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Abstract—The creep resistance of the 9% Cr—1% W—1% Mo steel subjected to quenching from the tempera-
tures of 1050 and 1150°C, cooling in the air, and further tempering at a temperature of 750°C for 3 h has been
studied at a temperature of 650°C and applied stresses of 160, 140, and 120 MPa. An increase in the quench-
ing temperature from 1050 to 1150°C leads to a growth in the average size of prior austenite grains from 25 to
93 um due to the dissolution of MX carbonitride particles enriched in niobium under exposure in the austen-
ite region. An increase in the size of the prior austenite grains is accompanied by a decrease in the average size
of blocks and martensite laths by 17 and 43%, respectively. Moreover, an increased temperature of heating for
quenching provides favorable conditions (fraction of boundaries, density of dislocations, and content of dop-
ing elements in a solid solution) for the precipitation of carbide M,;Cy and carbonitride MX particles of
smaller size under tempering. The improvement of structural hardening due to a decreased size of blocks and
martensite laths and dispersion hardening due to nanosized VX particles has a positive effect on the creep
resistance by decreasing the minimum creep rate and the duration of the transient creep stage to increase the
time until rupture by several times.
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INTRODUCTION

At present, the development of thermoenergetic
field is aimed at improving the performance efficiency
of thermal power plants via the transition to ultrasu-
percritical steam parameters by increasing the steam
temperature to 600—620°C and pressure to 25—
30 MPa [1-3]. This is attained by passing to the use of
heat-resistant steels of a new generation. Several high-
chromium steels certified for application in thermoen-
ergetics, such as steels P91, P911, and P92, were devel-
oped abroad as a material for the manufacture of the
high-temperature circuits of boilers and main steam
pipelines [1—3]. The broadest application is found for
steels P911 (chemical composition, wt %: 0.1C—0.05N—
9Cr—1W—1Mo0—0.24V—0.07Nb—0.003B) and P92
(chemical composition, wt %: 0.1C—0.05N—9Cr—
1.8W—0.6M0—0.24V—0.07Nb—0.003B), which are
suitable for prolonged operation at temperatures of up
to 600°C and short-life service up to 620°C [1].

The structure of these steels represents tempered
martensite lath structure formed by means of heat
treatment composed of quenching in the air and
medium-temperature tempering [1, 4, 5]. A complex
hierarchical structure of tempered martensite lath
structure represents prior austenite grains (PAGs)
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divided into packets [1—5]. The boundaries of these
structural elements are high-angle ones [1—5]. The
packets are divided by special boundaries or low-angle
boundaries with a misorientation angle of 10.54° into
blocks composed of martensite laths [1—5]. The
boundaries of martensite laths are characterized by a
misorientation angle from 1° to 2° [1—5]. A high creep
resistance of these steels is provided by the superposi-
tion of all the four hardening mechanisms: (a) solid solu-
tion hardening, for which Cr, W, and Mo are responsible,
(b) dislocation hardening, (c) substructural hardening by
low-angle boundaries of martensite laths, and (d) dis-
persion hardening by carbonitride MX particles MX
(where M is V, Nb, and X is C and/or N), which are
uniformly distributed over the matrix bulk, chromium
enriched carbides M,;Cq, and Laves phase intermetal-
lides Fe,(W,Mo) precipitating on the boundaries of
prior austenite grains, packets, blocks, and martensite
laths [6]. The most important mechanism of harden-
ing in high-chromium steels is dispersion hardening
due to carbonitrides MX. These nanosized carboni-
trides serve as hindrances for the motion of disloca-
tions, thereby providing a low creep rate and a stable
structure of tempered martensite lath structure at high
temperatures [7—9]. The formation of two types of car-
bonitrides with a chemical composition of V(C,N) and
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Nb(C,N) provides the stability of these particles in the
process of creep at temperatures of up to 650°C [9].

The contributions from these hardening mecha-
nisms to the ultimate yield strength and creep resis-
tance can be influenced by changing the structure and
distribution of the particles of secondary phases in
tempered martensite lath structure due to variations in
the regimes of heat treatment. The temperature of
heating for quenching has an effect not only on the
size of prior austenite grains, but also on the size of
packets, blocks, carbides M,;Cg, and the predominant
type of boundaries on which these carbides precipitate
[10—13]. In the paper [10], it is pointed out that the
long-term creep strength of steels with different dop-
ing, but with similar PAG sizes, will be the same,
despite essential distinctions in short-term creep tests.
In this case, the optimal size of PAGs is 50 um [11].
The effect produced by the size of PAGs on the creep
resistance of high-chromium steels remains unclear in
many respects, taking into account a limited number
of studies [ 10—13]. In these studies, steels with a differ-
ent content of doping elements were compared to give
no possibility to distinguish the effects of doping from
the effects of thermal treatment. The objective of this
study was to establish the effect of the quenching tem-
perature on the creep resistance of 9% Cr—1% W-—
1% Mo—V—Nb steel at a temperature of 650°C.

METHOD OF STUDIES

9% Cr steel—hereinafter, steel P911—melted in a
high-frequency induction furnace in OAO NPO
TsNIITMASh (Moscow, Russia) has the chemical
composition (wt %) 0.12% C—8.7% Cr—1% Mo—
0.9% W—-0.2% V—-0.07% Nb—0.1% Si—0.4% Mn—
0.2% Ni—0.05% N—-0.003% B—0.02% Al. Forged
workpieces were subjected to two regimes of heat
treatment (conventional and modified), which con-
sisted in quenching with further medium-temperature
tempering. The conventional thermal treatment of
steel P911 consisted in quenching from 1050°C with
exposure for 30 min, cooling in the air, and further
tempering at 750°C for 3 h with cooling in the air. The
modified heat treatment of this steel was different only
in that the temperature of heating for quenching was
1150°C.

The tests for creep until rupture were performed at
a temperature of 650°C and applied stresses of 160,
140, and 120 MPa on flat specimens with the gauge
length of 25 mm and a cross section of 7 X 3 mm? on
an ATS2330 level-type testing machine. The size of
prior austenite grains in the studied steel was estimated
on an Olympus GX71 optical microscope (OM). The
microstructure was revealed by chemical etching in a
solution with the following composition: HF, 1%;
HNO;, 2%; H,0, 97%.

Transmission electron microscopy (TEM) on a
JEM JEOL-2100 microscope equipped with an INCA
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energy dispersive attachment and scanning electron
microscopy (SEM) on a Quanta 600 3D microscope
equipped with an attachment for electron backscatter
(EBSD) analysis were used to estimate the sizes of
packets and martensite laths, the density of disloca-
tions, and the type, morphology, and size of second-
ary particles. EBSD-images were taken from 200 X
100 um? surface areas with a step of 0.1 um. Foils for
TEM and EBSD analysis were prepared in a 10% per-
chloric acid solution in acetic acid at a voltage of 21—
23 V on a special Struers TENUPOL-5 setup. Carbon
replicas for TEM are obtained with the use of a Quo-
rum Q 150R universal vacuum cart. The size of blocks
and laths was determined by the random linear inter-
cept method with the consideration for all the visible
boundaries/(sub)boundaries. The density of free dis-
locations inside laths/subgrains was estimated from
the amount of the points of dislocation intersections
with the foil surface with the use of transmission elec-
tron microscopy and the Kernel coefficient from
EBSD-images as p = 2¢/xb, where ¢ is the average
Kernel coefficient as the mean lattice distortion
around each scanning point for the first coordination
sphere, x is the scanning step, and b is the Burgers vec-
tor [14]. The type of particles was determined by the
complex method from the local chemical composition
and TEM electron microdiffraction pictures of carbon
replicas. The volumetric content of secondary phases
was estimated by the Thermo-Calc software. The
methods are described in more detail in the previous
papers [6, 7, 13, 15].

STUDY RESULTS
AND THEIR DISCUSSION

Effect of the Quenching Temperature on the Size
of Initial Austenite Grains and the Secondary Phases

The optical metallography of steel P911 is shown in
Fig. 1. An increase in the quenching temperature from
1050 to 1150°C leads to an essential growth in the aver-
age size of prior austenite grains from 25 = 5to 93 +
5 um, respectively (Fig. 1). An increase in the size of
prior austenite grains is provoked by the dissolution of
carbonitrides MX under exposure in the austenite
region. The simulation of phase composition by the
Thermo-Calc software has shown that carbonitrides
MX enriched in vanadium and niobium persist at both
quenching temperatures of 1050 and 1150°C. Let us
point out that the chemical composition of the MX
phase at the quenching temperatures of 1050 and
1150°C is essentially different. At 7= 1050°C, carbo-
nitride (Nb,V)X contains 40 wt % Nb—39% V—
15% N—4% Cr—2% C. At T = 1150°C, carbonitride
NbX contains 80 wt % Nb—4% V—8% N—3% Cr—
5% C. The volumetric content of carbonitrides NbX is
0.11% at a quenching temperature of 1050°C and,
when the quenching temperature grows to 1150°C,
decreases to 0.024% to become nearly four times lower
than at a lower quenching temperature. After quench-
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Fig. 1. OM images of the microstructure of steel P911 after
quenching from (a) 1050 and (b) 1150°C with further tem-
pering at 750°C with AIG boundaries shown in color.

ing, 0.16 wt % of Vand 0.011 wt % of Nb at 1050°C and
0.20 wt % of V and 0.024 wt % of Nb at 1150°C persist
in the solid solution to take part in the formation of

carbonitride MX particles under further tempering at
750°C.

Effect of the Size of Initial Austenite Grains
on the Creep Resistance

The dependence of the time until rupture on the
applied stress for steel P911 after heat treatment by two
regimes is shown in Fig. 2. It can be seen that an
increase in the quenching temperature leads to an
essential increment of 10, 5, and 4 times in the time
until destruction at applied stresses of 160, 140, and
120 MPa, respectively (Fig. 2). The time until rupture
T, can be expressed through the applied stress G by the
following equation [10]:

T, = Ac ",

(1

where A is a constant and m is the stress constant. The
stress constants are 11 and 6 for quenching at tempera-

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 123

o]

(a0

=

2 160

=

< 140

2

g

Z 120} 11050 + 750°C
® 1150 + 750°C

10! 102 103 104 10°
Time to destruction, h

Fig. 2. Time until rupture versus applied stress at a tem-
perature of 650°C for steel P911 subjected to different
regimes of thermal treatment.

tures of 1050 and 1150°C, respectively (Fig. 2). Such
values correspond to dislocation creep controlled by
the low-temperature climb of dislocations, whose rate
is controlled by pipe diffusion [2, 10]. Let us point out
that an increment in the time until rupture becomes
smaller with a decrease in the applied stresses until
complete disappearance (Fig. 2).

The dependences of the creep rate on the time and
strain of deformation at a temperature of 650°C and
applied stresses of 160, 140, and 120 MPa are shown in
Fig. 3. Let us point out that the behaviour of creep
curves is similar for both quenching temperatures. For
each state, it is possible to distinguish three creep
stages: the transient creep stage, at which the creep
rate decreases to a minimum with an increase in the
time and strain of deformation; the attainment of a
minimum creep rate; and the accelerated creep stage,
at which the deformation rate grows with an increase
in the time and strain of deformation after attaining a
minimum creep rate up to destruction (Fig. 3).

At all the applied stresses, steel P911 subjected to
quenching from 1150°C with further tempering at
750°C demonstrates an increase in the time of the
transient creep stage and a decrease in the minimum
deformation rate by 1—2 orders of magnitude as com-
pared to the conventional heat treatment (Fig. 3). Itis
just this factor that is responsible for a longer time until
rupture under the same creep conditions (Fig. 2).
However, this difference is reduced with a decrease in
the applied stresses. Thus, at an applied stress of
160 MPa, an increase in the time of the transient creep
stage is 10 times, being only 4 times at 120 MPa
(Figs. 3a—3c). Moreover, the time required to attain
the steady-state stage for the steel quenched from
1150°C exceeds the time until rupture for the steel
quenched from 1050°C at all the applied stresses
(Figs. 3a—3c).
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Fig. 3. Creep rate versus (a—c) time and (d—f) degree of deformation at a temperature of 650°C and applied stresses of (a, d) 160,
(b, e) 140, and (c, f) 120 MPa for P911 steel after different regimes of thermal treatment.

At all the applied stresses, steel P911 subjected to
quenching from 1050°C has a degree of deformation
until rupture at a level of 15—18% (Figs. 3d—3f). At an
applied stress of 160 M Pa, the strain in steel P911 until
rupture after quenching from 1150°C is two times
lower than after quenching from 1050°C (Fig. 3d) and,
however, this difference is reduced to 30% with a
decrease in the applied stresses (Figs. 3e and 3f). Let
us point out that the quenching temperature has a little
effect on the degree of deformation of the transient
creep stage (Figs. 3d—3f). At all the applied stresses,
the strain, at which a minimum deformation rate is
attained, is close to 1% for both states of steel P911
(Fig. 3).

Hence, an increase in the time until rupture in steel
P911 subjected to quenching from 1150°C correlates
with the more prolonged transient creep stage and a
decrease in the minimum deformation rate and may
be caused by both the structure formed after temper-
ing and the microstructural transformations occurring
at the transient stage of creep [13].

Some Microstructural Aspects
of High Creep Resistance in the Steel
with a Large Size of Initial Austenite Grains

To clarify the reasons for a higher strength of steel
P911 with a larger size of PAGs, some detailed micro-
structural studies were performed by the transmission
electron microscopy of foils and carbon replicas with
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the EBSD analysis after different heat treatments. The
microstructure of steel P911 after quenching from
1050 and 1150°C with further tempering at 750°C is
illustrated in Fig. 4. The structural parameters of steel
PO11 after different regimes of heat treatments are
summarized in Table 1.

TEM of thin foils together with EBSD analysis has
revealed that both thermal treatments lead to the for-
mation of a tempered martensit lath structure. An
increase in the quenching temperature from 1050 to
1150°C leads to a decrease of 17 and 43% in the size of
a block and the width of martensite laths, respectively,
despite a growth in the size of prior austenite grains
(Table 1). The ratio between the size of a block and the
width of martensite laths grows from 4.8 to 7 with an
increase in the quenching temperature (Table 1). Let
us point out that the density of dislocation estimated
by TEM and EBSD analysis (using the Kernel coeffi-
cient) is independent of the quenching temperature
and has the same order (Table 1), though the width of
martensite laths and the density of dislocations in
9—12% Cr steels usually have a reciprocal dependence
[6, 16].

After both types of heat treatments, spherical
M,,C, carbide particles were revealed on the boundar-
ies of PAGS, packets, blocks, and martensite laths. An
increase in the quenching temperature from 1050 to
1150°C leads to a decrease in the size of M,;C, carbide
particles from 97 to 83 nm with a simultaneous
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Table 1. Structural parameters of steel P911 after different regimes of thermal treatment

Tquench
Parameters

1050°C 1150°C
Size of PAGs, um 25+5 93+£5
Block size, um 2.6+0.1 2.2%0.1
Width of strips, um 0.54 £ 0.05 0.31 £0.05
Density of dislocations (TEM), x10'* m—2 1.8 £ 0.1 21101
Density of dislocations (EBSD analysis), x10'* m—2 8.0x+0.1 7.6 0.1
M,;Cg size, nm 975 835
Density of particles along boundaries, um~" 1.44+0.2 1.03£0.2
NbX size, nm 41 5 23+5
VX size, nm 305 18+ 5
Volumetric content of VX, % 0.29 0.30

decrease in their density along the boundaries of pack-
ets, blocks, and laths by 1.5 times (Table 1). Such

particles along the boundaries of blocks and laths

under tempering.

changes seem to be produced by an increase in the In the 9—12% Cr steels containing 0.1% of carbon
number of boundaries at a higher quenching tempera-  and 0.05% of nitrogen, special attention is paid to
ture and a more uniform distribution of M,;C4 carbide  vanadium and niobium enriched carbonitrides MX,

Quench. 1050°C + temp. 750°C

Quench. 1150°C + temp. 750°C

Fig. 4. Images obtained for the microstructure of steel P911 after quenching from (a), (b) 1050 and (c), (d) 1150°C with further
tempering at 750°C by (a), (a) transmission electron microscopy of thin foils and (b), (d) EBSD analysis.
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Fig. 5. (a, c) Images obtained for the particles of secondary phases in steel P911 after quenching from (a, b) 1050 and (c, d) 1150°C
with further tempering at 750°C in combination with (b, d) size distribution of particles (VX and M,3C¢) by transmission electron

microscopy of carbon replicas.

which are the main reasons for the appearance of
threshold stresses [2, 8, 11, 17]. Different types of par-
ticles in steel P911 after quenching from 1050 and
1150°C with further tempering at 750°C are illustrated
in Fig. 5 alongside their size distribution (VX and
M,;Cy). In the process of tempering, the precipitation
of vanadium enriched MX particles predominates
independently of the quenching temperature (Fig. 5).
After quenching at 1150°C, the solid solution of mar-
tensite contains an increased amount of vanadium and
niobium, but this does not lead to an increase in the
volume fraction of these particles (Table 1). An
increase in the quenching temperature from 1050 to
1150°C leads to a two-fold decrease in the average size
of VX and NbX particles under tempering (Table 1,
Figs. 5b and 5d) due to an increase in the amount of
MX particles precipitating in the ferrite matrix. The
size distribution of VX particles (Figs. 5b and 5d)
demonstrates that nearly 80% of VX particles have a
size less than 25 nm after quenching from 1150°C with
further tempering. The chemical composition of VX
particles after quenching from 1050 and 1150°C has
essential distinctions (Figs. 5a and 5c¢). Thus, an
increase in the quenching temperature from 1050 to
1150°C changes the ratio V : Cr in VX particles from
3:1to1:1 (Fig. 5). Such changes in the dispersity of
carbonitrides MX hinder the growth of martensite
laths under tempering, thus causing their smaller size
after modified heat treatment.
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Hence, high creep resistance at high applied

stresses in the steel with a large size of PAGs is caused
by structural hardening due to a decreased size of a
block and martensite laths and also by dispersion
hardening predominantly due to nanosized VX parti-
cles with an average size of 18 nm. These particles hin-
der the climb of dislocations under creep [2, 8, 11, 17].
Let us point out that the reduction of MyCq in size
also must have a positive effect on the creep resistance,
as these particles hinder the migration of blocks and
martensite lath boundaries [15].

The elimination of increase in the creep resistance

CONCLUSIONS

with a decrease in the applied stress is provoked by the
disappearance of advantages in the structural and dis-
persion hardening of steel with a large size of PAGs in
the process of creep. The martensite lath structure is
replaced by a uniaxial subgrain structure, M,;C, and
MX carbide particles strongly increase in size, and MX
particles may be transformed into coarse stable
Z-phase particles [1, 2, 7, 15, 17]. Such structural
transformations in the process of creep must not
depend on heat treatment. Further studies will be
aimed at investigating the structural transformations
in the process of creep.

The mechanical properties of steel P911 subjected
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to different regimes of heat treatment have been stud-
ied. An increase in the quenching temperature from
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1050 to 1150°C with further tempering at 750°C leads
to essential structural transformations. First, the size
of PAGs grows by nearly three times to produce an
effect on the size of blocks and martensite laths. The
size of blocks and martensite laths is decrease by 17
and 43%, respectively. Second, the size of carboni-
trides MX and carbides M,;C, is reduced, and the
chemical composition of carbonitrides VX is changed.
Such structural transformations in steel P911 pro-
duced a positive effect on the creep resistance at a tem-
perature 650°C and applied stresses of 160, 140, and
120 MPa by increasing the time until rupture by 10,
5, and 4 times, respectively. An increase in the time
until rupture under all the studied creep conditions is
caused by the prolongation of the transient creep
stage and a decrease in the minimum creep rate.
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