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Abstract
The eﬀect of cyclic thermal loading on the creep behaviour and microstructure evolution
of three creep strength enhanced 9%Cr ferritic-martensitic steels (P91, P92 and E911) was
investigated. The temperature cycles consisted of cooling the specimen after creep exposure
from the creep testing temperature of 600 ◦C to room temperature and then heating it up again
to the creep testing temperature. Standard creep tests at the same creep testing temperature
were carried out simultaneously for comparison. The results of the thermal cycled and standard
creep tests showed no detrimental eﬀect of intermittent heating on the creep behaviour of
the specimens during the cycled tests. Microstructural investigations revealed no substantial
diﬀerences in the types and chemical compositions of precipitating phases for the specimens
after standard or cyclic creep in the three steels examined. There is no reason to expect
substantially diﬀerent creep behaviour for specimens experiencing standard or cyclic creep,
provided that the specimens possess similar microstructures.
K e y w o r d s : 9%Cr creep-resistant steels, cyclic thermal loading, creep, microstructure evolution, precipitation, fractography

1. Introduction
New and emerging energy technologies are of great
interest. However, coal power plants continue to make
a considerable contribution to energy requirements
into the foreseeable future. Since the electricity generated by renewables (e.g. solar, wind) can suddenly
disappear, standby conventional power plants have to
start-up very rapidly [1, 2]. It should be noted that
most coal power plants are speciﬁcally designed for
base load duty, and operate in creep conditions most
eﬃciently when the load and temperature remain constant over time [3, 4]. Thus, we can expect that the
cumulative eﬀects of frequently repeated thermal and
load cycling from repeated plant start-ups and shutdowns may result in the accumulation or acceleration
of creep damage.
Creep deformation processes and microstructure
evolution during high-temperature creep of advanced
9%Cr martensitic creep-resistant steels have been
*Corresponding author: e-mail address: sklen@ipm.cz

widely reported over the last two decades [5–14]. At
the same time, extensive experimental microstructural
analyses and thermodynamic modelling of microstructure evolution and stability during high-temperature
creep of these steels have also been published [6–8,
12, 13, 15–18]. The eﬀect of cyclic loading, which is
commonly found under service conditions, is of special
relevance. Cyclic thermal creep and creep-fatigue interaction are possible causes of the damage and failure
of high-temperature components under cycling loading. Intensive eﬀorts have recently been undertaken
to study the role of the high-temperature cyclic behaviour on creep strength enhanced 9%Cr steels [19–
32]. The eﬀect of hold time and stress ratio at a constant temperature on cyclic creep properties of advanced 9%Cr steels was investigated in most of these
studies. However, there is currently insuﬃcient information regarding the eﬀect of cyclic intermittent heat
events on the high-temperature deformation and microstructure stability of these steels.
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The cyclic operation has become a frequent operation regime for both old conventional plants and new
combined cycle plants [2]. It should be recognised that
cyclic operation represents a wide range of modes and
combinations, starting with two-shifting, in which the
plant undergoes start-up and shutdown once a day,
and ending with the sporadic operation for periods of
less than two weeks followed by the shutdown for more
than several days [33]. The common mode of operation
is weekend shutdown in which the plant shuts down
at weekends.
Periodic applications of intermittent heat events
are normally absent when creep-resistant steels are
evaluated. Thus, the primary objectives of the present
paper are to obtain some information on the eﬀect
of cyclic heating on both the creep behaviour and
microstructure evolution of three creep strength enhanced 9%Cr ferritic-martensitic steels (namely P91,
P92 and E911), and to simulate the weekend shutdown mode of plant operation which has many cycles
of heating and cooling.

2. Materials and experimental procedures
2.1. Steels
The P91 (ASME Gr.91) steel samples were produced by Vitkovice Steel a.s., Czech Republic, and
subjected to the following two-stage heat treatment:
1060 ◦C/1 h/air + 750 ◦C/2 h/air. Its chemical composition is (in wt.%): 0.09 C, 0.56 Mn, 0.20 Si, 0.021
P, 0.009 S, 0.05 Cu, 0.46 Ni, 8.36 Cr, 0.86 Mo, 0.20
V, 0.06 Nb, 0.065 N and 0.007 Al. The P92 (ASTM
Gr.92) steel was produced by Nippon Steel Corporation, Japan, and received in the form of a seamless pipe with an outer diameter of 390 mm after the
following heat treatment: 1060 ◦C/1 h/air + 770 ◦C/2
h/air. Its chemical composition is (in wt.%): 0.115 C,
8.85 Cr, 0.20 Si, 0.50 Mn, 0.017 P, 0.002 S, 0.24 Ni,
0.96 Mo, 0.22 V, 0.07 Nb, 1.8 W, 0.084 N and 0.007
Al. Finally, the E911 steel primarily developed from
the research work of the European cooperation action
COST501 [34, 35], and was received after the following heat treatment: 1060 ◦C/1 h/air + 770 ◦C/2 h/ air.
Its chemical composition is (in wt.%): 0.11 C, 8.85 Cr,
0.96 Mo, 0.95 W, 0.22 V, 0.07 Nb, 0.08 N, 0.50 Mn,
0.20 Si, 0.02 P and 0.24 Ni.
2.2. Creep testing
Constant load tensile creep tests were carried out
in an argon atmosphere. The eﬀect of temperature
variation during the creep test has been investigated
by intermittent heating under constant load (Fig. 1).
The creep specimens in the ﬁrst cycle were heated

Fig. 1. Schematic illustration of intermittent heating sequences for a constant load cyclic creep test: (a) cyclic
heating during creep exposure, (b) time behaviour of creep
furnace.

from room temperature to the testing temperature,
then creep loaded (the holding time at the testing temperature was about 144 h) and ﬁnally cooled to room
temperature. This temperature cycling was repeated
after 24 h, and then further repeated until the specimen underwent failure. Standard smooth creep tests
at the same creep testing temperature and applied
stress were performed simultaneously for comparison.
The initial load (tensile stress) was maintained during
the entire test in all cases.
Flat creep specimens with a gauge length of 50 mm
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and a cross-sectional area of 5 mm × 3.2 mm were
used in the tests. The creep testing was conducted
at 600 ◦C with the testing temperature maintained to
within ± 0.5 ◦C of the desired value. The creep elongations were continuously measured during creep exposure using a linear variable diﬀerential transducer.
2.3. Microstructural and fractographic
investigations
Microstructure characterisation and fractographic
analysis of the tested specimens were performed by
means of transmission and scanning electron microscopy. Transmission electron microscopy (TEM)
studies were carried out on carbon extraction replicas and foils prepared from both the grip and gauge
parts of the creep specimens using a Philips CM12
TEM/SEM microscope equipped with the EDAX
Phoenix system. Particles of secondary phases extracted into carbon replicas were identiﬁed by means
of selected area diﬀraction (SAED), and their local chemical compositions were measured by energy
dispersive X-ray spectroscopy (EDS), using a 10 nm
probe size and thin sample approximation. A Tescan
Lyra 3 XMU scanning electron microscope (SEM) was
used for the fractographic investigation.
2.4. Thermodynamic calculations
Microstructure stability modelling should include
predictions of the phase stability, nucleation rates,
growth rates and coarsening rates for precipitate
phases as functions of chemical composition, temperature and stress [36]. The CALPHAD type calculations
[37] provide useful guidelines for the evaluation of the
stable phases in the steels under investigation, based
only on their chemical compositions. A series of equilibrium phase diagrams for P91, P92 and E911 steels,
which show the calculated equilibrium mole fractions
and coexisting phases as a function of temperature,
have been produced.

3. Experimental results
3.1. Creep results
Two creep elongations ε versus time t creep curves
for P91 steel, with diﬀerent loading histories under
the same applied uniaxial stress σ of 125 MPa, are
shown in Fig. 2a. The ﬁrst curve (T = constant) represents the standard creep test, which was run at a
constant load and a testing temperature of 600 ◦C until the specimen fractured. The second curve in Fig. 2a
shows the creep behaviour of the specimen with intermittent heating, resulting in the fracture of the specimen after 67 heat cycles. A clearer comparison of these

Fig. 2. Creep curves at 125 MPa for P91 steel with diﬀerent loading histories: (a) uncorrected standard curve, (b)
corrected curve.

two creep curves follows from Fig. 2b, where the creep
curve for non-monotonic (cyclic) creep encompasses
the time at the testing temperature only. The results
of cycled and standard creep tests for P92 and E911
are shown in Figs. 3 and 4, respectively, for the same
testing temperature and applied stress of 150 MPa. As
shown in these ﬁgures, the cycled specimens failed after 77 cycles (P92 steel) and 107 cycles (E911 steel),
respectively. Mutual comparison of the creep curves
for E911 steel in Figs. 4 and 5 may indicate that different levels of applied stress aﬀect the degree of cyclic
creep.
3.2. Microstructure characterisation
The three steels exhibited similar tempered martensitic microstructures after creep exposure. The
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Fig. 3. Creep curves at 150 MPa for P92 steel with diﬀerent
loading histories.

Fig. 5. Creep curves for E911 steel under diﬀerent levels of
applied stress: (a) 175 MPa, (b) 200 MPa.
Fig. 4. Creep curves at 150 MPa for E911 steel with diﬀerent loading histories.

microstructure of P91 steel is documented by the
TEM micrographs in Fig. 6. The prior austenite grain
boundaries are decorated by a network of M23 C6 particles. Particles of this phase are also observed on
both the subgrain boundaries and inside the subgrains. Furthermore, there are tiny minor phase precipitates, present on both the grain boundaries and
former martensitic laths. Careful examination also revealed very small particles inside martensitic laths.
A similar situation was found for the P92 and E911
steels and documented in their respective TEM micrographs (Figs. 7 and 8). Clearly deﬁned subgrains
are evident in both the grip area and gauge length

of the test pieces. However, subgrain coarsening during creep exposure seems to be more intensive in the
specimens that underwent creep at a constant testing
temperature (monotonic creep) in comparison to the
specimens whose growth in the gauge length is more
pronounced than the growth in the grip location, suggesting that this growth is also inﬂuenced by stress.
An increase in the subgrain shape is observed simultaneously with subgrain size growth, indicating that
the subgrains tend to approach the equiaxed shape.
Again, the rate of shape change is strongly inﬂuenced
by the applied stress.
3.3. Precipitation analysis
It is possible to calculate the expected amounts and
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Fig. 6. TEM micrographs of P91 steel subjected to monotonic creep at 125 MPa: (a) grip location, (b) gauge length
location, and cyclic creep at 125 MPa: (c) grip location, (d) gauge length location.
T a b l e 1. Experimentally determined chemical composition (in at.%) of secondary phases in P91 steel after creep
at 600 ◦C
P91

Phase

V

Cr Mn

Fe Nb Mo

Monotonic creep M23 C6 1.9 54.2 1.3 15.9 0.7 5.3
Laves
2.8 12.9 1.5 46.2 2.0 34.7
MX
32.0 8.2 0.3 0.5 8.2 0.9
Cyclic creep

M23 C6 1.6 54.2 1.2 17.5 0.6 4.2
Laves
1.0 16.8 1.3 45.5 1.6 33.8
MX
34.7 8.2 0.2 0.4 6.0 0.6

compositions of the precipitated coexisting secondary
phases from the thermodynamic equilibrium calculation in the Thermocalc software (see Section 2.4). The
series of equilibrium phase diagrams for P91, P92 and
E911 in Figs. 9, 10 and 11, respectively, show the
calculated mass fraction of the coexisting secondary
phases and temperature dependence on phase composition.
The results of the direct microstructure investigations of the precipitated phases by electron microscopy
show reasonably good agreement with the thermody-

T a b l e 2. Experimentally determined chemical composition (in at.%) of secondary phases in P92 steel after creep
at 600 ◦C
P92

Phase

V

Cr Mn

Fe W

Nb Mo

Monotonic
creep

M23 C6 1.3 53.6 1.1 17.9 3.2 0.6
Laves
2.3 17.1 1.3 41.1 26.6 2.1
MX
35.5 6.7 0.3 0.9 0.5 5.6
NbX
0.0 0.0 0.4 0.7 0.4 47.4

1.7
9.5
0.5
1.1

Cyclic creep M23 C6 1.4 52.3 0.7 17.6 4.0 1.0 2.3
Laves
2.3 14.2 1.0 41.5 27.4 2.6 10.9
MX
34.7 7.4 0.3 1.0 0.4 5.4 0.8
NbX
4.9 2.9 0.6 1.1 1.8 37.8 0.9

namic calculations. The TEM micrographs in Figs. 12,
13 and 14 show the ascertained particle precipitation
after monotonic and cyclic creep exposures for the
three steels under investigation.
The quantitative TEM results of precipitated
phases obtained by means of SAED and EDS are
presented in Tables 1, 2 and 3. Collectively, the microstructures in all the steels contain three types
of precipitates: M23 C6 (mostly coarse Cr carbides),
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Fig. 7. TEM micrographs of P92 steel subjected to monotonic creep at 150 MPa: (a) grip location, (b) gauge length
location, and cyclic creep at 150 MPa: (c) grip location, (d) gauge length location.
T a b l e 3. Experimentally determined chemical composition (in at.%) of secondary phases in E911 steel after creep
at 600 ◦C
P92

Phase

V

Cr Mn

Fe W Nb Mo

Monotonic
creep

M23 C6 2.3 55.8 0.9 14.2 0.1 0.8
Laves
0.8 18.2 1.3 44.3 0.5 1.6
MX
35.2 8.4 0.2 0.0 0.0 5.4

5.1
3.3
0.9

Cyclic creep M23 C6 1.3 57.0 0.9 14.6 0.1 0.5 4.9
Laves
0.9 16.7 1.0 45.1 0.6 1.5 34.1
MX
36.0 8.1 0.4 0.8 0.0 3.7 0.9

Laves phase (containing Mo in P91 and E911 steels
and W + Mo in P92 steel) and precipitation of the
MX type (M = V, Cr, Nb, Fe, Mo and X = N, C, prevailing form is ﬁne V nitrides).
It can be concluded that there are no substantial
diﬀerences between the types and chemical compositions of the precipitated phases for specimens after
monotonic or cyclic creep in the three steels examined.
The Laves phase precipitates are signiﬁcantly smaller

in P92 steel compared to the P91 and E911 steels. No
Z-phase precipitates [13, 38, 39] were experimentally
identiﬁed perhaps due to short-term creep exposures.
3.4. Fractography
Upon examining the creep fracture surfaces of the
investigated steels using SEM microscopy (Fig. 15),
it was found that the fracture was always of the ductile dimple transgranular mode, regardless of the creep
loading history. Creep cavities [8, 40] were observed
to a limited extent, mainly in the fractured specimens of P92 steel and independent of the creep testing
method. This was likely due to localised plastic deformation during the late tertiary stage of creep. Most
of the cavities were observed in proximity to the fracture surface. A higher number of cavities occurred at
coarse Laves phase precipitates.

4. Discussion
As demonstrated in Figs. 2–5, no clear detrimental eﬀect of intermittent cyclic heating on the creep
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Fig. 8. TEM of E911 steel subjected to monotonic creep at 150 MPa: (a) grip location, (b) gauge length location, and
cyclic creep at 150 MPa: (c) grip location, (d) gauge length location.

Fig. 9. The equilibrium phase diagrams for P91 steel: (a) mass fractions of secondary phases at 600 ◦C, (b) temperature
dependence on phase composition.

behaviour of the specimen during the cycled tests was
found. The cycled specimens exhibit slightly longer

times to fracture than the specimens that underwent
creep at a constant testing temperature, as can be seen
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T a b l e 4. Fracture times for the standard (monotonic)
creep test, tf , and cyclic creep, tfc , and corrected time,
tfccorr , for cyclic creep at 600 ◦C and various applied
stresses
Steel
Steel

σ
(MPa)

tf
(h)

tfc
(h)

tfccorr
(h)

tfccorr /tf

P91
P92
E911

125
150
150

9111
8773
13647

11350
13088
18120

9742
11240
15552

1.07
1.28
1.14

Fig. 11. The equilibrium phase diagrams for E911 steel:
(a) mass fractions of secondary phases at 600 ◦C, (b) temperature dependence on phase composition.

Fig. 10. The equilibrium phase diagrams for P92 steel: (a)
mass fractions of secondary phases at 600 ◦C, (b) temperature dependence on phase composition.

from Table 4. Here, tf is the fracture time for the standard (monotonic) creep test, tfc is the fracture time
for cyclic creep (i.e., the total time of test exposure)

and the corrected time tfccorr encompasses the time at
the testing temperature during cyclic creep only, such
that tfccorr /tf ≥ 1. Thus, it is clear that the creep resistance of the investigated steels does not substantially
deteriorate by cyclic thermal loading.
The question naturally arises regarding the cause
of such behaviour. The creep resistance of 9%Cr creepresistant steels can be inﬂuenced by (i) the strain
ﬁelds associated with solid solution (solid solution
hardening), (ii) the intragranular dislocation substructure distribution (dislocation hardening mechanism),
(iii) grain boundary and sub-boundary hardening and
(iv) intragranular particles, mainly MX precipitates
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Fig. 12. TEM micrographs showing the precipitation in P91 steel: (a) and (b) monotonic creep, (c) and (d) cyclic creep
(creep at 600 ◦C, 125 MPa, carbon replica).

(precipitation hardening) [6, 7, 13, 14, 41, 42]. As
creep progresses, the dislocation substructure changes
to form subgrains whose boundaries are stabilised by
M23 C6 and possibly also by Laves phase particles [14,
43–45]. During creep exposure, the creep resistance
becomes less dependent on resistance to the movement of individual dislocations through the matrix
and more dependent on the resistance to subgrain
growth through boundary migration [6, 43]. According
to Abe [14], the sub-boundary hardening enhanced by
the ﬁne distribution of precipitates situated at boundaries gives the most important strengthening mechanism in the creep of tempered martensitic 9–12%Cr
creep-resistant steels.
Finer subgrain size is a source of substructure hardening, as suggested Vastava and Langdon [46], and
the growth of the subgrain size is a process of material softening and recovery. The model of the kinetics
of subgrain growth due to recombination and migration of sub-boundaries was suggested by Straub et
al. [47]. Furthermore, retarding the process of sub-

grain growth by blocking the sub-boundaries through
precipitation is very important. Such a “pinning effect” of precipitation may represent one of the important roles of particle dispersion in steel. The results here suggest that the observed diﬀerence in the
subgrain microstructure may be explained by possible
additional precipitation reactions during intermittent
heating. New precipitate secondary phase particles on
subgrain boundaries and dislocations may block the
migration of subgrain boundaries or the movement of
mobile dislocations, which contribute to microstructural stability and consequently to the creep strength
of the investigated steels. However, to complete the
characterisation of the eﬀect of intermittent heating
in creep under cyclic thermal loading on subgrain size
and precipitation, quantitative data on the size distribution of subgrains and secondary phase precipitates
are strongly needed. Such a quantitative study is in
progress at present.
Finally, the temperature changes consisting of cooling the high temperature component from the testing
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Fig. 13. TEM micrographs showing the precipitation in P92 steel: (a) and (b) monotonic creep, (c) and (d) cyclic creep
(creep at 600 ◦C, 150 MPa, carbon replica).

temperature of 600 ◦C to room temperature and then
heating it up again to the testing temperature may
cause some additional strain generated by the thermal
stresses created during the temperature changes and
other degradation processes, such as high-temperature
corrosion and oxidation, particularly at high temperatures. However, such phenomena seem not to aﬀect
the material laboratory behaviour during creep tests.
Thus, provided that the microstructures of specimens
subjected to both monotonic and cyclic thermal loading are relatively similar, there is no reason to expect
substantially diﬀerent creep behaviour in given steel
during monotonic or cyclic creep tests.

5. Conclusions
1. The eﬀect of cyclic thermal loading on the creep
behaviour and microstructure evolution of three creep
strength enhanced 9%Cr ferritic-martensitic P91, P92
and E911 steels was investigated. The thermal cycles consist of cooling the specimen from the creep
testing temperature of 600 ◦C to room temperature

and then heating it up again to the testing temperature.
2. The thermal cycles have been repeated periodically after 24 h without removal of the applied stress
during the whole creep test, continuing until the ﬁnal fracture of the specimens. Standard creep tests at
the same creep testing temperatures were performed
simultaneously for comparison.
3. The results of the cycled and standard creep
tests show no detrimental eﬀect of intermittent heating on the creep behaviour of the specimens during
the cycled tests.
4. Microstructural investigations revealed that
there are no substantial diﬀerences regarding the types
and chemical compositions of precipitating secondary
phases after standard (monotonic) or cyclic creep in
the three steels examined.
5. Provided that the microstructures of specimens
subjected to both stationary and cyclic loading are
relatively similar, there is no reason to expect substantially diﬀerent creep behaviour for standard or cycled
creep specimens.
6. Fractographic investigations of the creep frac-
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Fig. 14. TEM micrographs showing the precipitation in E911 steel: (a) and (b) monotonic creep, (c) and (d) cyclic creep
(creep at 600 ◦C, 150 MPa, carbon replica).

Fig. 15. SEM fractographs of P91 steel after creep at 600 ◦C and 125 MPa: (a) monotonic creep fracture surface, (b) cyclic
creep fracture surface.

tured specimens of the examined steels revealed that
the dominating creep failure is always of the ductile
transgranular dimple fracture mode regardless of the
creep testing history.
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