
Kovove Mater. 59 2021 141–148
DOI: 10.4149/km 2021 3 141

141

Effect of severe plastic deformation on creep behaviour
and microstructure changes of P92 at 923K

P. Král1*, J. Dvořák1, V. Sklenička1, T. Masuda2, Y. Tang3, Z. Horita3,4,5, L. Kunčická1,
K. Kuchařová1, M. Kvapilová1, M. Svobodová6

1Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Zizkova 22, 616 62 Brno, Czech Republic
2Department of Mechanical Engineering and Materials Science, Yokohama National University,

Yokohama 240-8501, Japan
3Kyushu Institute of Technology, Kitakyushu 804-8550, Japan

4Magnesium Research Center, Kumamoto University, Kumamoto 860-8555, Japan
5Saga University, Synchrotron Light Application Center, Saga 840-8502, Japan

6UJP PRAHA a.s., 156 10 Prague-Zbraslav, Czech Republic

Received 27 April 2021, received in revised form 6 May 2021, accepted 21 May 2021

Abstract

The creep behaviour of P92 steel at 923 K, deformed by rotary swaging (RS) and high-
pressure torsion (HPT), was investigated. The RS-processed state contained extremely inho-
mogeneous microstructure containing large elongated and fine, more or less equiaxed grains.
By contrast, the HPT-processed state consists of homogeneous fine-grained microstructure.
It was found that both the microstructures coarsen not only with the increasing creep time
but also with creep strain. The creep strain significantly accelerates the coarsening of the mi-
crostructure, especially in the HPT-processed state. The grain coarsening during creep leads
to the change of the creep rate stress exponent n thus to the change of creep mechanism.
The value of n depends on the ratio grain versus stationary subgrain size. P92 steel processed
by RS and HPT exhibited faster ε̇min and higher ductility compared to coarse-grained (CG)
state. However, RS-processed P92 steel can exhibit at high stresses similar creep behaviour as
CG state.

K e y w o r d s: creep-resistant 9% Cr steels, severe plastic deformation, creep, microstructure

1. Introduction

Martensitic heat resistant 9% Cr steels are im-
portant structural materials for components of power
plants working at temperatures about 873K [1, 2]. A
new generation of ultra-supercritical power plants can
be operated even at temperatures about 923K. Creep
behaviour of 9% Cr steels is significantly deteriorated
by coarsening of subgrains and carbides, recovery of
martensite, and by the formation of secondary phases
such as Laves phase and Z phase [1–5].
After normalization and tempering martensitic 9%

Cr steels have a fine subgrain microstructure with
high dislocation density in the interiors which slows
creep rate down [1, 5]. The subgrains size coarsen
with creep strain until their size reaches a station-
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ary value expected for the stationary state [5–7]. The
stationary state is the state when stress and strain
rate is constant. However, during creep testing un-
der the constant load, the stress and also creep strain
are changing. For this reason, the so-called stationary
state is sometimes called quasi-stationary (qs) because
the changing stress and creep strain lead to small but
not negligible microstructure changes [7–9].
Under certain creep loading conditions (high tem-

perature and/or low stresses), the estimated station-
ary subgrain size can be comparable or even larger
than the spacing of high-angle boundaries [10–12].
This situation can occur in fine-grained microstruc-
tures, which can be found in real components such
as fine-grained regions in the heat-affected zones of
the welds [13] or surfaces of tubes processed by shot
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peening [14]. Relevant creep processes can be investi-
gated in materials processed by severe plastic deforma-
tion (SPD) [11]. The methods of SPD produce mate-
rials with the various number of low-angle (LA) and
high-angle (HA) grain boundaries (GBs). The num-
ber of LAGBs and HAGBs depends on the imposed
value of the shear strain [15]. The microstructures af-
ter low values of imposed plastic strain usually con-
tain cells and subgrains with LAGBs. However, in the
case that extremely large deformation is imposed on
the material, the transformation of CG microstructure
to ultrafine-grained (UFG) one (grain size 0.1–1µm)
occurs [16]. Thus SPD method provides a unique op-
portunity to study creep in the microstructures con-
taining either subgrain or grain microstructure pre-
dominantly. The aim of the present work is an exper-
imental study of microstructure and creep behaviour
of P92 steel processed by SPD and tested at 923K.
The experimental results are compared with the creep
behaviour of standard (coarse-grained) P92 steel.

2. Experimental material and procedures

The experimental material used in the present
work was advanced tungsten modified 9%Cr P92 steel.
The chemical composition and heat treatment of the
as-received coarse-grained state are given elsewhere
[17]. Discs of 30mm diameter and 1.1 mm thickness
were cut from as-received P92 steel. The discs were
processed by 1 rotation high-pressure torsion (HPT)
at room temperature under the pressure of 6 GPa and
rotation speed of 0.1 rpm. The value of von Mises
equivalent strain during HPT [15] increases with the
distance r from the disc centre according to εeq =
2πrN/

√
3t, where N is the number of turns and t is

the thickness of the disc. The equivalent strain im-
posed (deformation degrees) by rotary swaging (RS)
[18, 19] was estimated by εeq = ln(D0/Dn)2, where
D0 is the initial diameter ∼ 30mm and Dn is the fi-
nal diameter ∼ 15mm after application of RS at room
temperature.
Constant load tensile creep tests were conducted

at 923K in a protective argon atmosphere using flat
specimens with a gauge length of 10 mm and a cross-
section of 3 × 1mm2. The tested HPT-processed spec-
imen for the creep testing were manufactured from the
disc region with an equivalent strain of about 20–30
[20, 21]. Microstructure investigations were performed
using a scanning electron microscope (SEM, Tescan
Lyra 3 equipped with NordlysNano EBSD detector
operating at accelerating voltage of 20 kV with speci-
men tilted at 70◦). EBSD was used to determine the
misorientations θ between neighbouring grains. θ =
15◦ was taken to distinguish HAGBs from LAGBs.
The mean spacing of LAGBs along test lines is called
w, the mean spacing of HAGBs is called d.

Fig. 1. Comparison of creep behaviour of CG, RS and
HPT-processed states tested at 100 MPa.

3. Experimental results

3.1. Creep behaviour

Figure 1 shows the strain rate vs strain curves for
coarse-grained P92 and SPD-processed states tested
at 923K and initial stress of 100 MPa. One can see
that the strain to fracture is higher in the states pro-
cessed by HPT and RS in comparison with the CG
state.
Comparing the creep curves indicates that the RS-

-processed P92 steel exhibits a pronounced softening
after reaching the minimum strain rate ε̇min (Fig. 1).
The softening after the reaching ε̇min slows down with
a further increase of the creep strain before creep frac-
ture processes occur.
Figure 2 shows the creep curves of strain rate vs

strain measured at different applied stresses. One can
see that strain to fracture increases with decreasing
applied stress in the investigated stress range. The
creep curves for tests carried out at medium stresses
(with ε̇min in the range of 10−7–10−8 s−1) exhibit a
pronounced ε̇min. The results demonstrate that the
pronounced ε̇min is shifted, with decreasing applied
stress, to the smaller creep strains. It means that
creep strain during the primary (transient) creep stage
shortens with decreasing stress. The softening after
reaching of ε̇min becomes less pronounced with de-
creasing stress level.
Thus up to 3 different regions can be found in the

tertiary creep stage. The steep increase of strain rate
after ε̇min is often linked to the fracture processes.
However, if the deformation is fairly uniform after
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Fig. 2. Creep curves strain rate vs. strain for: a) RS and
b) HPT-processed states.

ε̇min, the rate increase should be attributed to soft-
ening by internal microstructural changes.
The slope change can be indicated by the devia-

tion of the experimental creep curves from dashed grey
lines in Fig. 2. The dashed lines indicating the slope
of the creep curves may be characterized by coefficient
Ω = d ln ε̇/dε [22], where d is the other parameter
associated with damage, such as creep voids. The co-
efficient Ω may also be referred to as n′ [8]. Region
I is characterized by a pronounced softening, and the
coefficient Ω achieved quite high values about 40–60
for SPD-processed states. Region I was not observed

Fig. 3. Comparison of creep results for CG, RS and HPT
state: a) strain rate vs. stress and b) stress vs. time to

fracture.

at the high stresses. In region II, where the strain is
still uniform, the softening slows down, and the val-
ues of Ω are significantly smaller than in region I. The
deviation of the creep curve from the dashed line at
the highest strains in region II is caused by gradual
fracture processes. The influence of the local necking
and fracture becomes significant only in region III.
Figure 3 shows the dependences of strain rate on

the stress for CG, RS and HPT state. One can see
that the stress exponent of the minimum creep rate
n = d ln ε̇min/d lnσ determined for CG state is ap-
proximately 13. The creep results (Fig. 3) demonstrate
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that P92 processed by RS exhibited more or less sim-
ilar ε̇min and time to fracture (tf) compared to CG
state at the stress of 150 MPa. However, RS-processed
specimens exhibited faster ε̇min at lower stresses than
CG state. The differences in ε̇min and tf between CG
and RS states increase with the decreasing value of
applied stress.
The ε̇min for HPT-processed state is about 2 orders

of magnitude faster in comparison with RS and CG
states. The value of n determined for HPT-processed
state decreases from n ∼ 9.7 at stresses between 60
and 100MPa to n ∼ 2.5 at stresses lower than 60MPa.
The values of tf for HPT-processed state are signifi-
cantly shorter than those for CG and RS states. With
respect to stress, the stress dependences are also plot-
ted as ε̇–σ creep curves from individual tensile tests at
the constant load where true stress σ = σ0 exp(ε). It
means that the tensile deformation is uniform, and σ
(increasing with ε) is constant over the volume of the
specimen gauge length up to the beginning of fracture
processes when the stress increases mainly due to local
reduction of the cross-section.
One can see that the increase of the strain rate with

the stress in individual tensile tests for HPT specimens
is different in comparison with stationary line related
to ε̇min.
At lower stresses, where the pronounced ε̇min was

observed, the increase of ε̇ with σ in individual tensile
tests is faster than the stationary line. An opposite
tendency can be found at high stresses. The stress ex-
ponent determined from ε̇–σ creep curves can be called
the quasi-stationary stress exponent nqs [7, 23]. It can
be seen (Fig. 3) that the regions II shown in Fig. 2
are continuously linked together and form nearly the
continuous ε̇−σ dashed blue curve with nqs about 5–6
at low stresses and about 8 at high stresses.

3.2. Microstructure

The microstructure of CG state after creep (Fig. 4)
consists of subgrains and laths boundaries located in
the interior of prior austenite grains.
Comparing microstructure (Figs. 4a,b) in the grip

part and the gauge length showed that the creep strain
led to the slight coarsening of microstructure in the
gauge length. The local strain in the necking area sit-
uated in the proximity of the final fracture led to the
formation of grains significantly elongated parallel to
the direction of the applied stress (Fig. 4c).
Figures 5a,b show RS-processed microstructure in

the grip part and a gauge length of the specimen tested
at 923 K and 150MPa. One can see that microstruc-
ture is significantly heterogeneous and contains fine
grains placed at the boundaries of markedly elon-
gated grains. The results also demonstrate that the
microstructure at the beginning of creep testing (after
annealing at 923K for 5 h) consists of the grains with

Fig. 4. Microstructure of CG P92 steel in: a) grip part, b)
gauge length, and c) near the fracture.

the mean size of about 2 µm and subgrains with the
mean size of about 0.75 µm. Creep testing at 150MPa
led only to the slight coarsening of microstructure
(Fig. 6a).
It was observed that the microstructure coarsens

significantly with increasing creep time in the grip
parts and gauge lengths (Fig. 6a). The microstructure
in the gauge length and area near fracture can exhibit
finer size of grains and subgrains in comparison with
the grip part tested for the same creep time. However,
the microstructure of the RS-processed state is very
inhomogeneous, and long elongated grains exceed the
observed area. Therefore, the mean grain size may not
be entirely accurate.
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Fig. 5. Microstructure of the RS-processed state after creep
at 150 MPa: a) in the grip part and b) in the gauge length.

The microstructure of the HPT-processed P92
steel contained at the beginning of the creep test-
ing the mean grain size about 0.7 µm (Fig. 6b). The
microstructure is more or less homogeneous com-
pared to the microstructure of the RS-processed state
(Fig. 7). The static annealing (microstructure in the
grip parts) led only to slight coarsening (Fig. 6b).
However, the creep strain caused significant coarsen-
ing of microstructure (Figs. 6b and 7). The results
demonstrate (Fig. 7) that the mean grain size in the
area near fracture and also in the gauge length of the
HPT state tested at 923K and 80MPa (tf ∼ 22 h, εf
∼ 0.4) is significantly larger than the grain size in the
specimen tested at 30MPa and interrupted at ε ∼ 0.05
(creep time ∼ 620 h).

4. Discussion

Many works investigate the thermal stability of
UFG microstructure only after static (stress-free) an-
nealing for relatively short times [24–27]. It seems to
be sufficient because UFG are often tested for their
superplastic behaviour occurring at strain rates 10−4–
10−2 s−1 thus, the tensile tests take only short times
[28–31]. For this reason, the works investigating the
high-temperature behaviour of UFG materials often

Fig. 6. Comparison of grain and subgrain size in the dif-
ferent locations of tensile specimens tested at 923 K, a)

RS-processed and b) HPT-processed P92 steel.

consider grain size after SPD or short-term annealing
[27, 30] for the determination of creep mechanisms.
However, in the present work, it was observed that
the microstructure coarsening during creep testing de-
pends rather on creep strain than on creep time. It
seems that the grain coarsening is limited by the sta-
tionary size of subgrains expected in coarse-grained
materials (Fig. 8). The stationary subgrain size can
be estimated by the following relationship:

ws = kwGb/σ, 10 ≤ kw ≤ 30, (1)
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Fig. 7. Microstructure of HPT-processed state tested at
a) 923 K and 30 MPa (gauge length, ε ∼ 0.05, t ∼ 620 h)
and b) 923 K and 80 MPa (area near fracture, εf ∼ 0.4,

tf ∼ 22 h).

Fig. 8. Comparison of grain and subgrain size measured
in the gauge lengths of CG, RS, and HPT-processed state

with expected stationary subgrain size.

where b = 2.48 × 10−10m [32] is the length of the
Burgers vector, G = 63.9GPa [33] is the shear mod-
ulus at a given temperature T , and kw was set equal
to 10.
Similar coarsening of microstructure was also ob-

served in UFG Ti alloy during superplastic behaviour
at 873K and constant strain rate at 10−4 s−1 [34]
and UFG steel tested at 873K [12]. The comparison
of mean grain size for HPT-processed specimens af-
ter creep with expected stationary subgrain size ws
(Fig. 8) shows that the grains grow during creep test-
ing up to the size near ws.
The present results demonstrate that the grain size

measured in the region near ε̇min, for the creep test
performed at 30MPa and interrupted at strain about
0.05 (creep time about 620 h), is still near the UFG
region (the region with d between 0.1–1 µm). This
grain size is significantly finer than quasi-stationary
subgrain size w. However, the grain size measured
in gauge lengths of specimens after creep testing at
higher stresses is significantly larger, although the
time to fracture was significantly shorter. It means
that grains coarsen mainly due to increasing creep
strain. Even though the grains coarsen significantly
with increasing creep strain, they do not entirely reach
the expected value ws. Moreover, the mean grain size
of HPT-processed steel with decreasing applied stress
becomes increasingly smaller than ws. It seems that
the ratio between the grain size during creep testing
and the value of ws is related to the value of stress
exponent n and thus to the creep mechanism. In the
case that the grain size during creep testing is sig-
nificantly smaller in comparison with ws (d ∼ 0.2–0.4
ws), which was observed near ε̇min at low stresses, the
stress exponent n is about 2–3. The value of n about 2
is usually related to the grain boundary sliding (GBS).
This result suggests that the largest activity of GBS
in UFG P92 may be expected at low stresses between
30–60MPa and creep strain about 0.05. This observa-
tion seems to be consistent with the earlier study by
Sklenicka et al. [35] that the largest number of bound-
aries begins to slip at the early stages of creep testing.
However, ε̇min measured in low stresses seems to be
much slower than that, which could be explained by
GBS. Such slow ε̇min may be more related to diffusion
creep [36].
When the grains coarsen with increasing creep

strain and approach the size closer to w(d∼ 0.5–
0.6ws), the value of nqs is about 5–8. Similar val-
ues of nqs were also found in other studies investi-
gating creep behaviour of UFG materials [6–8, 23].
This creep behaviour was explained and also exper-
imentally modelled by using the simple dislocation
model, which was proposed by Blum et al. [37]. The
model is based on the storage and dynamic recovery
of dislocations at high-angle grain boundaries. In the
case that the grains are so fine that no subgrains are
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formed in their interiors, the dislocations are recov-
ered at HAGBs. When grain size is significantly larger
than w and grains contain LAGBs in their interiors
the dislocations are mainly recovered at LAGBs. In
this case, the creep behaviour of SPD-processed mate-
rials approaches the creep behaviour of the CG state.
This creep behaviour can be found in the RS-processed
state. The stress dependence (Fig. 3a) demonstrates
that ε̇min and also tf at 150MPa are not significantly
different in the RS-processed and CG states. The grain
and subgrain sizes in the gauge lengths of the RS and
CG states after creep at 150MPa are also more or less
similar (Fig. 8).
However, the RS-processed specimens tested at

stresses 80 and 100MPa exhibited significantly faster
ε̇min and shorter tf in comparison with the CG state
(Fig. 3). The microstructure of the RS-processed state
at the beginning of creep testing exhibited the mean
grain size slightly lower or comparable and subgrain
size significantly finer than ws (Figs. 6, 8). The mi-
crostructure results suggest that at lower stresses 80
and 100MPa, the creep behaviour of the RS-processed
state in the region about ε̇min may be influenced
by grain boundary mediated processes. This expla-
nation can be supported by the decrease of n value
which is a typical feature of the creep behaviour of
UFG materials [11]. However, the heterogeneous mi-
crostructure of the RS-processed state at the begin-
ning of creep testing also contains many LAGBs.
Thus creep strength is influenced not only by HAGBs
but also significantly by LAGBs, like the strength of
CG state [6–8]. At creep strains higher than ∼ 0.05–
0.1, a significant ductility improvement was observed
(Fig. 2). The microstructure results suggest that duc-
tility improvement in the RS-processed state at higher
strains may be related to the microstructure coarsen-
ing.

5. Summary and conclusions

Martensitic creep-resistant P92 steel was processed
by rotary swaging and high-pressure torsion at room
temperature. The creep behaviour and microstruc-
ture changes in CG and SPD-processed states were
investigated at 923K and different applied tensile
stresses.
The main results are as follows:
1. The CG P92 steel can exhibit at high stresses

similar creep behaviour as the RS-processed state.
However, the RS-processed state exhibited, at the
stresses lower than 150MPa, faster ε̇min, shorter tf and
higher ductility in comparison with CG P92 steel.
2. P92 steel processed by HPT exhibited signifi-

cantly faster ε̇min and higher ductility compared to
the CG state.
3. The creep strain significantly accelerates the

coarsening of the microstructure in the HPT-processed
state.
4. The grain coarsening during creep leads to the

change of the stress exponent n(nqs), thus changing
the creep mechanism. The value of n depends on the
ratio d/ws. The results suggest that lower values of
the ratio d/ws lead to lower values of n.
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