiary creep stage had 
not yet initiated at 0.5 tr.

In contrast, the same microstructural features in 
the uncrept RT sample, shown in Fig. 7e–g and listed 
in Table 2, are significantly different than that of the 
partially crept AR sample (see Fig. 7a–d). The specific 
differences are as follows. First, in the uncrept RT sam-
ple, dM23C6 and AM23C6 precipitates are 114 ± 15 nm and 
5%, respectively, which are both lower than that in 
the partially crept AR sample (see Table 2). Addition-
ally, dMX and AMX are 24 ± 2 nm and 0.5%, respectively, 
which are finer compared to the partially crept AR 
sample. Second, L in the former is only 448 ± 41 nm, 
which is 48% lower than that of the latter (see Fig. 7e 
and Table 2). Third, the M23C6 and MX carbonitrides, 
located along the lath sub-grain boundaries and within 
the lath sub-grain interior, respectively, have much 
lower δM23C6 and δMX of 250 ± 66 nm and 113 ± 19 nm, 
respectively, in the uncrept RT sample. Fourth, Laves 
phases are absent near the lath sub-grain boundaries. 
Fifth, EDS maps shown in Fig. S9b confirm that Mo 
and Si are uniformly distributed in the matrix. Finally, 
the c/a ratio and ρ are 1.0065 and 6.56 × 1014  m−2, 
which are calculated from the TEM images of the 
lath sub-grains in the uncrept RT sample (see Fig. S8 
and Table 2). These observations indicate that the RT 
treatment refines the lath sub-grains and also dissolves 
the Laves phases that form in the partially crept AR 

sample. The higher c/a ratio and ρ of the uncrept RT 
sample compared to the partially crept AR sample also 
indicate that it is significantly more distorted. Moreo-
ver, the RT heat treatment refines MX and M23C6 and 
reduces the spacing between them.

Next, the orientation of sub-grain boundaries and 
evolution of texture of these samples are analyzed. 
Figure 8a, e shows the IPF maps of the partially crept 
AR sample and uncrept RT sample, respectively. The 
corresponding block structure, consisting of 24 vari-
ants according to the K–S OR, is shown in Fig. 8b, f, 
where the PAG with the highest Schmid factor for 
{110} < 111 > slip system is outlined by black dashed 
lines. For the two samples, the ideal K–S OR is com-
pared with the experimentally determined OR for 
the PAG having the highest Schmid factor, as it is the 
grain that is favorably oriented for slip. The ideal ORs 
of the partially crept AR sample and uncrept RT sam-
ple are displayed as points in their (001) pole figures, 
which are displayed in Fig. 8c, g. The corresponding 
experimental ORs are shown in Fig. 8d, h. For refer-
ence, the {100}, {110}, and {111} pole figure maps of 
the two samples are shown in Fig. 8i, j, respectively, 
and the maximum MUDs of both samples are listed 
in Table 2. The deviations of the measured ORs in the 
partially crept AR sample are considerably differ-
ent from the ideal KS ORs (see Fig. S11), indicating 
that there is significant sub-grain reorientation after 
creep. The pronounced texture intensity along the 
easy glide < 111 > direction with the MUD of 8.27 (see 
Fig. 8i), in the pole figures of the partially crept AR 
sample further reinforces this observation. In addi-
tion, sharpening of the crystallographic texture along 
the < 111 > direction influences slip activity and con-
sequently enhances creep deformation. In contrast, 
the ORs of the uncrept RT sample match well with 
that of the ideal KS. Moreover, the uncrept RT sample 
has a maximum MUD of 2.3, which is significantly 
lower than that of the partially crept AR sample but 
slightly higher than that of the uncrept AR sample 
(see Table 2). Regardless, the texture of the uncrept 
RT sample is relatively random. This suggests that the 
change in lattice orientation from the ideal K–S rela-
tionship, which occurs in the partially crept AR sample 
during creep (see Fig. S11), is partially reversed when 
it is subjected to the RT treatment. In contrast, with 
the exception of maximum MUD, the microstructural 
features and sub-grain orientations of the uncrept RT 
sample are similar to that of the uncrept RTUD sample 
(see Table 2).
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Overall, it is evident that during the creep of the AR 
sample, lath and M23C6 precipitates undergo coarsen-
ing, the lath/sub-grains reorient themselves along the 
easy slip direction and Laves phases form at sub-grain 

boundaries. RT treatment refines the lath/sub-grains, 
reduces the area fraction and size of M23C6 precipi-
tates, dissolves the Laves phases, reorients the lath/
sub-grains to the ideal K–S OR, and introduces more 
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distortion in the lath/sub-grains. Also, the microstruc-
tural features of the sample after RT treatment are 
similar to those of the RTUD sample.

Microstructure of creep‑ruptured AR and RT 
samples

From the creep-ruptured AR and RT samples, small 
pieces are extracted at locations away from the creep-
fractured region. The microstructures of the creep-
ruptured AR and RT samples are shown in Fig. 9a, 
b, respectively. Their corresponding higher magnifi-
cation images are shown in Fig. 9c, d, respectively. 
AM23C6 precipitates in the creep-ruptured AR and RT 
samples are measured and listed in Table 2. In both 
the creep-ruptured AR and RT samples, AM23C6 is 9%.

TEM images of the creep-ruptured AR and RT 
samples are shown in Fig. 10. L and δM23C6, δMX, c/a 
ratios, and ρ of the two samples are measured and 
listed in Table 2. In the creep-ruptured AR sample 
(see Fig. 10a), L is ~ 959 ± 85 nm, which is 42% coarser 
than that in the uncrept AR sample. Additionally, 
dM23C6 is 234 ± 21 nm and δM23C6 is 421 ± 76 nm, which 
is 1.4 times coarser and 43% higher than that in the 
uncrept AR sample, respectively. dMX, AMX, and δMX 

of creep-ruptured AR sample are 32 ± 4 nm, 0.5%, 
and 151 ± 38 nm, respectively, which is similar to 
the uncrept AR sample. L in the creep-ruptured RT 
sample is 998 ± 78 nm (see Fig. 10e), which is similar 
to that of the creep-ruptured AR sample and almost 
twice of that of the uncrept RT sample. Moreover, 
dM23C6 and δM23C6 in the creep-ruptured RT sam-
ple are 170 ± 14 nm and 306 ± 50 nm, respectively, 
which is 1.5 times higher and 15% higher than that 
of the uncrept RT sample, respectively. Interestingly, 
ultrafine spherical V and Nb-rich MX carbonitrides 
[33] are observed within the laths of the creep-rup-
tured RT sample (see Fig. 10g), which is not observed 
in the creep-ruptured AR sample. dMX, AMX, and 
δMX of the creep-ruptured RT sample are 18 ± 4 nm, 
0.7%, and 76 ± 34 nm, respectively. Note that dMX and 
δMX of the creep-ruptured RT sample are 25% and 
33% lower than those in the uncrept RT sample (see 
Table 2). However, there is a slight increase in AMX 
of the creep-ruptured RT sample, compared to that 
in other samples.

In Fig. 10b, f, tangled dislocations are observed 
near these MX precipitates, which indicates that dis-
locations interact with them. The c/a ratio of laths of 
creep-ruptured AR and RT samples is 1 in both cases, 

Figure 9   Microstructures of 
a and c creep-ruptured AR, 
b and d creep-ruptured RT 
samples.
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and their ρ is 0.95 × 1014 and 0.98 × 1014, respectively. 
The corresponding c/a ratios and ρ of their uncrept 
counterparts are higher (see Table 2), which indicates 
that the distortion of the laths and the defect density 
in them reduce during creep. Finally, Laves phases are 
observed in both samples (see Fig. 10b, f).

Next, the changes in the orientations of laths in 
creep-ruptured AR and RT samples are analyzed. The 
IPF map, pole figure maps, and the positions of the 
24 K–S variants for both samples are shown in Fig. 11. 
The PAG with the highest Schmid factor in creep-
ruptured AR and RT samples for the {110} < 111 > slip 
system is outlined with white dashed lines in Fig. 11b, 
f, respectively. The pole figures containing ideal and 
experimentally measured ORs of the PAG in the 
creep-ruptured AR sample are shown in Fig. 11c, d, 
respectively. For the creep-ruptured AR sample, the 
deviation from the ideal K–S OR is significant, which 
suggests that its laths undergo substantial lattice reori-
entation during creep (see Fig. 11c, d). This reorien-
tation toward easy glide is further confirmed from 
pole figures (see Fig. 11i, j), where a strong (111) pole 
intensity, with a maximum MUD of 11.5, is observed 
in the creep-ruptured AR sample. However, in the 

creep-ruptured RT sample, the extent of deviation of 
the experimental OR from the ideal OR is consider-
ably lower (see Fig. 11g, h). This inference is further 
reinforced by the fact that the texture of the creep-
ruptured RT sample remains largely random as the 
maximum MUD is only 2.4 (see Fig. 11j). This indicates 
that while the laths in the AR sample tend to reori-
ent themselves along the easy glide direction and also 
deviate significantly from near K–S OR, this reorien-
tation does not occur in the RT sample to a signifi-
cant extent, as the texture remains random, and the 
block width remains nearly unchanged during creep 
exposure.

Overall, during creep, lath sub-grains significantly 
coarsen to ~ 900–1000 nm and the area fractions of 
M23C6 increase to 9% in both samples. Similarly, the 
ρ and the matrix distortion in both samples are simi-
lar after creep. However, there are some significant 
microstructural differences in both samples, which 
are as follows. The size of M23C6 and their inter-
particle spacing increases considerably. Moreover, 
a higher fraction of laths reorients along the easy 
glide direction during creep in the creep-ruptured 
AR sample compared to that in the creep-ruptured 
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RT sample. Additionally, the size and interparticle 
spacing of MX precipitates decreases in creep-rup-
tured RT sample, although its area fraction slightly 
increases, compared to that in both uncrept RT and 
creep-ruptured AR samples.

Fracture surface morphology

Figure 12 shows the fracture surfaces of creep-rup-
tured AR and RT samples. The fracture surface con-
tains several dimples and craters, which are charac-
teristic of transgranular failure and creep cavitation, 
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respectively. Moreover, within these craters, nanom-
eter-sized precipitates are visible, which suggests that 
cavities form in the vicinity of precipitates. The pre-
cipitates inside these cavities are mostly Laves phases 
[13]. While there are several small cavities in the creep-
ruptured RT sample, those in the creep-ruptured AR 
sample are fewer in number but larger in size.

Discussions

Microstructure evolution of P91 steel after heat 
treatments

When P91 steel is first heated at 1050 °C for 6 h, it 
undergoes complete transformation to austenite. On 
oil quenching, martensite laths, which have a body-
centered tetragonal (BCT) structure, form within the 

parent austenite grains. These martensite laths have 
the body-centered tetragonal (BCT) structure and 
share the K–S OR with the parent austenite grain. Dur-
ing tempering at 750 °C for 15 h, carbon atoms diffuse 
out of martensite and react with chromium, niobium, 
molybdenum, and vanadium to form M23C6- and 
MX-type precipitates. This diffusion process relaxes 
the distortion in the martensite structure and trans-
forms the crystal structure to the body-centered cubic 
(BCC) structure [5]. Additionally, tempering leads 
to the migration of lath boundaries, which leads to 
lath coarsening without compromising the near K–S 
OR with the parent austenite grains [4]. In addition, 
owing to the OR between laths and the parent austen-
ite grains, the former inherits the random texture of 
the latter, which explains the lack of a preferred ori-
entation in the pole figures of the uncrept AR sample 
shown in Fig. 2e.
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Figure 12   Fracture surface morphology of creep-ruptured a, c AR and b, d RT samples.
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On performing the re-normalizing treatment at 
1050 °C for 2 h followed by re-tempering for 2 h on 
the uncrept AR sample, which is referred to as the 
uncrept RTUD sample (see Fig. 1), there are several 
microstructural changes, which are mentioned in our 
previous study [11] and are as follows. The re-normal-
izing treatment dissolves all the M23C6 carbides and 
re-transforms the martensite to austenite. Although 
the absence of M23C6, which plays an active role in 
pinning grain boundaries, would facilitate the growth 
of these austenite grains during re-normalizing, the 
shorter duration of the treatment (~ 2 h) ensures lim-
ited austenite grain growth. The marginal increase in 
the PAG size in the uncrept RTUD sample, compared 
to that of the uncrept AR sample, is attributed to this 
effect (see Fig. S1). In contrast, MX precipitates, which 
possess higher thermal stability at 1050 °C, only par-
tially dissolve during normalizing [34–36]. The slight 
reduction in dMX of the uncrept RTUD sample without 
much change in AMX, compared to that in the uncrept 
AR sample, supports this inference (see Table 2). On 
cooling, carbon-rich martensite laths reform and main-
tain the near K–S OR with their parent austenite grain. 
During the subsequent short-term tempering treatment 
(~ 2 h), carbon again diffuses out from the martensite, 
which leads to re-coarsening of the martensitic lath and 
the reprecipitation of M23C6- and MX-type precipitates. 
However, the extent of lath sub-grain re-coarsening 
and reprecipitation is limited, owing to the relatively 
short tempering treatment duration of 2 h, as opposed 
to that performed for the uncrept AR sample, which is 
15 h. This explains the comparatively lower L, dM23C6, 
and AM23C6 in the uncrept RTUD sample than those 
in the uncrept AR samples (see Table 2). Moreover, 
owing to higher carbon retention within martensite 
laths in the uncrept RTUD sample, it is expected to be 
more distorted, which indeed reflects in higher ρ and 
c/a compared to that of the uncrept AR sample (see 
Table 2). In addition, owing to shorter tempering time, 
there is limited Oswald ripening of the M23C6- and MX-
type precipitates, which implies that the average dis-
tance between these precipitates is expected to be lower 
in the uncrept RTUD sample than that in the uncrept 
AR sample, which is indeed observed (see Table 2).

Creep mechanisms and microstructural 
evolution during creep

In our previous study [11], it was determined that the 
duration of the primary stage of creep is negligible 

compared to that of the steady-state creep. Moreover, 
the effective stress exponent, neff, for P91 steel is in the 
range of 4.5–5.5, which implies that climb-assisted dis-
location annihilation at the lath sub-grain boundaries 
is the governing creep mechanism in the steady-state 
creep regime [14, 37]. This implies that the steady-
state creep rate or 𝜀̇

min
 is determined by the balance 

between the rate of dislocation climb-mediated relaxa-
tion and the rates of strengthening processes, which 
retard dislocation and lath sub-grain boundary motion 
[11].

Dislocation climb-mediated relaxation involves two 
simultaneous processes. First, dislocations move from 
the lath interior toward the lath sub-grain boundary 
via climb and glide. Second, dislocations present at the 
sub-grain boundaries and those that migrated from 
the lath sub-grain interior climb along the lath sub-
grain boundaries and annihilate when they encounter 
opposing dislocations. During the process of annihi-
lation, the lath sub-grain boundaries undergo migra-
tion, which leads to the growth of the lath sub-grains 
[11, 38]. One possible mechanism of lath coarsening, 
proposed by Abe [7], involves dislocation climb and 
annihilation-induced migration of a Y junction that 
connect two converging sub-grain boundaries. These 
processes lead to reduction in dislocation density 
within the lath sub-grains, which is indeed observed 
in the partially crept and creep-ruptured AR sam-
ple compared to that in the uncrept AR sample (see 
Table 2). Similarly, the latter process also explains the 
larger L of partially crept and creep-ruptured AR sam-
ple than that of the uncrept AR sample (see Table 2). 
Note that in the present analysis, dislocation density 
is used as a simplified metric to represent the evolv-
ing dislocation structure during creep. However, 
it is recognized that dislocation character and their 
spatial distribution can also influence the interface-
controlled kinetics, as reported in recent studies [39, 
40]. Furthermore, although deformation twinning may 
act as a secondary accommodation mechanism under 
high local stress concentrations near lath or packet 
boundaries [41], it is generally suppressed in tem-
pered martensitic steels at elevated temperatures due 
to the high stacking fault energy of the BCC ferritic 
matrix. Consistent with this, no evidence of deforma-
tion twins was observed in the present study, indicat-
ing that creep deformation is primarily governed by 
dislocation mediated processes.

In addition, the increase in < 111 > texture intensity 
of partially crept and creep-ruptured AR samples 
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compared to that of the uncrept AR sample is also 
attributed to the lath coarsening phenomenon (see 
Figs. 8, 11). Note that dislocation climb and glide pref-
erably occur in laths that have the highest Schmid fac-
tor, as they are favorably oriented for slip. Since laths 
with the < 111 > orientation have the highest Schmid 
factor, their boundaries preferentially migrate, leading 
to their coarsening at the expense of laths with other 
orientations. Consequently, there is an increase in the 
number of lath with the < 111 > orientation, which 
manifests as an increase in the MUD of the < 111 > tex-
ture of the partially crept and creep-ruptured AR 
sample (see Fig. 8) than that of the uncrept AR sam-
ple. Owing to the increased fraction of < 111 > lath 
sub-grains, the OR between the laths and the parent 
austenite grain will also change. This explains the 
observed deviation of the OR of laths in the partially 
crept and creep-ruptured AR sample from the ideal 
K–S relationship (see Fig. 11). Note that such devia-
tions from the ideal K–S OR may alter the crystallo-
graphic character and misorientation of martensitic 
intervarient boundaries. Previous studies [4, 24, 42] 
have shown that the orientation and plane character 
of these interfaces can influence dislocation transmis-
sion across boundaries and thereby affect the plastic 
deformation behavior. In BCC martensite, where {110} 
planes represent the primary slip planes, the relative 
alignment between these slip systems and the inter-
face plane can modify the interaction between dislo-
cations and martensitic boundaries. However, in the 
context of high-temperature creep deformation, the 
direct influence of deviations from the ideal K–S OR 
on boundary mobility and creep kinetics is not yet 
fully established and may require a dedicated investi-
gation. The present observations, therefore, primarily 
provide a crystallographic description of the interface 
structure.

Alternately, these relaxation processes are coun-
tered by the following strengthening processes. First, 
the dissolved interstitial carbon in the lath sub-grains 
hinder the motion of dislocations via the solute drag 
effect [43, 44]. This implies that laths that have higher 
carbon content are more effective in mitigating dis-
location mobility. Second, MX precipitates inside the 
lath can restrict the motion of dislocations to the grain 
boundaries. Interactions between dislocations and MX 
precipitates are indeed observed in the partially crept 
and creep-ruptured AR samples (see Figs. 7, 10), which 
supports this conjecture. Third, M23C6 carbides at the 
lath sub-grain boundaries are obstacles for dislocation 

climb, which can hinder their annihilation with their 
opposing pairs [15]. This implies that the mean free 
path for dislocation climb corresponds to δM23C6, 
which in turn means that lesser spacing between 
M23C6 precipitates can more effectively hinder disloca-
tion climb. Fourth, the M23C6 precipitates apply Zener 
pressure on the lath sub-grain boundaries and prevent 
their motion [35]. Note that the extent of Zener pres-
sure also scales with δM23C6 as it can act over a larger 
length of the lath sub-grain boundary.

Note that with increasing duration of creep, the 
rate of each of these strengthening processes dimin-
ishes, which accelerates the rate of creep relaxation 
processes, which in turn, leads to the onset of the 
tertiary or acceleration regime of creep. A brief sum-
mary of the reasons leading to the decrease in the 
rate of each strengthening process is as follows. First, 
the solute drag effect diminishes over time as the 
carbon diffuses out of the martensite during creep. 
An estimate of the dissolved carbon in martensite is 
obtained from the measured c/a ratio [45]. Figure S10 
shows the variations of dissolved carbon for differ-
ent c/a ratios of martensite. From this plot, the wt.% 
of dissolved carbon in uncrept AR sample, partially 
crept AR sample, and creep-ruptured AR sample 
is 0.05, 0.01, and 0.01, respectively, which suggests 
that carbon diffuses out from the martensite lath dur-
ing creep. Second, the MX and M23C6 precipitates 
coarsen due to Oswald ripening and the outward 
diffusion of interstitial carbon, which would lead 
to an increase in their sizes and their interparticle 
spacing. The higher dM23C6, δM23C6 dMX, and δMX in 
the partially crept and creep-ruptured AR samples 
compared to that in its uncrept counterpart are an 
outcome of this effect (see Table 2). Owing to the 
increase in the interparticle spacing, the effectiveness 
of MX and M23C6 in hindering dislocation motion 
through the lath and climb along the lath sub-grain 
boundaries diminishes over time. Similarly, the 
increased interparticle spacing of the M23C6 precipi-
tates at the lath sub-grain boundary also diminishes 
the Zener pressure applied by the former and has-
tens lath sub-grain coarsening. Note that lath sub-
grain coarsening during creep deformation leads to 
microstructural instability, which in turn triggers 
the onset of the tertiary creep regime and eventu-
ally creep rupture [15].

In our previous work, it was noted that short-term 
normalizing followed by a tempering treatment per-
formed on the AR sample—the same performed to 
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obtain RTUD sample in this study—enhances its 
creep life significantly at different stresses and tem-
peratures [11]. Indeed, this enhancement in creep life 
of the RTUD sample is illustrated in the LMP plots 
shown in Fig. 5. We attributed the enhanced creep 
life of the RTUD sample to its relatively lower initial 
L and δM23C6 (see Table 2) compared to that of the AR 
sample [11]. The rationale for this assertion is that 
the sample with smaller L would take significantly 
longer time to coarsen and trigger microstructural 
instability than that with larger L. Moreover, lower 
δM23C6 ensures that the Zener pinning force on the 
lath sub-grain boundaries of the RTUD sample will 
be significantly higher than that in the AR sam-
ple. Conversely, when M23C6 precipitates undergo 
Oswald ripening, where larger precipitates grow at 
the expense of smaller ones, δM23C6 decreases, and 
the pinning pressure on the lath sub-grain boundary 
decreases.

It is noteworthy that the creep life of the RT sam-
ple, which corresponds to the partially crept AR sam-
ple that is subjected to the same above-mentioned 
short-term normalizing and tempering treatment, is 
the same as that of the RTUD sample (see Fig. 1). This 
implies that the short-term normalizing and temper-
ing treatment largely restores the creep damage and 
deformation history of the partially crept AR sample. 
In fact, the good match between the microstructural 
features of the RT sample, such as dM23C6, δM23C6, dMX, 
and δMX, matches with those of the RTUD sample 
(see Figs. 6, 7, 8 and S1, and Table 2), suggesting that 
microstructural tailoring of P91 via the applied heat 
treatments is independent of the creep damage in 
the material. Furthermore, the long-term stability of 
the rejuvenated microstructure can be inferred from 
the stress-LMP relationship (Fig. 5), where the creep 
rupture life of the RT sample closely matches with 
that of the RTUD condition, indicating that the long-
term creep performance of the RT sample is believed 
to be comparable to that of the RTUD samples.

Lath coarsening kinetics

To further quantitatively assess the evolution of L and 
δM23C6 during creep of P91 sample, the continuum 
damage mechanics (CDM) model, developed by Xiao 
et. al. [12], is utilized. In this model, the coarsening 
kinetics of tempered martensitic laths during creep 
are modeled using a dislocation-based approach that 

incorporates Zener drag and boundary mobility, 
where the rate of lath coarsening, L̇ , is

where Mb is the mobility of lath boundary dislocations 
and γb is the surface energy of the lath boundary. The 
Zener drag term accounts for the pinning effect from 
the precipitates, with ri and Ni representing the aver-
age radius and number density of precipitates. Pb is 
the pressure on the lath/sub-grain boundary, which is 
calculated from [12],

The coarsening behavior of M23C6 and MX carbides 
follows the Lifshitz–Slyozov–Wagner (LSW) model, 
where [12],

where dt and do are the average precipitate diameters 
at time t and before creep, respectively, and m is the 
growth exponent, which depends on the diffusion 
mechanism. Note that m ~ 3 for M23C6 as it undergoes 
lattice diffusion-controlled growth and for MX m ~ 5 
as it undergoes dislocation pipe diffusion-controlled 
growth [12]. Table 4 lists the parameters used to esti-
mate the variations of L with increasing creep duration 
in AR and RT samples. The boundary mobility, Mb, is 
estimated from Eq. (3) via an iterative process, which 
ensures that the obtained final L closely matches with 
that of the experimentally observed value. The esti-
mated Mb values for AR and RT samples are 4.5 × 10−20 
and 2.5 × 10−20 m4/Js. The lower mobility in RT sample 
is attributed to the refined, more stable microstruc-
ture produced by the rejuvenation treatment, which 
enhances precipitate-induced boundary pinning 
and thereby reduces the mobility of the boundaries. 
A Sobol sensitivity analysis evaluated based on [46] 
indicates that the predicted lath sub-grain growth 
behavior is primarily governed by boundary mobil-
ity and dislocation density, with additional contribu-
tions from boundary surface energy and precipitate 
characteristics through the Zener pinning term (see SI 
document). Furthermore, although local heterogeneity 
exists in microstructural parameters such as lath width 
and precipitate size, the measured variation remains 
within 10% of the average values (refer to Table 2). 
Such limited variation is not believed to affect the 
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CDM model predications based on spatially averaged 
parameters. Also, note that during creep deforma-
tion, precipitate coarsening and boundary migration 
are coupled processes. In some local regions, exces-
sive precipitate coarsening may reduce the pinning 
effectiveness, allowing the lath sub-grain boundary 
to migrate while leaving precipitates stranded within 
the lath sub-grain interior, as occasionally observed in 
our previous study [11]. However, in most cases, pre-
cipitate coarsening occurs synergistically with bound-
ary migration, with precipitates remaining attached 
to the boundaries. Limited redistribution of precipi-
tates along migrating boundaries may therefore occur, 
although coarsening of existing boundary precipitates 
remains the dominant observation.

It is worth noting that owing to its low volume frac-
tion (~ 0.2%) and relatively large interparticle spacing, 
the Zener pinning pressure from Laves phase is neg-
ligible compared to fine MX precipitates and there-
fore does not significantly contribute to lath/sub-grain 
boundary pinning. However, this does not imply that 
Laves phase is insignificant in creep damage evolu-
tion. Laves particles act as preferential sites for cavity 
nucleation and can strongly influence tertiary creep 
and creep failure initiation (see Fig. 12). Thus, while 
their role in boundary pinning is minimal, their con-
tribution to tertiary creep damage remains important.

Figure 13 shows the variations of L and dM23C6 pre-
cipitates as a function of time. Note that L of both AR 
and RT samples increases with time. However, the rate 
of increase in L is higher for the AR sample compared 
to that of the RT sample. For instance, L increases from 
676 ± 54 nm to 959 ± 85 nm in 992 h in the AR sample 
but the same increase in L in the RT sample takes 
3800 h. It is evident that the coarsening rate of lath 
sub-grains is inversely correlated with initial L. Simi-
larly, although dM23C6 also increases in both AR and RT 
samples, the rate of increase in dM23C6 is higher in the 
former than that in the latter. From these plots, L in the 
steady-state creep regime of AR and RT samples, LAR

ss
 

and LRT
ss

 are marked with blue dashed regions. From 

this, the ratios of the steady-state L of AR and RT sam-

ples, L
AR

ss

L
RT

ss

 , and ratios of their steady-state creep rates, 
𝜀̇AR

min

𝜀̇RT
min

 , are related via the power-law relationship [12, 47],

Substituting the values from Fig. 13 and Table 2, 
n is ~ 5.3. However, note that n is not a constant and 
is expected to be sensitive to temperature and creep 
stress.

In Fig. 13, L at creep rupture for AR and RT sam-
ples, Lmax, which are 959 ± 85 nm and 998 ± 78 nm 
(see Table 2) respectively, is indicated using orange 
dashed circles. Note that creep failure generally occurs 
when the lath sub-grain width exceeds ~ 900–1000 nm, 
as also observed for samples tested under different 
stresses and temperatures in our previous work (refer 
to Table S5). Also, L at the onset of tertiary creep for 
both AR and RT samples, Ltertiary, are encircled by 
green dashed circles. For both samples, Ltertiary/Lmax 
is 0.89. Similarly, Ltertiary/Lmax for AR, RT, and RTUD 

(6)
𝜀̇AR

min

𝜀̇RT
min

=

(

L
AR

ss

L
RT

ss

)

n

Table 4   Parameters used in 
the CDM model for P91 steel

Parameters AR RT

Boundary energy, γb, (J/m2) [10] 1 1
Boundary mobility, Mb (m4/J.s) 4.5 × 10−20 2.5 × 10−20

Precipitate density of M23C6 before creep (m−3) 4.87 × 1018 8.06 × 1018

Precipitate density of MX before creep (m−3) 8.84 × 1019 2.24 × 1020

Climb velocity (m/s) [12] 1 × 10−12 1 × 10−12
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Figure  13   Calculated variations of lath/sub-grain width and 
M23C6 carbides during creep exposure.
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samples that are creep-tested at different temperatures 
and stresses are calculated and listed in Table S2. In all 
cases, note that Ltertiary/Lmax ~ is 0.89, which suggests 
that 89% of the lath coarsening occurs before the onset 
of the tertiary regime of creep, whereas the rest of the 
11% occurs in the tertiary regime of creep.

Implications of creep life rejuvenation 
and other considerations

The main highlight of this study is the observation 
that while the short-term normalizing and temper-
ing treatment does not alter quasi-static mechanical 
properties such as strength and ductility (see Fig. 3), it 
largely restores the creep history of P91 steel and even 
appears to enhance its creep life by several folds. This 
implies that the above-mentioned heat treatment can 
be integrated with routine maintenance protocols in 
industry and applied on P91 components exposed to 
high-temperature service to extend their life signifi-
cantly (assuming that creep is the primary concern in 
such components). It is then worth asking whether the 
routine application of this heat treatment strategy can 
extend the creep lives of P91 components indefinitely. 
The answer to this question is not straightforward and 
requires more careful consideration of the service con-
ditions and safety. Note that we apply the short-term 
heat treatment when the AR sample has reached 50% 
of its overall creep life, tr, which is close to the onset of 
the tertiary creep regime (0.56tr). Therefore, we believe 
that if the material has not undergone creep in the ter-
tiary regime, the rejuvenation treatment will be highly 
effective. This is because the deformation mechanisms 
in the tertiary regime of creep are unknown and may 
involve processes such as void nucleation, which can 
lead to permanent damage in the material. However, it 
is not clear whether the rejuvenation treatment would 
work on a component that is undergoing creep in the 
tertiary regime, and it is a topic of future research.

In the context of the current study, one way to assess 
the stage of creep deformation in the component is to 
design a sacrificial appendage in the relevant compo-
nent that experiences the same service conditions as 
the main component and then routinely cut a piece 
from it during service to assess its microstructure. Pro-
vided Ltertiary/Lmax is < 0.89 in this sacrificial piece, the 
component has undergone steady-state creep and can 
be rejuvenated using the short-term normalizing and 
tempering heat treatment. However, note that while 
this treatment erases creep damage, it does not recover 

the permanent change in the dimensions of the com-
ponent that occurs during creep. Given that design of 
power plant components is usually conservative and 
requires strict adherence to factors of safety, perform-
ing the rejuvenation heat treatment on a component 
that has undergone uniform but significant creep 
deformation may not serve any purpose as the com-
ponent would have to be replaced. In such a case, the 
designer has to specify the maximum creep strain that 
can be accommodated in the component, if one were 
to consider the rejuvenation approach. Regardless, 
it is worth examining in future studies whether the 
rejuvenation effect of the prescribed short-term heat 
treatment will be as effective in each iteration when 
performed multiple times on a component undergo-
ing creep.

On a related note, the dramatic increase in creep 
resistance of the RTUD and RT samples is attributed 
to the significant reduction in L compared to that in 
the AR sample. This is an outcome of the relatively 
short duration (~ 2 h) of the tempering heat treatment 
performed on the AR sample after normalizing, which 
does not allow the lath sub-grains to coarsen signifi-
cantly. In this context, it appears that the growth of 
lath sub-grains could be further curtailed by perform-
ing tempering treatments for even shorter durations. 
However, on the other extreme, performing temper-
ing is essential for relieving strains that develop from 
the austenite to martensite transformation. Therefore, 
optimizing the duration of tempering treatment to 
maximize creep life and minimize distortion is a topic 
for future study.

Note that in other materials such as Ni-based super-
alloys, the extent of creep life rejuvenation by recourse 
to thermo-mechanical heat treatments is not as effec-
tive as that observed in P91 steel [48]. This is attrib-
uted to permanent changes in the microstructure of 
superalloys during creep, such as degeneration of pri-
mary MC carbides, which increases the carbon content 
in the matrix and promotes the coarsening of M23C6 
grain boundary carbides, and cannot be reversed by 
thermo-mechanical treatments. This further high-
lights the uniqueness of the observed microstructural 
reversibility in ferritic martensitic steels, which offers 
a viable opportunity to extend their service life to a 
significant or near-infinite extent. Also note that the 
creep rupture results at 600 °C/135 MPa are based on 
single tests for the AR and RT conditions, together 
with interrupted specimens at 0.5 tr. Although repeat 
creep rupture tests could not be performed owing to 
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time constraints, the magnitude of the observed creep 
life enhancement, its agreement with the LMP mas-
ter curve of RTUD samples, which is estimated from 
independently tested specimens, and accompanying 
order of magnitude reduction in minimum creep rate 
collectively support that the improvement arises from 
a genuine microstructural reset rather than statistical 
variability.

While the present results demonstrate the feasibil-
ity of creep rejuvenation, practical implementation in 
large components requires careful engineering assess-
ment. Heating to ~ 1050 °C may introduce risks of dis-
tortion, oxidation, surface degradation, and residual 
stresses, particularly in complex geometries. Moreo-
ver, weld metal and heat-affected zones (HAZ), which 
are often critical in P91 service failure, may respond 
differently and require independent validation. Any 
rejuvenation strategy must therefore be integrated 
with appropriate nondestructive evaluation protocols, 
including surface damage assessment and hardness 
monitoring. Therefore, rejuvenation should be viewed 
as a condition-dependent life extension strategy that 
requires component-specific validation rather than a 
universally applicable solution.

Conclusion

In this study, the potential and extent of creep life 
rejuvenation of P91 steel, which is partially creep-
deformed to 0.5tr using a short-term normalizing 
treatment at 1050 °C for 2 h, followed by tempering at 
750 °C for 2 h, is investigated. The key findings of the 
investigation are as follows:

1.	 Creep of P91 steel leads to lath sub-grain coars-
ening from 676 ± 54 nm to 857 ± 64 nm, significant 
misorientation from the ideal K–S relationship of 
laths, a change in the MUD of lath orientation from 
2.67 to 8.28, and Oswald ripening of M23C6 from 
164 ± 18 nm to 188 ± 13 nm at 0.5tr. Applying the 
above-mentioned short-term heat treatment on this 
partially creep-deformed steel leads to refinement 
of lath size to 448 ± 41 nm, block reorientation to 
near K–S relationship, and refinement of M23C6 to 
114 ± 15 nm. These microstructural features are 
similar to those of uncrept steel, which is subjected 
to the same short-term heat treatment, indicating 
that the microstructural state is highly reversible 
and agnostic to creep damage.

2.	 Room temperature YS and UTS of the as-received 
steel, which are 509 ± 12 and 644 ± 21 MPa, respec-
tively, do not get significantly altered after the 
above-mentioned short-term heat treatment. A 
similar minimal change of 20% and 10% in YS and 
UTS of the as-received steel after the short-term 
heat treatment is observed at 600 °C. However, the 
enhancement in creep life at 600 °C and 135 MPa 
is almost fourfold after the same heat treatment 
on the uncrept or partially creep-deformed as-
received steel.

3.	 The primary creep mechanism, which is deter-
mined as dislocation climb in previous stud-
ies, facilitates lath coarsening via annihilation of 
opposing dislocations at lath sub-grain bounda-
ries. The MX and M23C6 precipitates retard recov-
ery by hindering the glide and climb of disloca-
tions within lath and lath sub-grain boundaries. 
The competition between these processes controls 
lath coarsening kinetics, which is modeled using 
the continuum damage model. Creep failure 
occurs when lath sub-grain width exceeds 900–
1000 nm.

4.	 The lath coarsening and precipitate coarsening 
rates scale with the initial lath and precipitate 
sizes, respectively, and the steady-state creep rate 
has a power-law relationship with the steady-state 
lath width, with an exponent of 5.3. Moreover, 89% 
of the lath coarsening occurs in the primary and 
steady-state creep regime, and only 11% occurs 
in the tertiary creep regime at all stresses and 
temperatures. This estimate is based on the ratio 
L
tertiary

∕L
max

≈ 0.89 , where L
tertiary

 represents the 
lath/sub-grain width at the onset of tertiary creep 
as identified from the creep curve.

5.	 Rejuvenation treatment can be repeated on the 
component multiple times during service to extend 
its creep life, although it cannot recover the creep 
strain, which implies that component tolerance 
becomes the limiting step for component replace-
ment in service. The optimization of the short-term 
heat treatment, which leads to the highest creep 
life rejuvenation, is unclear and requires further 
investigations. Finally, the creep life rejuvenation 
strategy appears to be highly effective in P91 steel, 
which is not the case in superalloys, where thermo-
mechanical treatments on a creep-deformed com-
ponent only partially enhance their creep life.
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