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Abstract—The deformation behavior and the microstructure evolution under the creep of I0Kh9V2MFBR
steel (Russian analog of the P92 steel) (in wt %, Fe—8.9% Cr—0.05% Si—0.2% Mn—1.9% W—0.5% Mo—
0.25% V—0.07Nb—0.08% N—0.01% B) with the standard (0.1%) and lowered (0.018%) carbon contents have
been investigated. After the heat treatment, which included normalizing at 1050°C and tempering at 720—
750°C, carbides M,;Cy and carbonitrides M(C,N) are formed in the I0Kh9V2MFBR steel, while in the
02Kh9V2MFBR steel (modified P92 steel), carbides M,;Cg, nitrides M,N, and carbonitrides M(C,N) as well
as o-ferrite (23%) were found. The measurements of hardness and tensile tests at room and elevated temper-
atures did not reveal substantial distinctions in the short-term mechanical properties of both steels. The hard-
ness of steels after tempering was 220 HB. At the same time, the creep characteristics of the steels were found
to be different. A decrease in the carbon content leads to an increase in the long-term creep strength and
creep limit at 650°C for short-term tests with time-to-fracture shorter than 10° h. The time to fracture of
steels with various carbon contents is almost the same in long-term creep tests. Factor responsible for such

effect of carbon on the creep strength are discussed.
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INTRODUCTION

Currently, the high-chromium martensitic steels
are widely used to fabricate the elements of power
plants operating at a steam temperature above 570°C,
since these steels possess high heat resistance [1, 2].
The high creep resistance of these steels is caused by
the stability of their microstructure, which represents
tempered martensite lath structure (TMLS), under
the conditions of high temperatures and applied
stresses [ 1—3]. This stability is provided by two types of
particles of second phases that precipitate during tem-
pering, as well as by the Laves phase, which is precipi-
tated during short-term aging and creep [1, 2, 4-9].
The particles of the carbides M,;C; and of the Laves
phase Fe,(W,Mo) have dimensions larger than 100 nm
and are located at low-angle and high-angle bound-
aries (HABs) [4, 5]. They can coalesce both during
creep and during the long-term aging [4—6]. The car-
bonitrides M(C,N) are located uniformly in the bulk
of grains and are stable to coalescence due to the two-
phase separation into V- and N-enriched and Nb- and
C-enriched particles [1, 2, 4, 5, 7—11]. The first ones
have the form of winglets (platelets) up to 10 nm in
length and up to 4 nm thick, while the second ones are
round and have sizes of 30—50 nm [4, 5, 10—12].

Up to now, the mechanism that provides the unique
creep resistance of steels with 9—11 wt % Cr remains

unclear [1, 4—6]. It was long believed [1, 3, 9] before
the appearance of publications [4—6] that the high
heat resistance of high-chromium steels of the last
generation is caused by the suppression of the migra-
tion of boundaries in the TMLS due to high retarding
Zener force [13] associated with M(C,N) carboni-
trides. The authors of [12, 14, 15] proposed an original
approach to the alloying of the 9%Cr steels, which
made it possible to increase the time-to-fracture by a
factor of almost 100. Since nitrogen cannot be substi-
tuted for carbon in the M,;C4 carbides, a decrease in
the carbon content substantially decreases the volume
fraction of these carbides. Simultaneously, the volume
fraction of the carbonitrides M(C,N) increases, the
stability of which against the coalescence is substan-
tially higher than that of the for M,;C, carbides
[16, 17]. This circumstance increases the structural
stability of the TMLS upon creep and, correspondingly,
the long-term creep strength of high-chromium mar-
tensitic steels [6, 12, 14, 15, 18—20]. At the same time,
it is hardly possible to draw the conclusion that an
increase in the heat resistance of these steels is due to
the lowering of the carbon content based on the results
of the above-mentioned studies, since, simultaneously
with a decrease in the carbon content in these steels,
the Co content was increased in them in order to
retain invariable the content of austenite-forming ele-

1165



1166

ments, which is expressed as the nickel equivalent
(wt %) as follows [21]:

Ni,, = Ni+ Co + 0.5Mn + 0.3Cu + 25N + 30C.

According to this equivalent, to compensate for a
decrease in the carbon content from 0.1 to 0.02 wt %, it
is required to introduce approximately 3 wt % Co
[1, 12, 14, 15], which substantially decreases the rate of
diffusion processes [22]. The need to hold the magni-
tude of Ni, invariable is caused by an inadmissibility of
the formation of  ferrite, which, according to the mod-
ern concepts, decreases the creep resistance of steels. It
was established for 12%Cr steels, which contain
0.1 wt % C, the worsening of the properties is caused by
the appearance of a phase in the material, the creep
limit of which is lower than that of TMLS [1, 23, 24].

The experimental data that could confirm the
validity of this regularity for 9%Cr steels with a low
carbon content are absent in the literature. This study
is aimed at a detailed consideration of the influence of
lowering of the carbon content, which was partially
compensated by an increase in the nitrogen content,
on the phase composition and mechanical properties
of the P92-type steel with 9%Cr. This steel possesses
the highest heat resistance among the new-generation
cobalt-free commercial steels [1]. This investigation is
performed in the scope of a complex study, which is
targeted to the reveal of the role of carbonitrides
M(C,N) in the heat resistance of high-chromium
martensitic steels, which should make it possible to
develop approaches to an increase in their long-term
creep strength due to the variation in the type of alloy-
ing and heat treatment.

EXPERIMENTAL

We investigated two steels: a standard
10Kh9V2MFBR steel of composition Fe—0.1C—
8.75Cr—0.17Si—0.54Mn—1.60W—0.51Mo0—0.23V—
0.07Nb—0.04N—0.003B—0.21Ni; and the
02Kh9V2MFBR (modified P92) steel with a lowered
carbon content and elevated nitrogen content, of com-
position  Fe—0.018C—8.9Cr—0.05Si—0.2Mn—1.9W—
0.5M0—0.25V—0.07Nb—0.08N—0.01B (in wt %). Both
steels were normalized at 1050°C and then tempered at
720—750°C for 3 h. The tensile tests were performed at
20, 450, 550, and 650°C. Flat samples with a cross
section of ~7 x 3 mm and a length of the gage part of
25mm were cut out from the ingots of the
10Kh9V2MFBR and 02Kh9V2MFBR steels and
tested for creep at 650°C with initial applied stresses of
118, 140, 160, 180, and 200 MPa.

The structural investigations of the samples were
performed using a Quanta 600FEG scanning electron
microscope equipped with an attachment for electron
backscatter diffraction (EBSD) with an automated
system to analyze the orientations. The foils for the
transmission electron microscopy (TEM) were pre-
pared by jet electropolishing in a 10% solution of
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perchloric acid in acetic acid. To analyze the chemical
composition and the nature of particles of second
phases, we used the method of carbon replicas. Thin
foils and carbon replicas with extracted particles of sec-
ond phases were investigated using a JEOL JEM-2100
transmission electron microscope at an accelerating
voltage of 200 kV, which was equipped with an INCA
attachment for energy dispersive analysis of the chemi-
cal composition of the particles. The sizes of laths/sub-
grains were measured by the intercept method using
TEM micrographs. The dislocation density was deter-
mined by counting dislocations inside grains/subgrains
using six arbitrarily selected electron-microscopy
images for each point. The details of structural investi-
gations were presented in [4—6, 11, 22].

The volume fraction of the particles of the second
phases was calculated with the help of the Ther-
moCalc program using the TCFE6 database.

The Vickers microhardness was measured at a load
of 0.1 N after normalizing of the steels. The volume
fraction of § ferrite was determined from the data on
the microhardness distribution over the sample surface
[25]. The Brinell hardness of both steels was deter-
mined after tempering.

RESULTS
Microstructure after Normalizing and Tempering

The characteristics of the microstructure of both
steels after tempering and creep tests to failure under a
stress of 118 MPa are presented in Table 1. The char-
acteristic maps of misorientations of the structural ele-
ments in steels after tempering are shown in Fig. 1.
Packet martensite is formed in both steels upon nor-
malizing, which is quenching for this material from
the viewpoint of the theory of heat treatment. The
structure of the packet martensite is analyzed accord-
ing to the scheme presented in [26]. The average size
of the prior austenite grains was 20 um for the
10Kh9V2MFBR steel (Fig. 1a) and 15 pum for the
modified 02Kh9V2MFBR steel (Fig. 1b). An impor-
tant distinction of the structures of these two steels is
the presence of grains of O ferrite, which in the
02Kh9V2MFBR steel are observed in the form of sepa-
rate grains, in which any substructure is absent
(Fig. 1b). After normalizing, the microhardness of the
d-ferrite grains (318 + 10 HV) differs substantially from
the microhardness of martensite (483 = 14 HV), which
allowed us to determine, with a high accuracy, its vol-
ume fraction, which constituted 23%. Since the & fer-
rite contains no packets/blocks, its appearance deter-
mines the larger distance between HABs in the
02Kh9V2MFBR steel.

The dislocation structure of the lath martensite is
retained in steel after tempering. A decrease in the car-
bon content leads to a decrease in the transverse dimen-
sion of laths from 0.33 to 0.29 um (Fig. 2, Table 1); the
dislocation density lowers more than twofold.
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Fig. 1. Misorientation maps of structural elements in steels
(a) 10Kh9V2MFBR and (b) 02Kh9V2MFBR after tem-
pering.

It should be noted that in an analogous low-carbon
steel with an addition of 3 wt % Co, which was studied
in [18], the thickness of martensite laths after temper-
ing is less (240 um) and the density of dislocations is
somewhat larger (p ~ (4.0 + 0.9) x 10'* m~2) than in
the steel without cobalt that is studied in this work.
This is explained by the fact that the dislocation den-
sity in d-ferrite grains in the 02Kh9V2MFBR steel is
lower approximately by a factor of 7—10 as compared
to martensite crystals.
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Fig. 2. Tempered martensite lath structure of (a) the
10Kh9V2MFBR steel and (b) low-carbon 02Kh9V2MFBR
steel after tempering.

The structures of the two steels differ most strongly
in the phase composition. Figure 3 shows typical par-
ticles of the second phases in the 10Kh9V2MFBR
steel. The tempering at 720°C leads to the formation
of M,;C4 carbides (Fig. 3) with an average size of
110 nm. The carbonitrides M(C,N) are divided by the
chemical composition into vanadium-enriched or
niobium-enriched (Fig. 3b). The V(C,N) carboni-
trides have a characteristic shape of “winglets,” while
the Nb(C,N) particles are round. The average size of
carbonitrides after tempering in the 10Kh9V2MFBR
steel was 31 nm. The examination of carbon replicas of
the 02Kh9V2MFBR steel in TEM showed the pres-
ence of carbonitrides M(C,N), nitrides (Cr,V),N, and
carbides M,;Cq. A decrease in the carbon content and
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Table 1. Microstructural parameters of steels after tempering and creep at 650°C and 118 MPa

Tempering Creep
10Kh9V2MFBR | 02Kh9V2MFBR | 10Kh9V2MFBR | 02Kh9V2MFBR
Average thickness of subgrains/laths, pm 0.33 £0.05 0.29 £ 0.05 0.74 £ 0.05 0.79 £ 0.05
Dislocation density inside the laths, m—2 (6.2+£0.7) x 10| (2.7 £0.3) x 10" | (1. 0+ 0.4) x 10'* | (3.4 £ 0.6) x 103
Average size M,;Cg, nm 110 £ 20 ~500 195 £+ 39 ~500
Volume fraction M,;Cq, % 1.79 0.5 1.79 0.3
Average size M,;N, nm — 72 £20 — 108 + 21
Volume fraction M,N, % — 0.07 — 0.07
Average size M(C,N), nm 3115 15+5 46 £ 24 37+ 20
Volume fraction M(C,N), % 0.23 0.45 0.23 0.45
Average size Fe,W, nm - - 303 £47 330 £ 50
Volume fraction Fe,W, % — - 1.17 2.0
Volume fraction of & ferrite, % 0 23 0 23
Distance between HAB, um 26t04 6.0t 1.0 45108 5.8+ 1.0
Table 2. Mechanical properties of the standard and modified steels
10Kh9V2MFBR 02Kh9V2MFBR
Test tempera-
ture, °C Offset yield Ultimate Relative Offset yield Ultimate Relative
stress, MPa strength, MPa | elongation, % stress, MPa strength, MPa | elongation, %
20 490 700 18.0 620 710 12.8
450 405 525 13.5 415 560 8.9
550 385 430 14.5 345 475 15.9
650 260 285 23.5 235 250 16.5

an increase in the nitrogen content led to the forma-
tion of elongated particles of (Cr,V),N nitrides with an
average size of 72 nm in this steel (Fig. 4a). In the
modified steel, complex carbonitrides M(C,N) with
an average size of 15 nm are precipitated. This means
that a decrease in the carbon content suppressed the
two-phase separation of the carbonitrides into V-
enriched or Nb-enriched particles. All of them con-
tain the same amounts of vanadium and niobium
(Fig. 4b). The carbonitrides M(C,N) and nitrides
(Cr,V),N are uniformly distributed over the matrix
volume; their distribution in 02Kh9V2MFBR steel is
identical both inside the martensite crystals and inside
the d-ferrite grains. In the replicas of the steel with a
low carbon content, few coarse (~500 nm in size) par-
ticles of M,;C, were found (Fig. 4).

Mechanical Properties of Steels
after Normalizing and Tempering

Despite the distinctions in the structure, nature,
volume fractions, and distribution of second-phases
particles in the steels with different carbon contents,
their hardness differs insignificantly. The Brinell hard-
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ness of both steels after tempering was 220HB. No
valuable distinctions in the mechanical behavior after
tension at room and elevated temperatures were
observed (Table 2).

In the low-carbon steel, the minimum creep rate

€min 1S lower by a factor of approximately two to three at
all applied stresses than that in the standard P92 steel

(Figs. 5a, 5b). A decrease in € ,;, leads to an increase in
the time-to-fracture almost by a factor of 1.5-2
(Fig. 5¢). When lowering the applied stress in the
10Kh9V2MFBR steel from 200 to 100 MPa, the initial
creep rate decreases no more than by a factor of ten,
whereas the minimum creep rate decreases by a factor
of 1000 (Fig. 5a). Consequently, a decrease in applied
stresses in the 10Kh9V2MFBR steel mainly leads to a
decrease in the minimum creep rate. At all applied
stresses, the minimum creep rate is attained after the
strain becomes more than 1%. At strains of 1—4%, the
creep rate remains almost unchanged and, at € > 4%,
the accelerated creep stage begins. In the
02Kh9V2MFBR steel, a decrease in the applied

stresses leads to a decrease in both ¢, and the creep
strain, after which the stage of accelerated fracture
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Fig. 3. (a) Typical particles of second phases in carbon rep-
lica and (b) their average chemical composition in the
10Kh9V2MFBR steel after tempering at 720°C.

comes (Fig. 5b). The authors of [6] found a similar
behavior of low-carbon steel with 3 wt % Co under
creep; however, unlike the 02Kh9V2MFBR steel, a
decrease in the applied stresses led to a decrease in the
initial creep rate.

In the low-carbon steel without Co, the stage of
steady-state flow at applied stress of 200 MPa starts
almost immediately after the creep onset; at lower
applied stresses, a clearly pronounced stage of tran-
sient creep appears. The extension of the stage of
steady-state creep shortens compared to the P92 steel
with a normal carbon content. At 118 MPa, the carbon
content does not affect the shape of the dependence of
the strain rate on the strain (Figs. 5a, 5b). The creep
starts from an extended transient stage, in which the
strain rate decreases by two orders of magnitude for the
10Kh9V2MFBR steel and by three orders of magni-
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Fig. 4. (a) Typical particles of second phases in carbon rep-
lica and (b) their average chemical composition in the low-
carbon 02Kh9V2MFBR steel after tempering at 750°C.

tude for the 02Kh9V2MFBR steel. At the beginning of
the tests, the creep rate is the same for both materials
(10 s71). It is ten times lower than that at an applied
stress of 200 MPa.

The carbon content affects the dependence of the
time-to-fracture on the applied stresses (Fig. 5c¢).
However, it should be noted that the experimental
result found in this study for the 10Kh9V2MFBR steel
correlates with the published data for the P92 steel
[27]. In the 02Kh9V2MFBR steel, the point of the
bend in the dependence , which characterizes the
change in the rate d(logo)/d(logrt), is shifted toward
shorter times to fracture (Fig. 5¢). This point is usually
observed in long-term tests (t> 10000 h) [1, 9, 28—30].
This means that a decrease in the carbon content sub-
stantially accelerates the creep in the long-term tests,
which is the main disadvantage of P92-type steels.
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Fig. 5. (a, b) Dependences of the creep rates on the deformation strain and (c) dependence of applied stress on the time-to-frac-
ture for steels 10Kh9V2MFBR and 02Kh9V2MFBR. The arrow near the point means that the tests were not finished.

Correspondingly, the long-term creep strength of steel
with a low carbon content during the short-term tests
(up to 2 x 103 h) is higher than for steel with 0.1 wt % C.
However, in long-term tests, low-carbon steel does not
show greater long-term strength.

Microstructure after Creep Tests

The results of the quantitative analysis of the
microstructure after creep tests to fracture at 650°C
and 118 MPa are presented in Table 1, the misorienta-
tion maps are presented in Fig. 6, and the fine struc-
ture is shown in Fig. 7. An analysis of the particles of
second phases is presented in Figs. 8 and 9. It is known
[5] that, in P92 steel, long-term aging at 650°C hardly
affects the dislocation structure of the TMLS. The dis-
location structure of the martensite is retained in the
10Kh9V2MFBR steel upon creep, even after the onset
of the stage of accelerated creep [5]. In this case, the
dislocations are rearranged into lath boundaries,
which leads to the transformation of these boundaries
into subgrain boundaries that exhibit small long-range
fields of elastic stresses [5].

After the fracture, the microstructure consists of
grains, some of which are elongated (which indicates
that they form from martensite packets) [5, 26], while
others are equiaxed (Fig. 6a). In these grains, the bulg-
ing of separate segments of HABs is observed, which is
characteristic of hot-deformed structures [31]. The
TEM study (Fig. 7a) revealed regions with laths, the
width of which increased almost by a factor of 2.5
compared to the initial measurement (Table 1). These
regions alternate with the regions of equiaxed sub-
grains with a size equal to the lath width. The disloca-
tion density lowered sixfold (Table 1). At the stage of
accelerated fracture, the transformation of the dislo-
cation structure of packet martensite [31] into a
polygonized structure started [5]. This is accompanied
by the growth of the grain, since the distance between
the HABs increases by 73% (Table 1).
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The grains in the 02Kh9V2MFBR steel become
equiaxed after the creep tests (Fig. 6b). In this case, no
HAB migration occurs, since the distance between
them remains invariable (Table 1). At the same time,
the lath structure of the packet martensite is trans-
formed into a subgrain structure (Fig. 7b), and the
subgrain size in the steel with a low carbon content is
equal to the subgrain size in the 10Kh9V2MFBR steel.
The polygonization in the 02Kh9V2MFBR steel leads
to a more than eightfold decrease in the dislocation
density (Table 1). This is absolutely untypical of low-
carbon steels containing 3 wt % Co, in which the dis-
location density decreases by just threefold and in the
neck zone only, whereas in the gage part, where no
deformation localization occurs, the dislocation den-
sity is independent of the creep strain [18]. It should be
noted that the d-ferrite grains and the former regions
of packet martensite are structurally indistinguishable
after the fracture.

A decrease in the carbon content led to an almost
twofold increase in the amount of the Laves phase pre-
cipitated during the creep (Table 1). In both steels, this
phase precipitates preferentially along HABs (Fig. 7).
The size of Fe,(W,Mo) particles in both steels is
approximately the same. A specific feature of the
02Kh9V2MFBR steel is a high W/Mo ratio in the par-
ticles of the Laves phase, which equals three. The
W/Mo ratio in similar low-carbon steels described in
[6, 14] varies from five to seven, which is two times
larger that the ratio of these elements in the chemical
composition of the steel. The W/Mo ratio in
Fe,(W,Mo) particles in the 10Kh9V2MFBR steel
coincides with their ratio in the chemical composi-
tion; i.e., a decrease in the carbon content not only
leads to an almost twofold decrease in the equilibrium
content of £(W + Mo) in the solid solution, but also to
the almost complete escape of W (which decreases the
diffusion rate more efficiently than Mo and, corre-
spondingly, suppresses the recovery and polygoniza-
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Fig. 6. Misorientation maps of structural elements in steels
(a) 10Kh9V2MFBR and (b) 02Kh9V2MFBR after the
creep tests at 650°C and 118 MPa.

tion processes in high-chromium steels [1]) out of fer-
rite, while a significant part of Mo remains in it.

During creep in the 10Kh9V2MFBR steel, an
increase occurs in the average size of M,;C4 carbides
from 110 to 195 nm (Fig. 8a, Table 1). Only round
(M(C,N) carbonitride particles remain in the struc-
ture (Fig. 8a). In this case, the two-phase separation of
carbonitrides into V-enriched or Nb-enriched is
retained (Fig. 8b).
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Fig. 7. Lath structure of (a) 10Kh9V2MFBR steel and
(b) 02Kh9V2MFBR steel after the creep tests at 650°C
and 118 MPa. Arrows show the characteristic particles of
the Laves phase.

The size of carbides in the steel with a low carbon
content remained invariable after creep, although
some coarse particles of M,;C4 carbides (about 500 nm
in size) were found. They cannot introduce a notice-
able contribution to the retardation of the migration of
boundaries and dislocation motion. The average size
of particles of M,N nitrides increased upon creep from
72 to 108 nm (Fig. 9a), and the vanadium content in
them decreased from 20 to 13 at %, while the chro-
mium content increased from 70 to 80 at % (Fig. 9b).
The creep at 650°C and 118 MPa does not lead to an
essential change in the shape and distribution of
nitrides. No two-phase separation of the M(C,N) car-
bonitrides, which takes place in the 10Kh9V2MFBR
steel (Fig. 8b), appears after long-term aging and
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Fig. 8. (a) Typical particles of second phases in carbon rep-
lica and (b) their average chemical composition in the
10Kh9V2MFBR steel after the creep tests at 650°C for
118 MPa.

creep. The V/Nb ratio in most M(C,N) carbonitrides
in the low-carbon steel is close to 1.6 (Fig. 9b), which
is smaller than the ratio of these elements in the chem-
ical composition of the steel [4, 6]. Correspondingly,
there is an excessive amount of V for carbonitrides
M(C,N), which is consumed by the formation of
(Cr,V),N patrticles and even the Laves phase. It should
be noted that, despite the absence of the two-phase
separation, the size of particles of the M(C,N) carbo-
nitrides in the low-carbon steel after creep is 20%
smaller than that in P92 steel.

However, the two-phase separation of carboni-
trides into vanadium-enriched and niobium-enriched
particles in the 10Kh9V2MFBR steel is the cause of
the lower growth rate of particles. The particle size
upon creep increases by a factor of 1.5, while in the
low-carbon steel, it increases by a factor of almost 2.5
(Table 1). The V/Nb ratio in the M(C,N) carbonitrides
in the 02Kh9V2MFBR steel increases from 1 to 1.6.
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Fig. 9. (a) Typical particles of second phases in carbon rep-
lica and (b) their average chemical composition in the
02Kh9V2MFBR steel after the creep tests at 650°C for
118 MPa.

It was shown in [18] that no growth of plate-like
particles of M(C,N) carbonitrides occurs in the low-
carbon steel with cobalt during the creep test for 501 h.
Their dissolution occurs only after the onset of the for-
mation of the Z phase [18]. It should be noted that, in
this study, no particles of the Z phase Cr(V,Nb)N
[7, 28—33] were found in steels studied. This is appar-
ently associated with the fact that the time of creep
tests was too short for it to form [34].

RESULTS AND DISCUSSION

The results show that a decrease in the amount of
carbon in steel leads to changes in the dislocation
structure of martensite, as well as in the nature, distri-
bution, and volume fraction of the particles of second
phases. These changes exert differently directed influ-
ence on the creep resistance of the steel of the P92 type.
The main changes in the structure and phase compo-
sition of the steel with a lowered carbon content after
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tempering are the appearance of a large amount of
O ferrite and the precipitation of particles of the
(Cr,V),N nitrides, a significant decrease in the volume
fraction of M,;C, carbides, and an increase in their
size. However, these changes do not affect the static
mechanical properties and hardness.

In this study, we did not reveal a negative influence of
the formation of o ferrite on the creep resistance as was
found in steel P122 with 11 wt % Cr in [35]. It seems
likely that the precipitation strengthening upon creep is
more significant than the softening due to the presence
of & ferrite in the structure. The long-term creep
strength of the 02Kh9V2MFBR steel increases in con-
parison with the P122 steel.

In addition to the influence on the second phases,
a decrease in the carbon content lowers the solubility
of elements such as W and Mo in the solid solution,
which provide a solid-solution strengthening and,
most importantly, decrease the diffusion rate, which
suppresses the recovery processes [1, 2]. This effect is
not observed in steels with 3 wt % Co [6, 12, 14, 15,
18—21], since Co increases the solubility of these ele-
ments in the ferrite matrix. The escape of W and Mo
from the solid solution with the formation of a large
amount of the Laves phase facilitates dislocation
climb. It seems likely that the development of recovery
processes leads to a dramatic decrease in the disloca-
tion density, which is the cause of creep acceleration
after 103 h of creep tests (Fig. 5). These facts indicate
the key role of carbonitrides in the creep strength of
martensitic steels with 9 wt % Cr. However, the alloy-
ing of the solid solution with W and Mo also substan-
tially affects the creep resistance of the high-chro-
mium martensitic steels.

CONCLUSIONS

(1) A decrease in the carbon content in the
10Kh9V2MFBR steel from 0.1 to 0.018 wt % leads to
the formation of o ferrite with a volume fraction of up
to 23%.

(2) The main contribution to the precipitation
hardening in the 02Kh9V2MFBR steel comes from
particles of the (Cr,V),N nitride, which are uniformly
distributed in the structure and have an average size of
72 nm and MX carbontrides, which have an average
size of 15 nm after tempering. The volume fraction of
particles of the M,;C carbides decreased by more than
threefold, and their average size after tempering is five
times larger that in the 10Kh9V2MFBR steel.

(3) The variations in the phase composition of the
02Kh9V2MFBR steel compared to the
10Kh9V2MFBR steel had no effect on the hardness,
yield stress, and ultimate strength at room temperature
and at elevated temperatures. The time to fracture of
the 02Kh9V2MFBR steel is longer by a factor of two to
three after the short-term (up to 1000 h) creep tests.
No distinctions in the long-term creep strength of
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steels was found in the case of the creep test duration
of longer than 1000 h.

(4) Uniformly distributed nitrides and carboni-
trides efficiently suppress the growth of laths upon
creep. The lath/subgrain size is the same in both stud-
ied steels after creep at 650°C under the applied stress
of 118 MPa.

(5) The amount of the Laves phase precipitated in
the 02Kh9V2MFBR steel upon creep is two times
larger than that in the 10Kh9V2MFBR steel. This
leads to a decrease in the solid-solution strengthening
and to a more substantial decrease in the dislocation
density in the 02Kh9V2MFBR steel upon creep.
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