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ABSTRACT

The effect of cobalt, tungsten, and boron on interfacial energy of precipi-
tate/ferritic matrix in the 9% Cr martensitic steels on the base of creep tests at
650 °C under different applied stresses ranging from 80 to 220 MPa was
investigated. An interfacial energy of M,3C¢ carbides, the Laves phase particles,
and MX carbonitrides was estimated by comparison of theoretical curves
obtained by Prisma software for the model steels for the exposure time of
2 x 10* h with experimental data measured by TEM in the gage sections of crept
specimens. Addition of 3 wt% Co to Co-free 9Cr2W steel led to about 1.7 times
increase in the interfacial energy of My3Cs carbides and MX carbonitrides,
whereas Co did not effect on the interfacial energy of the Laves phase.
Increasing W from 1.5 to 3 wt% in the Co-containing steels led to increase in the
interfacial energy of the Laves phase up to 0.78 ] m > under long-term expo-
sure, whereas it did not effect on the interfacial energy of M,3;Cs carbides and
MX carbonitrides. In the steel with increased B up to 0.012 wt% and decreased
N to 0.007 wt%, a strong decrease in the interfacial energy of My3C, carbides to
0.12 ] m~? occurred. Change in the interfacial energy of the precipitates was
analyzed in comparison with coarsening rate constant.
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containing a high density of separate dislocations and
a dispersion of secondary phase particles. M3Ce-type

Introduction

Heat-resistant steels with 9-12% Cr are widely used
as structural materials for boilers, steam main tubes,
and turbines of fossil power plants to increase ther-
mal efficiency [1, 2]. The excellent creep resistance of
these steels is attributed to the tempered martensitic
lath structure (TMLS) consisting of prior austenite
grains (PAG), packets, blocks, and laths and
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carbides and MX carbonitrides (where M-Nb, V, and
X-C, N) precipitate along boundaries and within the
ferritic matrix, respectively, during tempering. M»3Cq
carbides exerting a high Zener drag force stabilize the
TMLS [3-7], while MX carbonitrides are the obstacles
for the movement of the dislocations [6, 7]. Degra-
dation of the creep resistance after long-term service
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occurs due to the microstructure evolution. Nanos-
cale MX carbonitrides tend to transform into the
coarse particles of Z phase within ferritic matrix;
Ostwald ripening leads to the significant coarsening
of M»3C¢ carbides; and the coarse Laves phase par-
ticles precipitated along high-angle boundaries dur-
ing creep testing [6-9]. As a result, dynamic recovery
occurs in the TMLS, and a well-defined subgrain
structure replacing the dislocation structure of former
martensite evolves finally [7].

Particle coarsening is observed to follow the well-
known Ostwald ripening equation [10, 11]:

4 —dy = K, (t — to), (1)

where dj and d are the mean sizes of particles for time
to and t, respectively; K, is the coarsening rate con-
stant; the coefficient n depends on the coarsening
mechanism; and n = 3 for the mechanism of the bulk
diffusion assumed in the present model [10-12]. The
interfacial energy y between the matrix and the par-
ticles is very important characteristic of particle
coarsening because it is included in the value of the
coarsening rate constant K, [12]:

8 yVE
=9 e .
D

where V,, is the molar volume of the precipitate
phase; D; is the diffusion coefficient of element i in

the matrix; le'} is the mole fraction of element i in the

precipitate; and x‘f/ #is the mole fraction of element
i at the precipitate/matrix interface. Bulk diffusion is
assumed. Usually the value of y is in the range
0.1-1 ] m 2, where the lowest values correspond to
coherent particle/matrix interfaces and higher values
correspond to incoherent interfaces [10-12]. The
particles with coherent particle/matrix interfaces
have higher coarsening resistance during creep that
shift the recovery of the TMLS to longer times.
Thus, improved long-term creep strength could be
achieved by slowing down the coarsening of M;Cg
carbides, MX carbonitrides, and the Laves phase
particles. An effective way to attain this goal is to
slow down the diffusion by the additives, such as
cobalt, tungsten, or/and boron. It was recently shown
that Co additions significantly hinder the coarsening
of My3C¢ carbides and MX carbonitrides under creep
conditions that result in superior creep resistance of
the martensitic steels [13-16]. However, the
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mechanism of this positive effect from Co is not yet
clear. Efficiency of W as alloying element in hinder-
ing the diffusion is much higher than that of Co. As a
result, W and Mo are known as effective alloying
additives to enhance creep resistance of the high-
chromium martensitic steels. However, in contrast
with cobalt, the tungsten and molybdenum have
limited solubility within the ferrite, and their exces-
sive content leads to the precipitation of such W/Mo-
rich particles as Laves phase Fe,(W, Mo) or MC
carbides [1, 7, 9, 14-18]. Boron can replace carbon in
M,3C¢ carbides that leads to two-phase separation
My3C, phase onto B-rich My3(C,B)¢ and B-free parti-
cles. My3(C, B)s particles are more resistant to the
coarsening than B-free carbides that provides
increased stability of the TMLS under creep condi-
tions [1]. However, there is limited published data
about the effect of these elements on the interfacial
energy of precipitate/ferritic matrix [14-16]. The
present work is aimed to establish the effect of
alloying elements Co, W, and B on the interfacial
energy of precipitate/matrix of My3C¢ carbides, the
Laves phase particles, and MX carbonitrides in the
P92-type steels. The calculations of the particle
growth kinetic using Prisma software and the com-
parison of experimental data with theoretically pre-
dicted coarsening behavior are used in order to
determine the values of the interfacial energy.

Materials and methods

P92 steel and two 3% Co-modified P92-steels distin-
guished by W content (2 and 3 wt%) and denoted
here as the Co-free 9Cr2W, the 9Cr3Co2W, and the
9Cr3Co3W steels were used. These steels contained
conventional N of 0.05 wt% and were produced by
air melting as 40 kg ingots. Also, the 3% Co-modified
P92-type steel with lower N content of 0.007 wt% and
increased B content of 0.012 wt%, which is denoted
here as the 9Cr3Co01.5W0.012B steel, was used; it was
prepared by vacuum induction melting. The chemi-
cal compositions of these steels are given in Table 1.
Square bars were hot forged in the temperature
interval range of 1150-1050 °C after homogenization
annealing at 1100 °C for 1 h. All steels were nor-
malized at 1050-1060 °C, air cooled, and subse-
quently tempered at 750 °C for 3 h. Details of the
manufacturing process and heat treatment of these
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Table 1 Chemical -

compositions of the steels C Gt Co Mo W V. Nb B N Si ~ Mn Ni

- 3 0,

studied (in wi%) Co-fiee 9Cr2W 010 875 — 051 1.6 02 007 0005 005 017 054 021
9Cr3Co2W 012 93 3.1 044 2.0 02 006 0005 005 008 02 004
9Cr3Co3W 012 95 32 045 3.1 02 006 0005 005 006 02 004
9Cr3Co1.5W0.012B 0.10 9.0 28 057 1.5 02 005 0012 0007 012 04 024

steels were reported in the previous works
[2, 9, 13, 14]. Flat specimens with a gage length of
25 mm and a cross section of 7 x 3 mm” and cylin-
drical specimens with a gage length of 100 and a
10 mm diameter were creep tested until rupture at a
constant load at 650 °C and the initial applied stres-
ses ranging from 220 to 80 MPa with a step of 20 MPa
using ATS2330 lever arm machines.

The microstructural characterization was per-
formed in the gage section of the crept specimens
using a transmission electron microscope JEM-2100
(TEM) operated at 200 kV and equipped with an
INCA energy-dispersive X-ray spectrometer (EDS)
and a Quanta 600FEG scanning electron microscope.
TEM foils were prepared by double jet electropol-
ishing using a solution of 10% perchloric acid in
glacial acetic acid. Extraction replicas were used for
precipitate analysis. The specimens were mechani-
cally polished by emery paper and 3 pm silica sus-
pension, and then etched using a solution of 3 ml
hydrochloric acid and 1 g picric acid in 10 ml of
ethanol. The size distribution and the mean radius of
the secondary phase particles were estimated by
counting from 150 to 250 particles per specimen on at
least 15 arbitrarily selected typical TEM images for
each data point. The transverse lath size was mea-
sured on at least six arbitrarily selected typical TEM
images for each data point by a linear intercept
method, counting all clearly defined boundaries. The
dislocation density was estimated by counting indi-
vidual dislocations revealed by TEM within lath
interiors per unit area. Identification of the precipi-
tates in TEM investigations was performed based on
a combination of EDS composition measurements of
the metallic elements and indexing of electron
diffraction patterns using TEM.

The particle coarsening kinetic was calculated
using Prisma software on the base Calphad Database
Calculation with the kinetic MOBFE1 and the ther-
modynamic TCFE6 databases. The model composi-
tions consisting of Fe, C, Cr, Mo, W, and Co in
accordance with the chemical composition of the

steels studied (Table 1) were used for estimating the
coarsening of M,3Cq carbides and the Laves phase
particles assuming that a grain boundary is a nucle-
ation site. In order to estimate the coarsening of MX
carbonitrides, the model compositions consisting of
Fe, C, N, Cr, V, Nb, W, and Co were used; a nucle-
ation site was assumed to be on a dislocation. The
interfacial energy was estimated by the comparison
of calculated kinetic of the particle growth using the
Prisma software and the experimental data.

Experimental results
Microstructures in tempered condition

The typical microstructures of the 9% Cr steels after
normalizing and tempering are presented in Fig. 1,
and the structural parameters are summarized in
Table 2. It is worth noting that there are some differ-
ences in the microstructures and the dispersions of
second phases in the steels studied. The complex
structure consisting of the TMLS and the subgrains is
observed in the Co-free 9Cr2W and 9Cr3Co2W steels
[19], whereas increasing W content as well as increas-
ing B content provides the formation of the full TMLS
in the 9Cr3Co3W and 9Cr3Col.5W0.012B steels
[19, 20]. An average size of the PAGs is practically the
same in all steels, whereas it is insignificantly larger in
the steel withlow N content that can be associated with
higher normalizing temperature (1050 vs. 1060 °C). A
lath thickness is nearly the same in the steels.
Nanoscale M53C¢ carbides decorate the boundaries
of PAGs, blocks, packets, and laths in all steels
studied after tempering at 750°C. In the
9Cr3Co1.5W0.012B steel, the average size of M»3Cq
carbides is smaller than in other steels that can be
attributed to the formation of B-rich carbides with
higher coarsening resistance. Thermo-Calc software
predicts two-phase separation of M,3C¢ carbides to
B-rich M»3(C, B)¢ and B-free M»3C¢ carbides in the
steel with high B content [21]. Fine MX carbonitrides
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Figure 1 The typical
structure of the 9% Cr
martensitic steel after
normalizing at

(1050 £ 10) °C and
tempering (750 £+ 10) °C
using EBSD technique (a) and
TEM of foils (b) and replicas

(©.
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Table 2 Structural parameters of the steels studied after normalizing and tempering

Steel Dpag (um) dyan (M) pi x 10" (m™?) Aparticte (M)

M»5Cy NbX VX
Co-free 9Cr2W 20 £ 2 0.45 + 0.15 25+1 85 + 25 35+ 10 26 £ 5
9Cr3Co2W 10 £ 1 0.38 + 0.15 2041 90 + 30 40 + 10 20+ 5
9Cr3Co3W 15+£2 0.38 £ 0.15 26 1 90 £ 30 40 + 10 20+ 5
9Cr3Col1.5W0.012B 26 £ 5 0.30 &+ 0.10 26 £ 1 70 + 25 47 £ 10 49 + 16

precipitate within the ferritic matrix. The average size
of the Nb-rich and V-rich MX particles is nearly the
same in all steels studied (Table 2), whereas the vol-
ume fraction of the MX particles in the
9Cr3Co1.5W0.012B steel is tenfold decreased in
comparison with other steels due to negligibly small
amount of the V-rich MX phase resulted from low N
content in this steel (Table 3).

In the steel with 3 wt% W content, the precipitation
of W-rich fine Laves phase (~90 nm) and coarse MsC
phase (~300 nm) particles along PAG boundaries
takes place under tempering condition. However, the
volume fractions of these particles are negligible.

@ Springer

Creep behavior

Figure 2 shows the creep rupture time versus applied
stress curves for all steels studied at 650 °C under the
applied stresses ranging from 220 to 80 MPa. Any
alloying of the base P92 steel results in improving the
creep resistance: thus, time to rupture increases
from <10> hto2 = 3.5 x 10° h at 140 MPa, and from
2 x 10° h to >10* h at 100 MPa (Fig. 2). Increasing W
content from 2 to 3% as well as decreasing N content
from 0.05 to 0.007% with increasing B content up to
0.012 wt% result in increasing the creep strength only
at the short-term creep tests, whereas the creep
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Table 3 The volume fraction

of second phases at 750 and At 750 °C At 650 °C

650 OC calculated using the M23C6 Laves MX M23C6 Laves MX

Thermo-Calc software for the

steels studied Co-free 9Cr2W 0.01855 - 0.00344 0.01933 0.00685 0.00342
9Cr3Co2W 0.02299 - 0.00336 0.02349 0.01230 0.00337
9Cr3Co3W 0.02316 0.0124 0.00338 0.02362 0.02432 0.00339
9Cr3Co1.5W0.012B 0.01779 - 0.00037 0.01865 0.00879 0.00038
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Figure 2 Creep properties of the 9% Cr martensitic steels.

strength at the long-term creep tests is nearly the
same for the 9% Cr Co-containing steels. All steels
studied demonstrate well-defined creep strength
breakdown. In the steel with N content of 0.05 wt%,
creep strength breakdown appears after 2000 h of the
creep tests, whereas decreasing N content to 0.007%
with increasing B content to 0.012% shifts the
appearance of creep strength breakdown from 2000
to 3500 h. Recently, the depletion of W from the solid
solution due limited solubility of W and Mo atoms in

the ferrite matrix was established to be one of the
reason for breakdown appearance [22]. In 2000 h of
creep, W content in the steels with 0.05 wt% N
reaches the equilibrium value that leads to the
coarsening of M»3Cq carbides and the Laves phase
particles [22]. The formation of B-rich carbides
M,5(C,B)¢ with higher coarsening resistance is able to
overlap the depletion of W from the solid solution
and to slow down the structure degradation during
creep [16, 21, 22].

Crept microstructures

The appearance of creep strength breakdown led to
distinctly different structural changes during the
short-term creep and the long-term creep. The TMLS
of all steels examined remained during the short-
term creep (Fig. 3a), whereas during the long-term
creep the transformation of the TMLS into the sub-
grain structure occurred (Fig. 3b).

Itis known [1, 2, 4,9, 13, 16, 22] that M»3C¢ carbides
and the Laves phase particles located along high-
angle (PAG, packet, blocks) and low-angle (lath)
boundaries play the important role in the retarding
the transformation of the TMLS into the subgrain
structure by exerting Zener forces on these bound-
aries that stabilize the TMLS under creep conditions.

120 MPa

2 um

Figure 3 The typical microstructures of the 9% Cr martensitic steels after short-term creep (a) and long-term creep (b) tests (the
9Cr3Co2W steel is shown after creep tests at 650 °C under the applied stresses of 180 and 120 MPa).
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Figure 4 The time dependence of the particle size of M»3C¢
carbides during creep: a the 9Cr2W steel; b the 9Cr3Co2 W steel;
¢ the 9Cr3Co3 W steel; and d the 9Cr3Co3W0.012B steel. Circle

The Laves phase particles precipitate during the
short-term creep along the PAG and lath boundaries
in all steels. However, the character of coarsening of
M,3Cg carbides and the Laves phase particles is sig-
nificantly different for the steels examined. Figures 4,
5, and 6 show the coarsening of M,3C¢ carbides, the
Laves phase particles, and MX carbonitrides,
respectively, under creep conditions.

M5C; carbides

Coarsening of M»3C¢ carbides in the 9Cr3Co2 W steel
occurred faster than in other steels studied during
creep testing (Fig. 4). A mean radius of these carbides
increased to 100-125 nm after 500 h in the 9Cr3Co2W
steel, whereas in other steels with 3% Co, the mean
radius remained less than 50 nm up to rupture time
of ~4000 h. In the Co-free 9Cr2W steel, the mean

@ Springer

100 1000 10000

Exposure time, h

points are the experimental data for the steels studied; solid lines
are calculated curves obtained by Prisma software for the model
steels.

radius of M3C¢ carbides increased from 60 to 100 nm
at the transition from the short-term creep to the
long-term creep. Therefore, increasing W content up
to 3% as well as decreasing N content to 0.007% with
increasing B content to 0.012% enhances the coars-
ening resistance of M»3C¢ carbides under short-term
creep conditions. At the same time, under long-term
creep conditions, the average dimensions of Mj3Ce
carbides in all steels studied became essentially the
same.

Laves phase particles

Increasing W content from 1.5 to 3 wt% led to the
change in the precipitation behavior of the Laves
phase particles (Fig. 5). In the 9Cr3Co1.5W0.012B
steel, the Laves phase particles initially precipitated
having large radius more than 80 nm and coarsened
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Laves phase particles

(a)400
] Co-free 9Cr2WwW
300
£ ]
= 4
£ 200 4
S ]
L
[ ]
100
] — calculated by PRISMA
B ©  expenmental points

100 1000 10000
Exposure time, h
400
© 9Cr3Co3W
300 y =0.78 J m*
E
@ 2004
BT {— calcuated by PRISMA
(14 1 o  experimental points
100 -} ¥ =0.53 J m?
: T T
-/ Q ? 1
0 T
100 1000 10000

Exposure time, h

Figure 5 The time dependence of the particle size of Laves phase
during creep: a the 9Cr2W steel; b the 9Cr3Co2W steel; ¢ the
9Cr3Co3W steel; and d the 9Cr3Co3W0.012B steel. Circle points

to approximately 230-nm radius during 18,000 h of
exposure, whereas in the 9Cr3Co2W and 9Cr3Co3W
steels, the initial radius of these particles was less and
was 40-50 nm. In the 9Cr3Co3W steel, the Laves
phase particles retained their size of ~50 nm up to
4000 h. Then, the rapid coarsening of the Laves phase
particles started to occur, and their average radius
attained ~225nm after creep rupture during
~16,000 h. In contrast, in the 9Cr3Co2W steel with
2% W, the Laves phase particles coarsened with a
high rate under short-term creep conditions and
reached 150-250 nm radius after creep rupture at
~11,000 h. The difference in the coarsening behavior
was associated with the volume fractions of these
particles. Thus, in the 9Cr3Co1.5W0.012B steel, the
volume fraction of Laves phase was the smallest
(0.89% as calculated by the Thermo-Calc software,
Table 3) that provides the low number of the particle
nuclei and their rapid growth. Increasing W content

400
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are the experimental data for the steels studied; solid lines are
calculated curves obtained by Prisma software for the model steels.

led to the increase in the volume fraction of Laves
phase up to 2.39% for the 9Cr3Co3W steel (Table 3).

MX carbonitrides

These particles were very stable under creep condi-
tions in all steels studied and remained their size
ranging 30-nm radius (Fig. 6). Well-known transfor-
mation of fine V-rich MX carbonitrides into a coarse
Z phase was observed only in the Co-containing
steels (not shown in Fig. 6). In the Co-containing
steels, the several small isolated particles enriched by
Cr (~43 wt%), V (~26 wt%) and Nb (~20 wt%)
with an average size of 50-70 nm were revealed after
creep test at 120 MPa for 4869 h for the 9Cr3Co2W
steel and 100 MPa for 15,998 and 17,859 h for the
9Cr3Co2W and 9Cr3Col.5W0.012B steels, respec-
tively [23]. These particles having a round shape
were identified as Z phase (CrVN) [24, 25]. In the
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MX carbonitrides
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Figure 6 The time dependence of the particle size of MX
carbonitrides during creep: a the 9Cr2W steel; b the 9Cr3Co2W
steel; ¢ the 9Cr3Co3W steel; and d the 9Cr3Co3WO0.012B steel.

9Cr3Co2W steel, this transformation followed by
growth of Z phase particles finished at rupture time
>10* h and resulted in the full replacement of the
nanoscale V-rich MX carbonitrides by the coarse
particles of Z phase [23].

Comparison between model and experiment

The calculation of the particle growth kinetic using
the Prisma software was carried out (Figs. 4, 5, 6) for
the model steels consisting of Fe, C, Cr, Mo, W, Co/
Fe, C, N, Cr, V, Nb, W, and Co in accordance with the
chemical composition of the steels studied for the
exposure time of 2 x 10* h. On the base of compar-
ison of these theoretically predicted curves with
experimental data (particle sizes measured using
TEM in the gage sections of the crept specimens after
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Circle points are the experimental data for the steels studied; solid
lines are calculated curves obtained by Prisma software for the
model steels.

creep tests at 650 °C under the different applied
stresses), the values of the interfacial energy 7y of
My3C, carbides, the Laves phase particles, and MX
carbonitrides were estimated (Figs. 4, 5, 6).

M,3C; carbides

As can be observed from Fig. 4a, the calculated curve
and the experimental data for the Co-free 9Cr2W
steel are in a good agreement that evidences for the
correctness of the given value of 0.21 ] m~? of the
interphase energy (Fig. 4). The +3% Co additives
increase the interfacial energy from 0.21 to 0.36 ] m 2
(Fig. 4a—). For the 9Cr3Co1.5W0.012B steel, signifi-
cantly decreased interfacial energy of 0.12] m™ is
obtained (Fig. 4d). The interfacial energy ranging of

0.2-0.5] m~? indicates the incoherent boundary
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between M,3Cs carbides and the ferritic matrix.
M,3Cg¢ carbides were observed in the microstructure
as precipitates on the PAG and lath/subgrain
boundaries. However, in the steel with high B con-
tent, the interfacial energy of 0.12] m™? indicates
coherent boundary between M,;C,4 carbides and the
ferritic matrix while these particles are found to
precipitate on similar locations in the microstructure
as carbides in other steels examined.

Laves phase particles

Good agreement with the experimental data for the
steels with W content of 1.5-2% is obtained with the
interfacial energy of 0.53-0.58 ] m™~2 (Fig. 5a, b, d).
Increasing W content from 1.5 to 3 wt% increases the
value of the interfacial energy from 0.53 to 0.78 ] m ™2
after 5000 h of exposure at 650 °C (Fig. 5¢c). The
interfacial energy of 0.5-0.8] m™> indicates the
incoherent boundary between the Laves phase par-
ticle and the ferritic matrix that is in accordance with
the microstructure observations.

MX carbonitrides

The Co-free 9Cr2W steel demonstrates the lowest
interfacial energy of 0.5] m™> (Fig. 6a), whereas
varying of Co, W, B, and N contents leads to the
increase in the interfacial energy to 0.8-0.88 J m >
(Fig. 6b—d). The value of 0.5] m 2 for the Co-free
9Cr2W steel is in accordance with other investiga-
tions [10-12] and indicates incoherent boundary
between MX carbonitrides and the ferritic matrix. The
+3 wt% Co additives increase the value of the
interfacial energy from 0.5 to 0.88 ] m 2. Increasing
W content and decreasing N content with increasing
B content do not affect the interfacial energy, and it is
in range of 0.8-0.85 ] m >~

Discussion

The interfacial energy y between the precipitates and
the ferritic matrix affects particle coarsening and their
final size under creep conditions. However, despite
the different values of the estimated interfacial
energy of M3Cs/matrix and MX/matrix for different
steels, the sizes of M,3Cq4 carbides and MX carboni-
trides under long-term creep conditions are nearly
the same in all steels studied. This is attributed to the
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influence of other parameters, such as the diffusion
coefficients of different elements in the matrix, on the
particle coarsening in accordance with Eq. (2)
assuming that the mole fractions of elements in the
precipitate and the precipitate/matrix interface are
constant under long-term creep.

The coarsening rate constant, Ky, is evaluated using
Eq. (1) for the precipitates in the steels studied
(Fig. 7). The values of K, for M3C, carbides, Laves
phase particles, and MX carbonitrides are presented
in Figs. 7 and 8.

M,;C¢ carbides

As can be observed from Figs. 7a and 8a, alloying of
the Co-free 9Cr2W steel by 3 wt% Co leads to twofold
increase in the coarsening rate constant K, that is in
accordance with increase in the interfacial energy.
Increasing W from 2 to 3 wt% leads to twofold
increase in the coarsening rate constant while the
interfacial energy of M»3C, carbides is the same for
the steels with 2 and 3 wt% W (Figs. 7a, 8a). In the
9Cr3Co1.5W0.012B steel with decreased N content
and increased B content, three times decrease in the
interfacial energy of Mjy3Cq/matrix, in comparison
with the 9Cr3Co2W steel, is in agreement with two
times decreased the coarsening rate constant
(Fig. 8a).

Nevertheless, taking into account that the mean
sizes of M3Cq carbides are nearly the same after the
creep tests for about 2 x 10* h in all steels studied,
the values of K, for all steels can be considered as
nearly the same. So, though the +3% Co addition to
the Co-free 9Cr2W steel results in +70% increase in
the interfacial energy, its insignificant influence on
the coarsening rate constant can be attributed to the
significant effect of Co on slowing down the diffu-
sion-controlled processes that is in agreement with
other investigations [9], wherein the interfacial
energy increases.

The low value of the interfacial energy of Mjy3Cs
carbides is related to high content of boron in the
9Cr3Co01.5W0.012B steel. Boron is not included in the
calculations for the coarsening model in the Prisma
software. It is well known [26] that B atoms segregate
in the vicinity of PAG boundaries and stabilize the
fine distribution of M,3C¢ carbides during creep [26]
that reduces the rate of Ostwald ripening of these
particles. The boron segregations have strong effect
on the grain boundary diffusion [26]. However, the
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coarsening rate constant is similar with other steels
examined and is ~2 x 107® m®s™'. As revealed
earlier [21], small coarsening resistance of these
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carbides in this steel can be attributed to high
2(Ni + Mn) content, which increases the diffusivities
used in Eq. (2).

Laves phase

The +3 wt% Co additive significantly reduces the
coarsening rate constant (by four times), whereas the
interfacial energy y of the Laves phase particles does
not change obviously (Figs. 7b, 8b). So, the +3% Co
additives enhance the coarsening resistance of Laves
phase in spite of its slight effect on the interfacial
energy. On the other hand, further increasing W from
2 to 3% in Co-containing steels leads to the fourfold
acceleration of Ostwald ripening of the Laves phase
particles (Figs. 7b, 8b), which correspond to +50%
increase in the interfacial energy y from 0.53 to
078 m~2 Tt is necessary to notice the discrete
character of the interfacial energy y of the Laves
phase particles in the 9Cr3Co3W steel, which
increases from 0.53 to 0.78 J m™2 at the transition
from the short-term creep to the long-term creep
conditions, where the rapid coarsening of the Laves
phase particles occurs.

Decreasing N and increasing B contents do not
affect the interfacial energy of the Laves phase par-
ticles in comparison with the 9Cr3Co2W steel
(0.53]m*2), whereas the coarsening rate constant
significantly increases up to the level of the Co-con-
taining steel with 3% W (Fig. 8b) that can be attrib-
uted to the low volume fraction of these particles and
their quick growth.

MX carbonitrides

As can be observed from Fig. 8c, no accelerated
coarsening of MX carbonitrides occurred in the Co-
modified 9Cr3Co2W steel while ~1.8 times increas-
ing the interfacial energy was revealed. This effect of
Co can be resulted from the facilitating of the trans-
formation of V-rich MX carbonitrides into the
Z phase. As well known, Z phase is not a problem for
Co-free P92-type steels because the formation of this
phase can occur after long-term exposure of
3-4 x 10* h [24, 25], whereas in the Co-containing
steels [23], this transformation takes place after short-
term exposure of 5-10 x 10° h. Cobalt addition leads
to destabilizing of MX carbonitrides by increasing
their interfacial energy. On the other hand, the mean
size of MX carbonitrides is nearly the same for the
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Co-free and 9Cr3Co2W steels that indicates that Co
reduces the diffusion coefficients of V and Nb in the
ferritic matrix.

In the 9Cr3Co01.5W0.012B steel with the low N
content, the low volume fraction of V-rich MX car-
bonitrides (0.04%) is seemed to be the main reason for
decreasing the coarsening rate constant of the MX
particles in comparison with other steels, which
contain ~0.34% MX phase (Fig. 8c).

So, particle coarsening is determined not only by
the value of the interfacial energy y but also by the
diffusion coefficients of different elements in the
matrix. Alloying of the 9Cr steels has a strong influ-
ence on the interfacial energy y as well as on the
diffusion coefficients.

Conclusions

The effect of cobalt, tungsten, and boron on the
interfacial energy of precipitate/ferritic matrix in the
9% Cr martensitic steels on the base of creep tests at
650 °C was investigated. The main results can be
summarized as follows:

(1) Alloying of the Co-free steel by 3 wt% Co
results in improving creep resistance: thus, time
to rupture increases from <10°h to
2 = 3.5 x 10° h at 140 MPa and from 2 x 10°
to >10* h at 100 MPa.

(2) Addition of 3 wt% Co to the Co-free 9Cr2W
steel leads to about 1.7 times increase in the
interfacial energy y of My;Cq carbides and MX
carbonitrides that correspond to fourfold and
1.5-fold increase in the coarsening rate constant
of these phases, respectively, whereas Co does
not effect on the interfacial energy of Laves
phase.

(3) Increasing W from 2 to 3 wt% in the Co-
containing 9Cr3Co2W and 9Cr3Co3W steels
leads to increase in the interfacial energy y of
Laves phase up to 0.78 ] m~2 under long-term
exposure. W addition does not effect on the
interfacial energy of My3Ce carbides and MX
carbonitrides. The combination of 3% Co and
2% W is able to provide minimal coarsening
rate of the Laves phase particles during creep.

(4) Increased B up to 0.012 wt% strong decreases
the interfacial energy of My3Cs carbides to
0.12 ] m 2, whereas no effect on the interfacial
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energy of Laves phase and MX phases is
revealed.
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