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The creep behavior of high-chromium martensitic steel 10Cr9Co3W2MoVNbB (ASTM A335 P92) at a tem-

perature of 650°C and stresses 100 – 180 MPa is studied. The effect of creep on the subgrain structure and the

characteristics of secondary particles are determined using transmission electron microscopy. Thermody-

namic calculations are performed to determine the volume fraction of precipitates after heat treatment and

creep. Precipitation of (Fe, Cr)
2
(W, Mo) Laves phase particles and of (Fe, Cr)

23
(C, B)

6
and (Nb, V)(C, N) par-

ticles is observed after short-term creep for 243 h. It is shown that pronounced coarsening of the Laves phase

particles leads to a decrease in dispersion strengthening under conditions of long-term creep. Creep is accom-

panied by a decrease in dislocation density and an increase in the subgrain size. It is concluded that the change

in the creep power-law exponent upon transition to long-term tests at 650°C is associated with degradation of

microstructure, namely, with a pronounced increase in the subgrain size due to a decrease in the density of se-

condary particles which inhibit the migration of subgrain boundaries.

Key words: high-chromium martensitic steel, creep, subgrain structure, coarsening of precipitates.

INTRODUCTION

Heat-resistant steel 10Kh9K3V2MFBR

(10Cr9Co3W2MoVNbB) has been designed as a structural

material for high-temperature components of new-generation

power equipment operating at super-supercritical steam pa-

rameters [1, 2]. The chemical composition and the heat treat-

ment of steel 10Kh9K3V2MFBR are close to those of steel

ASTM A335 P92 that has proved its suitability in foreign

countries when used in steam conduits of power units due to

its refractoriness, relatively low cost, and high creep resis-

tance at up to 620°C [3, 4]. The low critical cooling rate of

high-chromium refractory steels makes it possible to form a

high-fineness structure of lath martensite by austenitization

and subsequent air cooling. The temperature range of

700 – 800°C is typical for tempering of these steels. The

tempering reduces the quenching stresses due to redistribu-

tion of dislocations and precipitation of carbide particles

from the supersaturated solid solution accompanied by for-

mation of a subgrain structure with enhanced stability and

precipitation hardening [5]. The heat treatment of steel

10Kh9K3V2MFBR yields secondary particles of two princi-

pal types in the structure, i.e., M
23

(C, B)
6

carbides (M is used

for Cr and Fe atoms) and MX carbonitrides (M is used for

Nb, and V atoms and X is used for C and N atoms) [6].

Prediction of the deformation behavior of heat-resistant

steels based on the laws of evolution of their microstructure

is an important task, because the determination of the creep

characteristics in long-term tests takes much time and re-

sources. It is assumed that the refractoriness of martensitic

steels is a result of the high density of intercrystalline bound-

aries inherited from the structure of lath martensite after tem-

pering [5 – 7]. Development of recrystallization processes in

such a structure is extremely undesirable because it causes

little predictable early fracture [8]. This explains why the at-

tention in the development of advanced high-chromium
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steels is mostly devoted to raising the fineness and stability

of the particles of second phases, which are located on the

boundaries, reduce the interphase energy, and hinder the mi-

gration and merging of the boundaries at elevated tempera-

tures [9, 10]. Determination of the interrelation between the

evolution of the microstructure and the variation of the creep

resistance in operation is very important for improvement of

the alloying scheme and development of novel methods of

heat and thermomechanical treatments of the alloys.

The aim of the present work was to study the effect of the

evolution of the subgrain structure and of the characteristics

of the particles of secondary phases on the creep resistance

of steel 10Kh9K3V2MFBR at 650°C.

METHODS OF STUDY

We studied high-chromium martensitic steel of the fol-

lowing chemical composition (in wt.%): 0.10 C, 9.05 Cr,

2.80 Co, 1.56 W, 0.58 Mo, 0.41 Mn, 0.20 V, 0.05 Nb, 0.12 Si,

0.012 B, 0.007 N, the remainder Fe.

The steel melted by the vacuum induction method was

subjected to 12-h homogenizing annealing at 1150°C, forg-

ing at this temperature, and air cooling. The final heat treat-

ment of the steel before testing for creep resistance consisted

in austenitization at 1060°C for 30-min, air quenching, and

subsequent tempering at 750°C for 3 h.

The creep tests were conducted at 650°C for flat samples

with functional part 25 mm long and cross section

7.0 � 3.0 mm using ATS2330 lever testing machines at ap-

plied stresses 180, 160, 140, 118 and 100 MPa.

The fine structure of the steel and the second phase parti-

cles were studied using a JEOL JEM-2100 transmission elec-

tron microscope (TEM) at an accelerating voltage of 200 kV.

The second phases were identified by analyzing their chemi-

cal composition with the help of an incorporated INCA en-

ergy dispersive x-ray analyzer.

After the creep tests, we cut plates with a thickness of

0.3 mm from the samples in the region of uniform elongation

to study the microstructure. The plates were thinned in a

grinding machine to a thickness of 150 �m. The thin plates

were used to knock out discs with diameter 3 mm. The thin

foils for TEM were prepared from the discs using jet

electropolishing in a 10% solution of HClO
4

in CH
3
COOH at

a voltage of 21 V. To obtain carbon extraction replicas, the

polished surface of the functional part of the specimen was

etched in an aqueous solution containing 2% nitric acid and

1% hydrofluoric acid. After the etching, the surface of the

specimens was covered with a carbon film using a Jeol

JEE-200 vacuum machine. Then the carbon films with the

particles were put onto copper grids with diameter 3 mm for

the TEM study. The size of the subgrains was determined by

the random linear intercept method. The dislocation density

was determined by calculating individual dislocations on the

surfaces of the thin foils under the conditions of multiple dif-

fraction contrast [11].

The precipitates of particles of secondary phases for the

x-ray diffraction analysis (XRD) were obtained by dissolving

the functional part of the specimen in a 5% solution of HCl

in C
2
H

5
OH at a voltage of 20 V. Then the precipitates were

washed in distilled water, centrifuged, and dried at room

temperature. The x-ray diffraction analysis of the precipitates

was made using a Rigaku Ultima IV diffractometer in copper

K
�

radiation at scanning angles 2� = 35 – 110°.

The equilibrium volume fraction of the second phase

particles was determined by thermodynamic computations

using the Termo-Calc software with TCFE7 database for

steels.

RESULTS AND DISCUSSION

Creep characteristics of steel 10Kh9K3V2MFBR at

650°C. The dependences of the strain (�) on the creep time

(t ) and of the minimum creep rate (��
min

) on the applied

stress (�) at 650°C are presented in Fig. 1. When the applied

stress is decreased from 180 to 100 MPa, the time to failure

of the samples increases by about two orders of magnitude

from 243 to 17,863 h (Fig. 1a ). The power dependence of

the creep rate on the applied stress exhibits an obvious in-

flection at � = 140 MPa (Fig. 1b ). Therefore, we may distin-

guish two regions, i.e., a short-term creep lasting for

t < 5000 h and a long-term creep at t > 5000 h.

The variation of the creep exponent (n ) may be associ-

ated both with the variation of the mechanisms controlling

the deformation and with the development of the softening

processes due to degradation of the microstructure under the

action of the stresses at the elevated temperature. The rela-

tively high value n = 10 – 17 indicates marked decrease in

the creep rate with lowering of the stress. A similar effect has

been observed earlier in precipitation-hardened heat-techno-

logy steels under the conditions of short-term creep [12, 13].

Such deformation behavior has been associated with the rela-

tively high density of dislocations, the motion of which is

hindered by the second phase particles, carbides M
23

C
6

and

carbonitrides MX in the first turn [14, 15]. It should be noted

that the formation of particles of an intermetallic Laves

phase (Fe, Cr)
2
(W, Mo) in short-term creep has been under-

stood as a negative factor due to the decrease in the degree of

solid-solution hardening with W and Mo [3]. However, it has

been shown in recent works that the precipitation hardening

due to the particles of this phase arising in the transition

creep stage raises the creep resistance, whereas the coarsen-

ing of the particles in long-term test causes softening of the

steel [10, 12, 14]. The experimentally observed exponent

n = 6 in the steel studied under the conditions of long-term

tests corresponds to the range of the development of creep

(n = 4 – 7) controlled by the dislocation climb. The creep

rate under such conditions depends substantially on the den-

sity of the second phase particles retarding the dislocation

slip and hindering the migration of subgrain boundaries.
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Effect of creep on the phase composition and subgrain

structure of steel 10Kh9K3V2MFBR. The structure of the

steel after 30-min quenching from 1060°C in air and 3-h

tempering at 750°C is presented in Fig. 2. The boundaries of

the initial austenite grains after the etching are well observ-

able under the optical microscope; their average size is

26 �m (Fig. 2a ). The study of the thin foil in this condition

has shown the presence of a great number of particles ar-

ranged primarily over the boundaries of martensite laths

(Fig. 2b ). The equilibrium volume fractions of the particles

at the temperatures of the tempering (750°C) and of the creep

(650°C) computed in Thermo-Calc are presented in Table 1.

The predicted phase composition agrees well with the expe-

rimental data indicating that the structure of the steel tem-

pered at 750°C contains only particles of M
23

C, B)
6

and

(Nb, V)(C, N) [16]. After the tests at 650°C, the equilibrium

volume fraction of the (Fe, Cr)
2
(W, Mo) particles amounts to

about 1%. The volume fractions of M
23

(C, B)
6

and

(Nb, V)(C, N) remain virtually invariable when the tempera-

ture is lowered from 750 to 650°C.

Figure 3 presents the results of the XRD of precipitates

after 17,863-h creep. The creep at 650°C is accompanied by

precipitation of (Fe, Cr)
2
(W, Mo) intermetallic particles. The

TEM study of carbon replicas from the surface of the steel

has shown that the particles of (Fe, Cr)
2
(W, Mo) exceed con-

siderably the particles of M
23

(C, B)
6

and (Nb, V)(C, N) in

the size and in the coarsening rate both under the short-term

and long-term creep (Table 1). The size of the Laves phase

particles attains about 1 �m in 17863 h of the creep test

(Fig. 4a ). The (Nb, V)(C, N) carbonitrides exhibit the lowest

susceptibility to coarsening in 17863 h, and their average

size grows by less than 50% (from 35 to 52 nm).

The plastic deformation under creep causes growth of

subgrains and lowers the dislocation density (Table 1). The
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Fig. 2. Structure of steel 10Kh9K3V2MFBR after heat treatment: a) optical microscope; b ) TEM.
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Fig. 1. Creep curves �(t ) (a) and dependence of the minimum creep rate on the applied stress ��min (b )

for steel 10Kh9K3V2MFBR at 650°C: 1 ) � = 180 MPa, t = 243 h; 2 ) � = 160 MPa, t = 1035 h;

3 ) � = 140 MPa, t = 3430 h; 4 ) � = 118 MPa, t = 4883 h; 5 ) � = 100 MPa, t = 17,863 h.



relatively equiaxed subgrains with an average size

� = 565 nm form in 243 h at the applied voltage of 180 MPa

(Fig. 5). Thus, the average size of subgrains after the

short-term creep exceeds the average width of the laths in the

steel after the heat treatment. We may conclude that the for-

mation of equiaxed subgrains occurs during the creep jointly

with broadening of the laths, i.e., is accompanied by migra-

tion of the initial low-angle boundaries. The considerable

scattering of the subgrain sizes after the long-term creep is

explainable by nonuniform distribution of the fine particles

located chiefly over the intercrystalline boundaries. The

growth of the coarser particles due to dissolution of the

smaller ones (Ostwald ripening) results in formation of struc-

ture regions virtually free of particles. In this turn, this pro-

cess promotes migration of subgrain boundaries and forma-

tion of coarse subgrains in these regions.

It is known that the subgrains grow with increase in the

degree of the deformation until they reach a stationary size

�
max

, which depends on the applied stress � in accordance

with the equation [17, 18]

�
max

=
10Gb

�

, (1)

where G = 77.1 GPa is the shear modulus at 650°C and

b = 0.248 nm is the Burgers vector.

The density of mobile dislocations 	
m

in the steady stage

also depends on the stress applied [18]:

	
m

= (��0.5MGb )
2
, (2)

where M = 3.06 is the Taylor factor. Figure 6 presents the

dependences of the subgrain size and of the dislocation den-

sity on the applied stresses obtained experimentally and by

computation with the use of Eqs. (1) and (2). The experimen-

tal data prove the inverse linear dependence of the subgrain

size on the stress applied (Fig. 6a ). The size of subgrains in

the studied steel does not attain a stationary value �
max

either

in the short-term creep or in the long-term one. However, the

more manifested growth of the size of subgrains at low

stresses allows us to think that the growth of subgrains in the

steel studied may be the cause of changes in the creep resis-

tance upon transition to longer tests. The relatively high dis-

location density (1.10 
 0.35) � 10
14

m
– 2

is preserved in the

steel after the creep at 180 MPa for 243 h (Fig. 6a ). Increase

of the applied stresses from 100 to 160 MPa in the creep tests

does not affect substantially the dislocation density inside

subgrains. Thus, the dislocation hardening in the structure is

about the same in the short-term and long-term creep tests.

The particles of secondary phases hinder the migration of

boundaries due to reduction of the interphase energy, and the

retarding force (the Zener force P
Z

i
) due to each type of the

particles can be calculated using the assumption of their uni-

form distribution and spherical shape with allowance for the

volume fraction F
V

and for the average particle size d
av

by

the formula [19]

P
Z

= 3�

F

d

V

av

, (3)

where � = 0.153 J�m
2

is the specific energy of subgrain

boundaries [20].
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TABLE 1. Characteristics of Subgrain Structure and Sizes of Second Phase Particles for Different States of the Steel

State Mode of HT or testing �, �m 	, � 1014 m – 2

d
av

, nm

M
23

C
6

carbide MX carbonitride Laves phase

Initial (after HT) Quenching from 1050°C, tempering

at 750°C for 3 h

0.30 
 0.02 2.60 
 0.50 66 35 —

After creep testing

at 650°C

180 MPa, 243 h 0.57 
 0.04 1.10 
 0.35 76 35 165

160 MPa, 1035 h 0.62 
 0.04 0.45 
 0.19 86 38 225

140 MPa, 3430 h 0.78 
 0.06 0.45 
 0.19 107 40 283

118 MPa, 4883 h 0.91 
 0.05 0.41 
 0.26 114 40 367

100 MPa, 17863 h 1.28 
 0.12 0.38 
 0.15 142 52 525

Notations: �) size of subgrains; 	) density of lattice dislocations; d
av

) average grain size.

Cr C23 6

Fe W2

NbC

I

20 40 60 80 100

2 , deg�

Fig. 3. Results of XRD of second phase particles in steel

10Kh9K3V2MFBR after creep tests for 17,863 h at 650°C.



The calculated variation of the retarding forces that stabi-

lize the subgrain structure in the creep process is presented in

Fig. 7. It can be seen that for all the states studied the parti-

cles of M
23

(C, B)
6

make the highest contribution into the re-
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Fig. 4. Second phase particles (a) and results of energy dispersive analysis of individual particles (b ) on a carbon

extraction replica taken from a sample of steel 10Kh9K3V2MFBR after creep tests for 17,863 h at 650°C (TEM).
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Fig. 5. Evolution of subgrain structure (TEM) in steel 10Kh9K3V2MFBR after creep to failure at different applied stresses: a) � = 180 MPa,

average subgrain size � = 565 nm; b ) � = 140 MPa, � = 780 nm; c) � = 100 MPa, � = 1280 nm.



tarding forces, which is connected with their higher volume

fraction and relatively low size of about 100 nm (Table 1). In

short-term creep lasting for up to 1 � 103 h, the summed re-

tarding forces are higher than in the steel after tempering.

This is explainable by precipitation of (Fe, Cr)
2
(W, Mo) par-

ticles in the structure, which more than compensates the de-

crease in the retarding forces due to the coarsening of car-

bides and carbonitrides. It should be noted that the earlier ex-

perimental data show that the content of tungsten in the solid

solution of the steel decreases from 0.96 to 0.32 at.% in

1 � 103 h of annealing�creep at 650°C and then changes in-

substantially [10]. This means that the process of precipita-

tion�growth of particles from the supersaturated solid solu-

tion has stopped giving way to the stage of their Ostwald ri-

pening at this temperature. When the time before failure in-

creases from 243 to 17863 h, the summed retarding force is

halved (from 0.20 to 0.10 MPa). In work [21] devoted to the

relation between the creep resistance and the microstructure

of a steel with composition P92 + 3% Co the critical value of

the retarding forces at which the subgrains start to grow in-

tensely amounts to about 0.12 MPa. The time before failure

at a stress of 140 MPa corresponding to the inflection point

on the curve of the long-tern strength is about twice higher in

the steel studied than in steel P92 + 3% Co. This difference

seems to be explainable by the elevated content of boron in

the steel studied, which provides a smaller size and a lower

rate of coarsening of the particles of M
23

(C, B)
6

[22]. The

nanosize carbonitrides of type MX are characterized by a

very low coarsening rate, but their influence on the stability

of subgrain boundaries is not significant due to their low vo-

lume fraction.

It should be noted that the distribution of different types

of particles in the structure differs substantially. The particles

of (Fe, Cr)
2
(W, Mo) and M

23
(C, B)

6
are chiefly located on

the intercrystalline boundaries, whereas the larger part of the

MX carbonitrides resides inside the martensite laths. The

particles of the M
23

(C, B)
6

carbonitride and of the Laves

phase make a great contribution into stabilization of subgrain

boundaries and hinder the process of knitting-out of disloca-

tions from the low-angle lath boundaries. The uniformly dis-

tributed MX carbonitrides hinder the motion of dislocations

inside the laths [23]. Therefore, the evolution of the precipi-
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acting on subgrain boundaries as a func-

tion of the duration of creep tests of steel 10Kh9K3V2MFBR.

TABLE 2. Equilibrium Content of Second Phase Particles in Steel

10Kh9K3V2MFBR in Different States

State

Equilibrium fraction of particles (vol.%)

M
23

C
6

carbide Laves phase MX carbonitrides

After tempering

at 750°C 2.112 0 0.090

After creep testing

at 650°C 2.159 0.962 0.086



tation hardening with particles of different types should be

considered with allowance for the parameters of the particles

arranged on boundaries of different types and awaits further

study.

The results obtained show that the variation of the creep

exponent of steel 10Kh9K3V2MFBR upon transition to long

tests at 650°C correlates with the increase in the growth rate

of subgrains. The main factor responsible for degradation of

the microstructure of the steel is the coarsening of the grain

boundary particles of (Fe, Cr)
2
(W, Mo) and M

23
(C, B)

6
.

CONCLUSIONS

The results of the study of the effect of the evolution of

subgrain structure and of the characteristics of the particles

of secondary phases on the creep resistance of steel

10Kh9K3V2MFBR at 650°C allow us to make the following

conclusions.

1. Martensitic steel 10Kh9K3V2MFBR possesses a very

high creep resistance in the range of high stresses

(�
1000 h

650 C

= 140 MPa, ��

min
= 1.28 � 10 – 9 sec – 1 ), but its re-

fractoriness tends to lower in long-term tests at 650°C. When

the applied stresses are reduced from 180 – 140 to

140 – 100 MPa, the creep exponent n falls from 13 to 6.

2. The plastic deformation under the creep causes lower-

ing of the dislocation density and growth of subgrains in the

structure of the steel. The density of the lattice dislocations

after the creep at a stress below 160 MPa amounts to about

0.4 � 1014 m – 2. Under the conditions of long-term creep, the

size of the subgrains tends to attain a stationary value with

decrease of the applied stresses, which correlates with the

slope of the curves describing the dependence ��
min

– �.

3. The stability of the subgrain structure of the steel in

short-term creep increases due to the additional contribution

of the retarding forces produced by the nucleating particles

of the (Fe, Cr)
2
(W, Mo) intermetallic phase. This compen-

sates the coarsening of the carbide and carbonitride particles

and provides a high high-temperature strength. Intense coars-

ening of the particles of (Fe, Cr)
2
(W, Mo) starts after

1 � 103 h of creep at 650°C.

4. The main reason behind the lowering of the stability of

subgrain boundaries under long-term creep is coarsening of

the grain boundary particles of (Fe, Cr)
2
(W, Mo) and

M
23

(C, B)
6
. The MX carbonitrides are little susceptible to

coarsening, but influence little the migration of the bound-

aries due their relatively low volume fraction.
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