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Abstract
In this study, the creep behaviour of P92 steel in as-received condition and after longterm isothermal ageing was investigated at 600 and 650 ◦C using uniaxial tension creep tests.
The creep testing was carried out in the power-law creep region. The analyses of creep data
indicate that creep behaviour of the steel under investigation obeys both Monkman-Grant
and modiﬁed Monkman-Grant empirical formulas and provides high values of creep damage
factor λ. The tertiary creep was examined in terms of the variations of the time to onset of
tertiary creep tot with the time to fracture tf . To assess the eﬀect of damage process on the
loss of creep strength, most creep tests were followed by fractographic investigations. It was
observed that the large Laves phase particles, which coarsened during creep exposure, served
as preferred sites for creep cavity nucleation. The fractography of creep ruptured specimens
revealed a dominant transgranular fracture mode by necking at the highest stresses, and a
mixture of transgranular and intergranular fracture modes at medium and low-stress regions.
K e y w o r d s : P92 steel, mechanical characterisation, creep, plasticity, fracture, electron microscopy

1. Introduction
Damage processes in creep are phenomena of major practical relevance, often limiting the lives of power
plant components and structures designed to operate
for long periods under stress at elevated and/or high
temperatures. The steadily improved creep-resistant
modiﬁed 9–12%Cr ferritic steels have been used to
construct new coal-ﬁred ultra-supercritical (USC)
power plants with higher eﬃciency [1–4]. However, the
further development and safe using of advanced tempered martensitic 9–12%Cr steels with improved longterm creep strength relies on a better understanding of
the long-term microstructural and damage evolution,
and its inﬂuence on the creep strength and life.
Advanced tungsten-modiﬁed 9%Cr ferritic steel
(ASTM Grade P92) is a promising material for the
next generation of fossil and nuclear power plants [5–
8]. The creep in modiﬁed P92 steel has been widely

reported [5–15]. Its creep behaviour has been examined in terms of the variation of creep ﬂow with time
and strain, stress and temperature dependences of the
minimum creep rate, the time to fracture and creep
ductility. Furthermore, in recent years, extensive experimental studies and thermodynamic modelling of
the microstructure and microstructural stability during high-temperature creep of P92 steel have been reported [3, 4]. Research into the microstructural evolution during creep and its implications for damage
behaviour in creep-resistant steels is needed for a fundamental understanding of the mechanisms of creep
fracture processes. Unfortunately, there are only a few
studies in the area of their creep fracture behaviour;
most focus on Type IV cracking in 9–12%Cr steel
weldments [16, 17]. Accordingly, there is a clear demand for deeper knowledge and relevant creep data
and their possible using in creep life assessment methods.
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Recently, Sklenička et al. [15] presented an extensive study of creep behaviour and evolution of microstructure of P92 steel with the aim to identify
acting creep deformation mechanisms and instability of microstructure. In this study, using the earlier
published creep data [15] of uniaxial creep testing in
tension, which have been considerably extended, the
creep fracture characteristics of P92 steel will be analysed by linking them to the identiﬁed creep degradation mechanisms, in terms of empirical formulas for
the fracture time assessment [18, 19], and by the creep
damage tolerance factor λ [20–26] as an important
outcome of the continuum damage mechanics (CDM)
approach. The data analysis will be followed by fractographic analyses, which will be used to identify the
creep fracture mode(s) experimentally.

fractured creep testing specimens were prepared for
fractographic examinations using light, transmission
and scanning electron microscopy. Transmission electron microscopy (TEM) studies were carried out on
carbon extraction replicas and thin foils using a Jeol
2100F operating at 200 kV equipped with X-Max80
Oxford Instruments EDS detector for X-ray microanalysis. Creep damage on the longitudinal metallographic sections and creep fracture surfaces were investigated using a Tescan Lyra 3 scanning electron
microscope.

3. Empirical formulas
The minimum creep rate ε̇m can be inversely linked
to the fracture time tf using the Monkman-Grant
(MG) phenomenological equation [18]:

2. Material and procedures
α

2.1. Material and processing
The material of the commercial thick-wall pipe
under investigation was W-alloyed 9%Cr P92 steel
(ASME Grade 92) produced by Productos Tubulares,
s.a.u., Spain [15]. The original dimensions of this pipe
were OD 350 mm × WT 39 mm. The chemical composition of the steel indicates no diﬀerence from ASTM
A213 as follows (in wt.%): 0.11C, 0.37Si, 0.48Mn,
0.013P, 0.005S, 8.58Cr, 0.33Mo, 0.23V, 0.06Nb,
0.037N, and 1.62W. In the as-received state P92 steel
was subjected to the heat treatment consisting of normalising at 1050 ◦C/60 min/air followed by tempering at 740 ◦C/140 min/air. In order to accelerate microstructural changes and thus to simulate the degradation of the microstructure under long-term service conditions, static isothermal ageing at 650 ◦C for
10,000 h was applied to selected creep specimens before creep exposures. The state after isothermal ageing
will be denoted as the aged one.
2.2. Creep testing and fractography
Constant load creep tests in tension were carried out in argon using ﬂat creep specimens having
a gauge length of 50 mm and a cross-sectional area
of 5 mm × 3.2 mm. Creep specimens were machined
from the central parts of the wall thickness of the
pipe. The creep testing was conducted at 600 and
650 ◦C with the testing temperature maintained to
within ± 0.5 ◦C of the desired value. The initial applied tensile stresses ranged from 75 to 250 MPa. All
tests were continued until the ﬁnal fracture. The creep
elongations were measured using a linear variable differential transducer (the strain was measured with a
sensitivity of 5 × 10−6 ), and they were continuously
recorded digitally and then computer processed. The

(ε̇m ) tf = CMG ,

(1)

where α and CMG are constants. The Monkman-Grant
equation has been modiﬁed by Dobeš and Milička
[19] for materials that generally exhibit larger tertiary
creep strain and smaller secondary creep strain as [19,
27]:
(ε̇m )α tf /εf = CMMG ,
(2)
where CMMG is the modiﬁed Monkman-Grant constant. Based on a continuum damage mechanics
(CDM) approach, the creep damage tolerance factor
λ has been deﬁned as the ratio of strain to fracture to
Monkman-Grant ductility as [23]:
λ = εf /ε̇m tf = 1/CMMG .

(3)

The creep damage tolerance factor λ has been used to
assess the creep damage mode [23–26]. It is a significant parameter in assessing the susceptibility of the
material to localised cracking at strain concentrations
and has also been suggested as a better measure of
creep ductility [21].

3. Results
3.1. Summary of creep testing
Constant load creep tests in tension were carried
out at testing temperatures of 600 and 650 ◦C on
P92 steel in two diﬀerent microstructural states: asreceived condition and after isothermal static ageing.
The results of creep testing are summarised in Fig. 1.
In Fig. 1a, the minimum creep rates ε̇m are plotted
against applied stresses σ for both states of the material. From Fig. 1a it can be seen that the minimum
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Fig. 2. Standard creep curves of strain vs. time for P92
steel in as-received (AR) and aged (IA) states at (a) 600 ◦C,
160 MPa, and (b) 650 ◦C, 100 MPa.

Fig. 1. Creep results for P92 steel showing: (a) minimum
creep rate versus stress, (b) time to fracture versus stress,
(c) strain to fracture versus stress.

creep rates for the as-received state are somewhat
lower than those of the aged state. Further, the apparent stress exponent of the minimum creep rate
n = (∂ln ε̇m /∂ln σ)T [27] increases with increasing
stress. Similarly, the stress dependences of the times
to fracture tf are illustrated by Fig. 1b showing that
at the same applied stresses the times to fracture tf
of the as-received state are longer than those for the
aged state. Again, the values of the stress exponent of
the time to fracture m = (∂ln tf /∂ln σ)T [27] are not
constant in the experimental range of applied stress σ.
Finally, Fig. 1c shows the stress dependence of strain
to fracture εf . From similar values of the stress exponent of the minimum creep rate and the time to
fracture (the slopes in Figs. 1a and 1b), it is assumed
that creep deformation and fracture are controlled by
the same mechanism(s).
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Fig. 3. Replotted standard creep curves shown in Fig. 2
into ε̇ vs. t: (a) 600 ◦C, 160 MPa, (b) 650 ◦C, 100 MPa.

3.2. Creep curves and measurement of
the minimum creep rate ε̇m
Representative standard creep curves of the as-received state and the aged state at 600 and 650 ◦C
are shown in Fig. 2. The shapes of the creep curves for
the as-received state diﬀer considerably from the tests
conducted in the aged state. The as-received state exhibits markedly longer creep life than the aged state
under the same loading conditions. Independent of the
state of material, the creep elongation is characterised
by a small instantaneous loading strain followed by a
transient (primary) creep, and a rapid increase in the
creep rate during the tertiary creep rate. The accumulation of creep strain in the tertiary creep is observed to be large compared to that in the transient
creep regime, and rapid creep strain accumulation is

Fig. 4. Replotted standard creep curves shown in Fig. 2
into ε̇ vs. ε: (a) 600 ◦C, 160 MPa, (b) 650 ◦C, 100 MPa.

observed in the tertiary creep just before ﬁnal fracture.
It is important to note that the standard creep
curves shown in Fig. 2 do not clearly indicate the individual stages of creep, especially as concerns the occurrence of the steady-state creep region and measurement of the minimum creep rate ε̇m . However, these
standard ε vs. t curves can be easily replotted in the
form of the instantaneous strain rate ε̇ versus time t,
eventually ε̇ versus strain ε, as shown in Figs. 3 and
4, respectively. It is clear that neither curve exhibits
a well-deﬁned steady-state. In fact, this stage is reduced to an inﬂection point of the ε̇ vs. t curve. The
replotted curves show that tertiary creep covers the
prevailing duration of creep exposure. The minimum
creep rate ε̇m is reached just at the time to onset of
tertiary creep tot .
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Fig. 5. Double logarithmic plots of (a) Monkman-Grant,
(b) modiﬁed Monkman-Grant relationships.

3.3. Creep fracture data
It follows from Eq. (1) that the minimum creep
rate ε̇m can be linked to the time to fracture tf
using the Monkman-Grant relationship [18]. A double logarithmic representation of this relationship applied to the experimental results is shown in Fig. 5a.
Similar to Fig. 5a, the modiﬁed Monkman-Grant
relationship (Eq. (2)) can be plotted as the slope
of log (tf /εf ) vs. log ε̇m – Fig. 5b. It is noteworthy
that nearly all the experimental results can be ﬁtted with very good conﬁdence by a single set of parameters, and tf is approximately inversely proportional to ε̇m . The linear dependence of the time to
fracture on the minimum creep rate that is observed
in Fig. 5a indicates that fracture strain εf is defor-

Fig. 6. Double logarithmic plots of (a) time to onset of
tertiary creep tot vs. time to fracture tf , (b) ratio (tot /tf
vs. tf ), and (c) time (tf –tot ) vs. tf .
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Fig. 7. Double logarithmic plot of the ratio (εf /tf ) on
the minimum creep rate ε̇m .

Fig. 9. SEM fractographs showing a transgranular fracture
in the specimen crept at 650 ◦C and 175 MPa. Large plastic
deformation is shown by the formation of slip lines on the
dimples (Fig. 9b).

tot is related to the time to fracture tf as
tot = ξtf ,

Fig. 8. Double logarithmic plot of the calculated values of
the factor λ on the time to fracture tf .

mation controlled under the testing conditions chosen
here.
Most creep curves obtained here consist of two distinct regimes: primary and tertiary, and a minimum
creep rate regime in the transition (Fig. 3). The time
to onset of tertiary creep tot has been determined from
the creep curve as the time at which the creep rate exhibits a minimum; beyond this, the accelerated creep
rate leads to tertiary creep. When tot data are plotted against tf on a double logarithmic scale, all data
fall on a straight line whose slope is the value ∼ 1, as
shown in Fig. 6a. The time to onset of tertiary creep

(4)

where ξ is a constant practically independent of temperature. The value of ξ was about 0.4 (Fig. 6b), which
demonstrates that this steel spent a majority of creep
exposure in the tertiary regime of creep deformation,
in agreement with Fig. 6c. Thus, using Eq. (4), the
creep life of the steel P92 can be predicted by evaluating the time to onset of tertiary creep tot after
carrying out the creep test up to the initial stage of
tertiary creep.
From the deﬁnition of the creep damage tolerance
factor λ (Eq. (3)), it follows that εf /tf = λε̇m and λ
can be determined using the double logarithmic plot
of εf /tf vs. ε̇m (Fig. 7) as the intercept at ε̇m = 1.
However, it can be expected that the factor λ is not
constant, and the steel could exhibit diﬀerent values of
λ for low and high-stress regimes. Therefore, another
possibility of how to determine the factor λ directly
is to calculate its value from the experimental data
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Fig. 10. SEM fractographs showing a mixture of transgranular and intergranular fracture (creep at 600 ◦C and
140 MPa). Plastic deformation is involved in interlinking
of neighbouring cavities.

Fig. 11. SEM fractographs showing extensive cavitation
(creep at 650 ◦C and 85 MPa). Note that interlinkage of
cavities is due to cavity growth (Fig. 11b).

presented in Fig. 1 using Eq. (3). The plot of the calculated variable values of λ vs. the time to fracture in
this way is shown in Fig. 8, demonstrating the dependence of λ on loading conditions (tf = tf (σ,T )).

granular and intergranular modes as a result of a mixture of transgranular dimples and intergranular damage with changes in the size and density of dimples,
and extensive coalescence of cavitation damage, depending on the applied stress and testing temperature
(Fig. 10). However, for long-term creep exposures, we
can expect dominance of microstructural degradation
due to the coarsening and/or disappearance of secondary phase precipitates and rearrangement of dislocation substructure. Nevertheless, in this case, the
morphology of the fracture surface is not thoroughly
clear due to oxidation (Fig. 11).
Typical creep damage occurs by the loss of internal
cross section due to intensive intergranular cavitation
and changes in the microstructure [28]. Creep cavities were observed in diﬀerent shapes and numbers
in the crept specimens at both testing temperatures
and microstructural conditions. In general, the mechanisms of cavity nucleation and growth are linked to
local creep strain, with the cavity growth considered
to be constrained by deformation of the local matrix
[29–31]. However, their occurrence was preferentially

3.4. Creep damage and fractography
Fracture surface examination by SEM of creep fractured specimens at various applied stresses, and two
test temperatures are shown in Figs. 9–11. The SEM
observations clearly indicate that creep fracture of
specimens with very short-term exposures at high applied stresses is dominated by the plastic straining
of the matrix independently of their microstructural
state. Creep fracture is due to a local loss of stability of plastic deformation (i.e. damage by a loss of
the external section due to extensive necking). The
mechanisms are similar to those occurring in the tensile tests at high temperatures. Typical transgranular
ductile fracture characterised by dimples can be seen
in Fig. 9. With increasing creep exposure, the fracture
is characterised by a prevalent combination of trans-
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Fig. 12. Cavitation in specimen crept at 600 ◦C and 140 MPa: (a) cavity formation at the triple points (wedge cracks and
their coalescence), (b) sharp-edged shape of cavities and their aggregates of coalescence.

Fig. 13. (a) Round-shaped cavity between two particles of Laves phase (creep at 650 ◦C and 80 MPa), (b) EDX spectra of
Laves phase precipitates.

observed in the medium and low-stress regimes (up
to 140 MPa at 600 ◦C and 100 MPa at 650 ◦C). In the
medium stress regime, cavities are frequently formed
at the triple grain junction, at which a high density
of Laves phase particles is present (labelled as wedge-cracks: [27, 31, 32] – Fig. 12a). Cavities can grow

and coalesce most probably by power-law creep [22,
27] of the surrounding grains, as shown in Fig. 12b.
Furthermore, the cavities exhibit a sharp-edged shape
(Fig. 12b) that does not provide evidence about cavity growth by coupled diﬀusion and power-law creep
[33, 34]. Such a coupled mechanism seems to be more
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Fig. 14. Typical EDAX analysis of a coarse (Nb,Ti)(C,N) particle located between two coalescences of creep cavities in
specimen crept at 650 ◦C and 110 MPa: (a) SEM micrograph and (b) EDX spectra of the precipitate.

feasible in the low-stress regime, where cavities have a
more round shape (Fig. 13a). However, in both stress
regimes, the cavities are usually attached to coarse
particles of the Laves phase (Fig. 13b), suggesting that
the precipitation and coarsening of the Laves phase are
responsible for the nucleation of cavities and the formation of the intergranular fracture. Cippola et al. [35]
observed that intergranular brittle fracture occurred
at the onset of coarsening Laves phase particles. Furthermore, Lee et al. [9] reported that the coarsening of
Laves phase particles beyond a critical size triggered
cavity formation and consequent brittle intergranular fracture. No interrelationship between cavities and
sporadically scarce coarse (Nb,Ti)(C,N) particles was
found (Fig. 14). In contrast, Gu et al. [36] identiﬁed
several particles of BN, MnS and Al2 O3 associated
with cavities in crept P92 steel.

4. Discussion
Since it is not possible to measure the creep life directly under the service conditions due to long times
needed, various methods are used to predict creep behaviour from accelerated tests. It is very diﬃcult to

separate individual eﬀects of various acting processes,
so the complete physical description based on fundamental laws has not been available until now [37]. Phenomenological and empirical approaches are then used
for predictive modelling of the creep process. Some
models try to predict the whole creep curve, while
others deal with some parameters only, of which the
time to fracture tf is the most important one.
In this work, the last approach was demonstrated
by empirical relationships based on the MonkmanGrant rule and its modiﬁcation. The practical advantage of the Monkman-Grant relationship is that
the minimum creep rate ε̇m can be measured early in
the creep life. Provided that the value of CMG has
been determined in relatively short-term tests, the
time to fracture in long-term tests can be predicted
from tf = CMG /ε̇m once the minimum creep rate has
been established. This means a substantial reduction
of testing time. Thus, simple empirical models could
be useful tools for engineering practice, but their limitations and reliability must be realised, mainly when
applied on new materials.
Unfortunately, we are some distance from fully
understanding the role of the Laves phase in the
creep damage evolution of P92 steel. From the creep

78

V. Sklenička et al. / Kovove Mater. 55 2017 69–80

strengthening point of view, the precipitation of the
Laves phase has two aspects. First, high amounts of
W and Mo are incorporated in this phase, causing
the depletion of these elements from the solid solution, and thus a reduction in their contribution to the
overall creep resistance. However, Hald [3] concluded
that solid solution strengthening from W and Mo has
no signiﬁcant eﬀect on the long-term microstructural
stability of 9–12%Cr steels. Secondly, the Laves phase
coarsens faster than all the other phases present, and
some of its particles reach a size of few micrometres.
Therefore, the Laves phase could lead to higher precipitation strengthening only during the initial very
short precipitation phase, when the beginning of the
precipitation of the ﬁne Laves phase might increase
the creep resistance. Hence, the precipitation, growth
and coarsening of the Laves phase can be accounted
for as a degradation mechanism of the microstructure.
It is generally accepted that creep cavities are nucleated in 9–12%Cr steels at coarse and hard precipitates of the Laves phase along grain boundaries [9, 15,
38], and are considered to be a cause of low ductility
at low stresses or in long-term exposures. Figure 13
shows creep cavities located at the Laves phase particle. Thus, the decohesion between the metallic matrix and the large Laves phase precipitates could be
the main reason for premature fracture, which occurs
at a low value of the fracture strain. With increasing
stress, the fracture is characterised by the appearance
of large dimples and rather a large creep deformation,
which is evidenced by the formation of slip lines on
the dimples (Fig. 9b).
Finally, besides fractographic investigations, the
creep damage tolerance factor λ has been used to assess the creep fracture mode whose value for structural materials ranges from 1–20 [22]. Thus, it is interesting to correlate the evaluated values of λ with
the results of fractographic investigations and to discuss this aspect. According to Ashby and Dyson [22],
for λ = 1 materials exhibit low creep fracture strain
and brittle fracture mode without any signiﬁcant plastic deformation. For λ in the range of 1.5–2.5, they
suggested that damage is due to the cavity growth
resulting from the combined eﬀect of power-law and
diﬀusion creep. Larger values of λ indicate that the
material can withstand strain concentration without
local cracking; the fracture is ductile, and the dominant damage mechanism is necking [22]. The creep
damage tolerance factor λ determined experimentally
has been reported mostly for 9Cr-1Mo steel. Phaniraj
et al. [39] and Choudhary [24] used the constant load
creep test data obtained on 9Cr-1Mo ferritic steel [40,
41] for their analysis, and reported values of λ = 10
and 5 for low- and high-stress regimes, respectively.
Choudhary and Samuel [40] found that modiﬁed 9Cr1Mo steel (P91) exhibited a constant value of λ = 5

Fig. 15. Three individual sectors of the parameter λ indicating the relevant creep damage mode.

for creep at 550, 575 and 600 ◦C and for stresses ranging from 125–275 MPa. Shrestha et al. [25] reported
the values of λ between 4–5 for P91 steel crept in
the temperature range of 600–700 ◦C and at stresses of
35–350 MPa. Very recently, Sakthivel et al. [14] determined the value of λ = 6 for P92 steel creep tested at
600, 650 and 700 ◦C over a stress range of 80–220 MPa.
These diﬀerences in the values of λ can be assumed
to correspond to the variety of the creep damage and
fracture mode.
Actually, our value of the creep damage tolerance
factor λ is not constant and varies from 3–6 depending on creep loading conditions. To explain this range
of λ, Fig. 8 can be redrawn (Fig. 15), indicating three
individual sectors of the parameter λ. Sector I is relevant to damage by loss of an external section of the
specimen (necking); intergranular cavitation does not
play any role. Creep fracture is transgranular dimple ductile fracture. In Sector II, necking is coupled
with a loss of the internal section due to cavitation.
It can be expected that in this sector, cavitation is
the result of creep ﬂow of the grains or grain boundary sliding [27, 31, 37]. The most frequently observed
form of intergranular damage – wedge cracks – was
nucleated at triple grain junctions [27, 42], and the
kinetics of cavity growth and coalescence is considered to be determined by grain boundary sliding [28],
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and power-law creep [31]. Nevertheless, at a relatively
high level of applied stress in Sector II, microcracks
at triple grain junctions and/or grain boundary particles may be nucleated athermally. The typical creep
fracture in Sector II was a mixture of transgranular
and intergranular modes. However, lower values of λ
indicate that damage may coalesce to form a single
dominant crack (Fig. 12b). A complex morphology of
creep fracture was observed in Section III. However, as
was mentioned in Section 3.3, microstructural degradation like coarsening of precipitates and subgrains,
and a decrease in dislocation density, are the dominant creep damage mechanisms, with limited contributions from necking and cavitation, resulting from
the combined eﬀect of the power-law and diﬀusion
creep.

5. Conclusions
Creep damage and fracture processes in advanced
tungsten modiﬁed 9%Cr ferritic steel (ASTM Grade
P92) were studied at temperatures of 600 and 650 ◦C
and in the stress range of 75–250 MPa. From similar values of the stress exponents of the minimum
creep rate n and the time to fracture m, it is assumed that the creep deformation and fracture are
controlled by the same mechanisms. The analyses of
creep data indicate that creep behaviour of the steel
under investigation obeys both Monkman-Grant and
modiﬁed Monkman-Grant empirical formulas and provides high values of creep damage factor λ. It was
demonstrated that the creep life of the P92 steel could
be predicted by measuring the time to onset of tertiary creep tot after carrying out the creep test up to
the initial stage of tertiary creep. Laves phase particles, which coarsened during creep exposure, served
as preferred sites for creep cavity nucleation. The fractography of creep-ruptured specimens revealed dominant dimpled transgranular fracture at the highest
stresses and a mixture of transgranular and intergranular fracture modes at medium- and low-stress regions.
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