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Abstract—The creep resistance and structure of 10% Cr—3% Co—2% W-0.29% Cu—-0.17% Re steel with
0.1% carbon, low nitrogen content and high boron content were investigated by creep rupture testing at a
temperature of 650°C and stresses from 200 to 100 MPa applied in 20-MPa increments. For comparison,
9% Cr steel with 0.1% carbon, 0.05% nitrogen, and 0.005% boron was considered. The steels were subjected
to preliminary heat treatment including normalizing at 1050°C for 1 hour, tempering at 750-770°C for
3 hours, and cooling in air. The structures of both heat-treated steels exhibited martensite laths with bounda-
ries pinned by M,;C; carbides, and the rearrangement of dislocations was retarded by MX particles. A signi-
ficant difference between 10% Cr and 9% Cr steels was the presence of fine M,3Cq4 carbide particles characte-
rized by orientational relationships with the ferrite matrix and MX carbonitrides, whose volume fraction was
6 times lower. Short-term tensile tests at room temperature showed no differences between the steels, while
the creep rupture strength of 10% Cr steel was 13% higher than for 9% Cr steel. The creep deformation me-
chanism of the steels was also different. Structural analysis of 10% Cr steel after creep tests revealed no sub-
stantial changes in its lath structure: the lath width increased by only 58% and the dislocation density was re-
duced by a factor of 2. Comparison with 9% Cr steel showed that the good structural stability of 10% Cr steel
during creep is caused by the high coarsening resistance of second phase particles, whose coarsening rate is
1-2 orders of magnitude lower than that in 9% Cr steel.
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1. INTRODUCTION

Transition to a new generation of coal-fired power
plant units operating at ultra-supercritical steam para-
meters requires the development of new structural
materials [1]. The main task is to create new boiler
materials with desired performance under ultra-su-
percritical steam conditions. The key requirements
for modern materials for ultra-supercritical steam
boilers, steam pipelines and steam turbine blades are
a long-term strength of at least 100 MPa at a tempe-
rature of 650°C, room temperature impact strength of
at least 59 J/cm®, and room temperature yield strength
and tensile strength of not less than 500 and
700 MPa, respectively [1, 2]. High-chromium mar-
tensitic steels are promising candidates for the manu-
facture of boiler elements, steam pipelines, steam
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heaters, and steam turbine elements for power units
operating with ultra-supercritical steam. These steels
have good mechanical characteristics, a low coeffici-
ent of thermal expansion [1, 3], and relatively low
cost compared to austenitic steels and nickel alloys.
However, their creep resistance is insufficiently high
at temperatures of 650°C and above [4—6]. The creep
resistance can be enhanced by changing alloying pa-
rameters and selecting thermal or thermomechanical
treatments [1, 6]. Currently, the most significant al-
loying aspects in the development of high-chromium
martensitic steels are the following:

—balance of C, V, Nb and/or Ta and N contents to
obtain stable MX particles,

— increase in the content of Mo and W for solid
solution and dispersion strengthening due to M,;Cq
and Laves phase,



CREEP RESISTANCE AND STRUCTURE OF 10% Cr-3% Co—2% W-0.29% Cu—0.17% Re STEEL 89

— addition of Co, Cu and Mn to suppress d-ferrite,

— addition of Cu for the nucleation of Laves phase
particles on copper particles,

— alloying with B to stabilize My;Cs.

The structure of high-chromium steels is a com-
plex hierarchical system in which the original auste-
nite grains are divided into packets of blocks consist-
ing of martensite laths, with a high density of dislo-
cations within the laths [7]. The high dislocation den-
sity leads to a nonequilibrium structure and creates
large driving forces for recrystallization during heat-
ing [1, 5].

The main contribution to the stabilization of the
nonequilibrium troostite-martensite structure during
creep is made by a solid solution with elements such
as cobalt, tungsten and molybdenum, which marked-
ly reduce the diffusion rate, and particles of M,;Cg
carbides, MX carbonitrides and (Fe,(W, Mo)) Laves
phase. The decrease in the diffusion rate at high tem-
peratures inhibits the redistribution of dislocations
due to creep. This in turn causes a significant reduc-
tion in the rate of transformation of martensite lath
boundaries with a misorientation of <2°, which are
sources of long-range elastic stress fields, into sub-
grain boundaries, in which long-range stress fields
are either absent or insignificant [1, 5, 8]. In addition,
the presence of cobalt, tungsten and molybdenum in
the solid solution and especially boron along the
structural boundaries suppresses the coarsening of
M,;Cs carbides and thus also prevents subgrain struc-
ture formation [3, 8-10]. However, the W and Mo
content in the solid solution exceeds the equilibrium
value at operating temperatures of ~630—-650°C, due
to which W and Mo are segregated from the solid so-
lution to equilibrium concentrations with the forma-
tion of Fey(W,Mo) Laves phase during long-term
aging and creep [11, 12]. This enhances the disloca-
tion creep and leads to M»;C¢ carbide coarsening, due
to which the lath structure of tempered troostite
transforms into a subgrain structure [6, 8]. As a result
of this transformation, high-chromium steels lose
their unique creep resistance, and their creep rupture
strength sharply increases with the transition from
short- to long-term creep [13]. It should be noted that
the depletion of the W—Mo solid solution and the
M,;Cs carbide coarsening are interrelated. The deple-

tion of W and Mo substitutional elements in the solid
solution inevitably accelerates diffusion processes,
including particle coarsening during long-term aging
and creep. Additional alloying with boron, which re-
duces the interfacial energy of carbides, can retard
the coarsening of M,;Cs carbides [1, 14-16], but it
cannot prevent the Laves phase coarsening and dislo-
cation creep acceleration due to solid solution deple-
tion in tungsten and molybdenum. Rhenium was sup-
posed to help solve this problem by increasing the
solubility of tungsten in the solid solution at 650°C
[17, 18]. However, later studies did not confirm this
hypothesis [19]. On the other hand, it was found that
adding rhenium and increasing tungsten content to
3% ensures the coherency of particle/matrix inter-
faces and reduces the diffusion rate, preventing the
dissolution of M»;C4 carbide and Laves phase chains
along martensite lath boundaries during creep. These
chains stabilize the troostite-martensite lath structure
during creep for ~11000 h under high applied stress
[20]. This work continues a series of studies of Re-
containing 10% Cr steels, seeking to increase their
creep resistance and suppress structural degradation
during creep [6, 19-22]. Here we investigate the
structure and creep resistance of Re-containing
10% Cr steel with low nitrogen content and high bo-
ron content. The aim is to identify the specific featu-
res that provide high creep resistance compared to
9% Cr steel with 0.1% carbon, 0.05% nitrogen and
0.005% boron, without rhenium.

2. MATERIAL AND METHODS

Material for the investigation was 10% Cr steel
smelted in a vacuum induction furnace. For compari-
son, 9% Cr steel was used, whose structure and pro-
perties are described in detail in [8]. The chemical
compositions of the steels were determined using op-
tical emission spectrometry (FOUNDRY-MASTER
UVR) and gas analysis methods (METEC-300/
METEC-600) and are presented in Table 1.

Both steels were subjected to preliminary homo-
genization annealing at a temperature of 1150°C for
16 hours, followed by bidirectional forging at the
same temperature to a true strain of ~1 and cooling in
air. Then both steels were normalized at a tempera-

Table 1. Chemical composition of the studied steels (in wt %)

Fe C Cr | Co| W | Mo \% Nb Cu Re N B Ni Si Mn Al

10%Cr | bal. | 0.1 | 94| 3.1 |21 ] 06 | 0.16 | 0.05 | 0.29 | 0.17 | 0.001 | 0.015 | 0.2 | 0.1 | 0.03 | 0.04

9% Cr bal. | 0.1 [ 9.1 |30 | 1.8] 05| 023 | 0.05 - - 0.05 0.05 | 02|01 ] 02 | 0.01
PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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Fig. 1. Optical metallographic images of the macrostructure of the studied 10% Cr steel (a) and 9% Cr steel for comparison (b)

after heat treatment.

ture of 1050°C for 1 hour, cooled in air, and temper-
ed at a temperature of 750°C for 9% Cr steel and
770°C for 10% Cr steel for 3 hours with air cooling.
The higher tempering temperature of 10% Cr steel
was chosen to ensure good impact toughness.

Uniaxial tensile tests were conducted at room
temperature on 3 flat specimens with a gauge length
of 27mm and a cross section of 7x3 mm® with a
strain rate of 10° s~ using an Instron 5882 universal
testing machine in accordance with GOST 1497-84.
Hardness measurements were carried out at room
temperature on a plane-parallel sample with dimen-
sions of 10 x 15 % 15 mm with a ground working sur-
face using a Wolpert 3000BLD digital Brinell hard-
ness tester in accordance with GOST 9012-59 (ball
diameter D=5 mm, load 750 kgf). Long-term creep
rupture tests were performed on flat specimens with a
gauge length of 25mm and a cross section of 7%
3mm’ at a temperature of 650°C and nominal
stresses from 200 to 100 MPa in 20-MPa increments
to failure using an ATS 2330 lever-arm testing ma-
chine according to ASTM E139-00 standard proce-
dure.

The structure of the material was examined by op-
tical microscopy (Olympus GX70), transmission elec-
tron microscopy (JEOL-2100 with an INCA energy
dispersive X-ray spectrometer), and scanning elec-
tron microscopy (Quanta 600 with an EBSD detec-
tor). Optical metallography was performed on sam-
ples etched in an aqueous solution of 2% nitric acid
and 1% hydrofluoric acid for 30s. TEM and SEM
studies were performed on thin foils electrolytically
thinned in a solution of 10% perchloric acid in acetic
acid at a voltage of 23 V using a TenuPol-5 device.
The size of the original austenite grains, the width of
martensite laths, and the distance between high-angle
boundaries were determined by the random secant

method. The dislocation density was measured as the
number of emergence points on the upper and lower
surfaces of the foil. Particle type was determined by a
combination of methods for measuring selected area
electron diffraction patterns and by TEM analysis of
the local chemical composition of particles. The vo-
lume fractions of equilibrium phases were calculated
by mathematical modeling with Thermo-Calc soft-
ware (Version 5.0.4 75) using TCFE7 thermodyna-
mic database for steels. More information about the
methods used can be found elsewhere [6, 8, 13, 19—
22].

Table 2. Structural parameters of 10% Cr and 9% Cr steels
after heat treatment

Structural parameters 10% Cr steel | 9% Cr steel
Original austenite grain size, pm 65+5 10+5
Fraction of é-ferrite, % 0 0
Lath size, nm 380+30 380+30
Dislocation density, 10" m™ 1.44+0.1 2.0+0.1
HAB spacing, pm 2.60 1.76
Fraction of HAB, % 52 63
Fraction of LAB, % 48 37
Average size of M»;C4, nm 70+7 90+7
Volume fraction* of M;Cg, % 2.35 2.27
S el Ve et |
Average size of M(C, N), nm 30+3 40+3
Volume fraction* of M(C, N), % 0.054 0.34
Particle density at HAB, pm™' 5.69 1.41
Particle density at LAB, pm™' 2.01 0.94

* Calculated using Thermo-Calc software. HAB—high-angle
boundaries, LAB—low-angle boundaries.

PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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(a)

F 1

Fig. 2. Micrographs of heat-treated 10% Cr steel, TEM (a), SEM (b), EBSD (c) on thin foils (color online).

3. RESULTS AND DISCUSSION
3.1. Initial State after Heat treatment

Optical metallographic macrostructures of the
studied 10% Cr steel and 9% Cr steel for comparison
after heat treatment are presented in Fig.1. The
original austenite grain size in 10% Cr steel was
about 60 um, which is much larger than in 9% Cr
steel with a standard content of carbon, nitrogen and
boron (Table 1). o-ferrite was not detected in both
steels (Fig. 1, Table 1).

It is known that the original austenite grain size is
determined by the content of MX carbonitrides,
which remain undissolved during high-temperature
austenitization of steel and produce retarding forces
of recrystallization [23]. A significant decrease in the
nitrogen content in 10% Cr steel reduces the propor-
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tion of MX carbonitrides (Table 2), and as a result
the original austenite grain size increases.

TEM, SEM and EBSD microstructures of heat-
treated 10% Cr steel are shown in Fig. 2. The size and
misorientation distributions of subgrains/grains are
given in Fig. 3. It can be seen that heat treatment of
10% Cr steel causes the formation of a uniform tem-
pered troostite structure (Fig. 2¢). The average trans-
verse size of martensite laths is 380430 nm in both
steels (Table 2). The dislocation density within the
laths is high in both steels (Table 2). SEM micro-
structural analysis of 10% Cr steel foils (Fig. 2b) re-
vealed a small amount of large tungsten-rich parti-
cles, presumably W,B [24], which remained undis-
solved during normalization. EBSD analysis showed
(Fig. 2c) that the fraction of high- and low-angle

(b
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Fig. 3. Size distribution of grains with high-angle grain boundaries (a) and misorientation distribution of subgrains/grains (b) ob-

tained from EBSD measurements on 10% Cr steel foil.

PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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Fig. 4. Image showing second phase particles in 10% Cr steel (a) with selected area electron diffraction patterns for M,;Cg carbi-
des (b), NbX carbonitrides (c) and M4C carbides (d) after heat treatment. TEM micrographs of carbon replicas.

boundaries in 10% Cr steel was 52 and 4%, respecti-
vely, and the average distance between high-angle
boundaries was 2.6 um (Fig. 3a, Table 2). In contrast,
9% Cr showed a 21% higher fraction of high-angle
boundaries and a 23% lower fraction of low-angle
boundaries, due to which the high-angle boundary
spacing was 32% smaller (Table 2). The subgrain/
grain misorientation distribution in 10% Cr steel
(Fig.3b) was binary with peaks at 2°-5° and 55°-
60°, corresponding to martensite lath boundaries and
original austenite grain boundaries, respectively.
Note that many dislocation boundaries of martensite
laths are misoriented by less than 2°, which is not
taken into account in EBSD measurements. A small
peak was also observed in 10% Cr steel at a misori-
entation of about 30° (Fig. 3b), which corresponds to
the packet boundaries.

The chemical composition of the matrix in 10% Cr
steel was determined by averaging ten data sets col-
lected for the ferrite solid solution at different points
of the foil away from particles using an INCA energy
dispersive X-ray spectrometer attached to the JEOL-
2100 transmission electron microscope. The deter-
mined chemical composition corresponds (in wt %)
to 84% Fe—9% Cr—3.6% Co—2.45% W—-0.57% Mo—0.2%
Re—0.2% V. Thus it is clear that the content of substi-
tutional elements such as cobalt, tungsten, molybde-
num and rhenium, as well as vanadium as the car-
bide-forming element, practically does not change
taking into account the measurement error, which in-
dicates that these elements are retained in the ferrite
solid solution. However, the chromium content de-

creases from 9.4 to 9.0% due to the precipitation of
chromium-containing phases/phase, and niobium is
completely removed from the solid solution due to
the precipitation of niobium-containing phases/phase.

Analysis of replicas (Fig.4) showed that heat
treatment promotes the precipitation of chromium-
rich M,3C¢ carbides (Fig. 4b), niobium-rich MX car-
bonitrides (Fig. 4c), and a very small amount of tung-
sten-rich M4C carbides (Fig. 4d). M»;C¢ carbides and
MX carbonitrides were also found in 9% Cr steel [6,
8], but the size of M,3Cqs particles was much larger
and their number density at both high- and low-angle
lath boundaries was much lower, while the volume
density of MX carbonitrides was 6 times higher (Ta-
ble 2).

TEM structural studies of foils and carbon repli-
cas showed that M»;Cs carbides are the dominant
phase in both 9% and 10% Cr steels, where they are
mainly located along the boundaries of the original
austenite grains, packets, blocks and martensite laths
(Figs. 2a and 4a). These particles are enriched in Cr,
Fe and W in both steels, and their average chemical
composition corresponds (in wt %) to 43% Cr—17%
Fe—0.5% Mo0o—40% W in 10% Cr steel.

Figure 5 shows size distribution histograms of
M,;C;s particles in the structure of tempered troostite
in 10% Cr and 9% Cr steels after heat treatment.

As seen from Fig. 5, 10% Cr steel is characterized
by the small size of M»;Cs carbides, which is due to
the partial replacement of carbon atoms with boron
atoms and the formation of My;(C, B)s particles du-
ring tempering [6, 14, 16]. Thus, the main peak of the

PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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Fig. 5. Distribution of M»;Cq carbide particles in the structure of tempered troostite in 10% Cr (a) and 9% Cr steels (b) after heat

treatment.

My;Cs particle size distribution in 10% Cr steel corre-
sponds to particle sizes from 50 to 75 nm, with more
than 80% of particles belonging to the size range up
to 100 nm (Fig. 5a). The fraction of very large partic-
les with sizes greater than 200 nm does not exceed
1% (Fig.5a). On the contrary, for 9% Cr steel the
main peak of the M;Cq particle size distribution is
shifted towards larger sizes compared to 10% Cr steel
and lies in the range from 75 to 100 nm (Fig. 5b). The
fraction of particles with sizes up to 100 nm is 60%.
Moreover, the fraction of particles with sizes from
100 to 200 nm is 2.3 times greater than in 10% Cr
steel (Fig.5b). The fraction of very large particles
with sizes greater than 200 nm is 3% (Fig. 5b). The
refinement of M»;Cq carbides in 10% Cr steel results
in their higher number density at high- and low-angle

200 nim
—_—

grain boundaries with the same volume fraction of
these particles in 9% Cr and 10% Cr steels (Table 2).

Analysis of heat-treated 10% Cr steel revealed
orientation relationships between M;C¢ carbides and
the ferrite matrix at low-angle lath boundaries (Fig. 6),
corresponding to the well-known Pitsch and Kurdyu-
mov—Sachs relationships [25].

The obtained orientation relationships between
M,3Cs and the ferrite matrix of heat-treated 10% Cr
steel indicate that these particles are strongly associ-
ated with the ferrite matrix. M,;Cy carbides can ef-
fectively inhibit the migration of low-angle lath bo-
undaries. Our previous study of rhenium-containing
10% Cr steel showed that M»;Cg particles at marten-
site lath boundaries retain their orientation relation-
ships for at least 10000 hours of creep and are the

Fig. 6. Image showing M,;C; carbides at low-angle martensite lath boundaries (numbers indicate boundary misorientations) with
corresponding selected area electron diffraction patterns from the matrix (a-Fe in the [111] zone axis) and My;C¢ carbide in

10% Cr steel.

PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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main reason (together with the Laves phase) for high
creep resistance in short-term tests [20].

In addition to M;Cs carbides, two other types of
second phase particles were found in the structure of
heat-treated 10% Cr steel. These are, first, round-
shaped NbX carbonitride particles with an average
size of 30nm (Figs.4a and 4c). The average che-
mical composition of such particles (in wt%) is
41% Nb—46% Cr—12% Fe—1% V. Their high chromi-
um content is due to the close proximity of NbX car-
bonitrides to M,;Cg carbides. The volume fraction of
NbX carbonitrides was 0.054% according to Ther-
mo-Calc calculations (Table 1). Particles of the se-
cond type are rounded M4C carbides precipitated on
My;Cs carbides, as previously discussed in [22], with
an average size of 40 nm (Figs. 4a and 4d). The aver-
age chemical composition of these particles (in wt %)
is 72% W-22% Cr—6% Fe. Their number was negli-
gible. As shown earlier [22], M¢C particles are main-
ly released during creep or annealing at 650°C and
serve as an intermediate phase for the formation of
(Fe,(W, Mo)) Laves phase.

3.2. Tensile Properties and Hardness. Analysis
of Contributions from Various Strengthening
Mechanisms

Figure 7 illustrates the room-temperature tensile
behavior of 10% Cr steel versus 9% Cr steel along
with the contributions of various strengthening me-
chanisms to the yield strength. The contributions of
strengthening mechanisms were calculated as in the

previous studies [26, 27] by linear addition of the fol-
lowing components:

— strengthening due to lattice friction forces (Pei-
erls forces) (Gpar),

— dislocation strengthening (c4s),

— dispersion strengthening from My;C¢ carbides
and MX carbonitrides (Gpar),

— solid solution strengthening due to substitutional
elements (Gso1),

— substructural strengthening from subgrains with
low-angle boundaries (Ga)-

The strength characteristics of 10% Cr and 9% Cr
steels under uniaxial tension at room temperature and
at a temperature of 650°C are close. The yield
strength at 20°C is respectively 560 and 520 MPa for
9% Cr and 10% Cr steel, while the tensile strength at
20°C is 20 MPa higher for 10% Cr steel (Fig. 7a). At
650°C, the yield strength of 9% Cr steel is 1.5 times
higher, and the tensile strength has the same values
of 315 MPa for both steels. The relative elongation
values are also close for both steels at both test tem-
peratures.

The estimated strengthening contributions are in
good agreement with the experimental yield strength.
The deviation of the theoretically calculated strength
value from the experimental one is less than 10% for
both steels, which is comparable to the measurement
error of structural parameters and yield strength.
Since structural parameters such as the martensite
lath width, dislocation density, and the content of Cr,
W, Mo and Co in the matrix are almost the same for
both steels, and rhenium in 10% Cr steels does not

PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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Fig. 8. Curves of creep rate versus time (a) and creep rate versus strain (b) for completed creep rupture tests at applied stresses of

200, 180, 160, 140 and 120 MPa for 10% Cr steel (color online).

contribute to solid solution strengthening, as was
found earlier in [19], then the contributions of
strengthening from these structural elements turn out
to be comparable for 9% Cr and 10% Cr steels. The
largest contribution to the yield strength comes from
dispersion strengthening from second phase particles
for both steels, the value of which is 180 MPa for
9% Cr steel and 200 MPa for 10% Cr steel, despite
significant differences in second phase dispersions
between 9% Cr and 10% Cr steels. These differences
include:

—reduction in the average size of M;C¢ carbides
by 23% in 10% Cr steel at the same volume fraction
of these particles in 9% Cr and 10% Cr steels,

—a 6-fold decrease in the volume fraction of MX
carbonitrides in 10% Cr steel compared to 9% Cr steel
as a result of nitrogen content reduction to 0.001%.
The large contribution to dispersion strengthening
due to the reduced size of M,;Cy carbides in 10% Cr
steel is compensated by the large volume fraction of
MX carbonitrides in 9% Cr steel.

The hardness of 10% Cr and 9% Cr steels is equal
to 225+5HB. These hardness values indicate that
the steel has good weldability and that preheating be-
fore welding and subsequent tempering are not re-
quired [1].

3.3. Creep Resistance

Figure 8 shows plots of creep rate versus time and
creep rate versus strain after creep rupture tests at ap-
plied stresses of 200, 180, 160, 140 and 120 MPa for
10% Cr steel.

The creep behavior of the studied 10% Cr steel is
typical for heat-resistant martensitic steels containing
dispersed second phase particles. Re-containing

PHYSICAL MESOMECHANICS Vol.27 No.1 2024

10% Cr steel exhibits 3 stages of creep: primary,
steady-state, and accelerated (tertiary), with the stea-
dy-state creep stage corresponding to the point of mi-
nimum creep rate. The creep rate decreases to a mini-
mum value at low strains and then gradually increa-
ses with increasing strain. It should be noted that at
lower applied nominal stresses more time is required
to reach the minimum creep rate. The minimum
creep rate increases from 10" to 10°s™" while the
applied stress increases from 120 to 200 MPa for
both steels.

A comparison of the creep curves for 10% Cr and
9% Cr steels at a temperature of 650°C and applied
stresses of 160, 140 and 120 MPa is presented in
Fig.9.

At an applied stress of 160 MPa, the time to rup-
ture of 9% Cr steel increases by a factor of 6 due to a
longer primary creep stage and more than an order of
magnitude lower minimum creep rate compared to
10% Cr steel (Fig. 9a). At the same time, the rupture
elongation of 9% Cr steel is 2 times lower than for
10% Cr steel, and the slopes of the primary and terti-
ary creep stages are steeper, which is indicative of
active hardening at the primary stage and softening at
the tertiary stage in 9% Cr steel (Fig. 9d). When re-
ducing the applied stress to 140 MPa, the rupture
time difference between the steels decreases by a fac-
tor of up to 2, which is also associated with a longer
primary creep stage; the minimum creep rate of
9% Cr steel is only 2 times lower than that of 10% Cr
(Fig. 9b). The rupture elongation of 9% Cr steel is
also 2 times lower than for 10% Cr steel. The slopes
of the tertiary stages are the same for both steels
(Fig. 9e). At an applied stress of 120 MPa, the creep
behavior of both steels becomes the same: the time to
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rupture, the minimum creep rate, and the curve
slopes at the primary and tertiary creep stages are the
same (Figs.9c and 9f). The differences include
2 times lower rupture elongation and minimum creep
rate of 9% Cr steel, as was observed at higher applied
stresses (Fig. 91).

Figure 10 shows the dependence of applied
stresses on time to rupture in creep rupture tests for
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the studied 10% Cr steel in comparison with 9% Cr
steel.

As seen from Fig. 10, the rupture time of 9% Cr
steel increases significantly at high applied stresses.
At stresses from 200 to 160 MPa, there is a 6-fold
difference in rupture time in favor of 9% Cr steel.
However, the slopes of the creep rupture curves of
9% Cr and 10% Cr steels in the region of high ap-
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Fig. 10. Dependence of applied stress on time to rupture (a) and minimum creep rate on applied stress (b) for 10% Cr and 9% Cr
steels at a test temperature of 650°C. The arrow indicates the uncompleted creep rupture test at 100 MPa, which is still ongoing at

the time of writing (color online).
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plied stresses are close (Fig.10a). At an applied
stress of 140 MPa, the creep rupture curve of 9% Cr
steel kinks, resulting in a 2.1-times steeper slope of
the curve and lower creep resistance. The curve of
10% Cr steel has no kink; all points for completed
tests lie on the same straight line with a correlation
coefficient of 99% (Fig. 10a). Although the studied
10% Cr steel shows low short-term creep resistance,
its long-term creep resistance may not necessarily be
low. The uncompleted test at 100 MPa is critical to
understanding the cause of the kink in the creep rup-
ture curve of 10% Cr steel.

The curves in Figs. 8 and 9 can be used to deter-
mine the minimum creep rate for tests conducted at a
temperature of 650°C and applied stresses of 200,
180, 160, 140 and 120 MPa for the studied Re-con-
taining 10% Cr steel in comparison with 9% Cr steel.
The stress dependence of the minimum creep rate is
presented in Fig. 10b, showing a linear relationship
between the minimum creep rate and the applied
stress. Experimental data obey the creep power law
over the entire range of applied stresses in the form

[1, 28]:

- " Y

€nin = 4O exp(—ﬁ , (D
where &, is the minimum creep rate, ¢ is the ap-

plied stress, Q is the activation energy for plastic de-
formation, R is the gas constant, T is the temperature,
A is a constant, and n” is the “apparent” exponent.
The curve of 10% Cr steel in Fig. 10b shows the
best linear fit for the “apparent” exponent in the plas-
tic deformation equation n =21 with a correlation
coefficient of 0.98 at all applied stresses in the range
of 200—120 MPa without kinks. Calculation of thre-
shold stresses by a simple extrapolation of the curve
to the X axis, corresponding to the minimum creep
rate of 10''s™ along the ordinate, shows that
98 MPa corresponds to the threshold stress value in
10% Cr steel. For comparison, the “apparent” expo-
nent in the plastic deformation equation for 9% Cr
steel is 7" =12, and the threshold stress value is equal
to 85 MPa (Fig. 10b). The creep deformation mecha-
nism can be established from Fig.10b that also
shows the dependence of the minimum creep rate on
the effective stress, defined as the difference between
the applied stress and the threshold stress (Gappi — Giim)-
There are four well-known cases regarding the creep
behavior of materials: n=3 for creep controlled by
viscous glide, n=>5 for creep controlled by high-tem-
perature dislocation climb (bulk diffusion), n="7 for
creep controlled by low-temperature dislocation
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climb (pipe diffusion), and n=8 for creep controlled
by lattice diffusion with a constant structure [28].
The true stress exponent n for 10% Cr steel was 6.3
for the entire range of applied stresses, which is close
to n="7 and indicates creep controlled by low-tempe-
rature dislocation climb due to pipe diffusion without
any change in the long-term creep deformation
mechanism, while for 9% Cr steel the true stress ex-
ponent n=4.1 indicates that creep in this steel is con-
trolled by high-temperature dislocation climb due to
bulk diffusion.

The creep rupture strength of 10% Cr steel in
comparison with 9% Cr steel was estimated using an
empirical relationship between stress and time to rup-
ture (Larson—Miller equation):

P=T(Igt+36)x107, ()
where T is the test temperature in K, and 7 is the time
to rupture. Figure 11 plots the relationship between
the applied stress and the Larson—Miller parameter.

The estimated 100000 h creep rupture strength
650
105 >

long-term high temperature and stress conditions, for
Re-containing 10% Cr steel was 96 MPa, which is
13% higher than for 9% Cr steel. Note that the creep
rupture strength of commercial P92 steel is 72 MPa
[29], which is almost 25% less than that of the studi-
ed Re-containing 10% Cr steel.

G5, which characterizes the creep resistance under

3.4. Microstructure after Creep

Figure 12 shows TEM and SEM micrographs of
10% Cr steel after creep rupture tests in the uniform
elongation region. The structural parameters of
10% Cr steel in comparison with 9% Cr steel in the
uniform deformation region (gauge part) are summa-
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Fig. 12. Structural evolution of 10% Cr steel after creep rupture test in the uniform elongation region. TEM (a—c) and SEM (d—f).

rized in Table 3. In both steels, (Fe,(W,Mo)) Laves
phase particles precipitate at the high-angle bounda-
ries of the original austenite grains, blocks and pack-
ets, as well as at the low-angle boundaries of marten-
site laths, which are clearly visible in the SEM Z-
contrast images as white particles on gray backgro-
und of the matrix (Figs. 12d—12f).

Previous studies [6, 8] showed that a large in-
crease in lath sizes, the formation of large subgrains,
a decrease in dislocation density, and a pronounced
coarsening of grain boundary M,;C¢ carbides and
(Fe2(W, Mo)) Laves phase particles for 9% Cr steel
within the uniform deformation region are observed
at applied stresses below 140 MPa, which correlates
with the kink in the creep rupture curve (Fig. 10a).
The martensite lath width increases from 400 nm af-

ter tempering to about 1 um in the region of low ap-
plied stresses, together with a twofold increase in the
average size of second phase particles (Table 3). The
dislocation density decreases by an order of magni-
tude compared to the initial state (Tables 2 and 3).
On the contrary, for 10% Cr steel the structure rema-
ins almost unchanged at all applied stresses: the mar-
tensite lath width doubles to 600 nm, and the disloca-
tion density decreases by a factor of 2 to 1.1 x 10" m™
(Figs. 12a—12c, Table 3). Moreover, the size of Laves
phase particles and M,;C¢ carbides in 10% Cr steel
remains quite small even after a creep test at
120 MPa (Fig. 12, Table 3). The smaller size of
M,;C; carbides after testing at 160 MPa is due to the
additional precipitation of particles during creep,
which reduces the average size of this phase. Thus,

Table 3. Structural parameters of 10% Cr steel in comparison with 9% Cr steel after creep rupture tests in the uniform

elongation region

Applied stress, MPa 160 140 120

Steel 10% Cr 9% Cr 10% Cr 9% Cr 10% Cr 9% Cr

Time to rupture, h 80 487 934 1828 4306 4869

Lath size, nm 657 720 600 930 539 -

Subgrain size, nm - 610 631 1450 500 1500

Dislocation density, 10'* m™ 1.7 0.4 1.13 0.2 1.1 0.1

Size of Mp;Cq, nm 53 120 79 150 87 200

Size of Laves phase, nm 70 170 78 245 163 280

Size of Nb(C, N), nm 37 70 40 70 40 70
PHYSICAL MESOMECHANICS Vol.27 No.1 2024
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Fig. 13. Size variation of martensite laths (a) and second phase particles: M»;Cg (b), Laves phase (¢) and NbX carbon nitrides (d)
in the uniform elongation region. K is the coarsening rate constant (color online).

the lath structure of 10% Cr steel exhibits high creep
resistance over a wide range of applied stresses,
which is caused by high threshold stresses (Fig. 10b).

The data obtained (Fig. 12, Table 3) indicate that
the coarsening of second phase particles in the uni-
form elongation region occurs according to the Ost-
wald mechanism, described by the Lifshitz—Slyozov—
Wagner equation [30, 31]:

d" —dl =k(t—t,), 3)

where dy and d are respectively the average particle
diameters for time ¢, and ¢, K is the coarsening rate
constant, and the exponent # depends on the coarsen-
ing mechanism.

Coarsening of martensite laths and various second
phase particles (M,;Ce carbides, Laves phase, NbX
carbonitrides) was analyzed in both steels. Figure 13

PHYSICAL MESOMECHANICS Vol.27 No.1 2024

illustrates the size variation of martensite laths and
second phase particles in the uniform elongation re-
gion. Coarsening rate constants of second phase par-
ticles were calculated assuming that the coarsening
of martensite laths is controlled by bulk diffusion
m=3, the coarsening of grain boundary My;Cs car-
bides and Laves phase particles is controlled by grain
boundary diffusion m =4, and that of NbX carbonitri-
des is controlled by pipe diffusion m=5.

As seen from Fig. 13, the coarsening rate of all
structural elements in 10% Cr steel is much lower
than in 9% Cr steel. Thus, the coarsening rate of mar-
tensite laths is 5.7 times lower in 10% Cr steel, which
is accompanied by a decrease in the coarsening rate
of M»;C¢ carbides by two orders of magnitude and
Laves phase particles and NbX carbonitrides by an
order of magnitude. Despite the same level of short-
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term strength properties and the advantages of 9% Cr
steel at high applied stresses, the creep resistance of
high-chromium steels is determined by the magni-
tude of the internal threshold stress [13, 28, 32].
Threshold stresses in low-nitrogen steels are caused
by coherent particles of M,;Cs carbides along the
low-angle lath boundaries, which prevent their mi-
gration during creep [13]. Thus, the higher creep rup-
ture strength of 10% Cr steel is determined by the
stability of the lath structure; the migration of lath
martensite boundaries is effectively hindered by
M,;Cs carbides, whose average size remains less than
100 nm even after long-term creep tests.

4. CONCLUSIONS

A comparative analysis was performed to evaluate
the mechanical properties and structure of low-nitro-
gen high-boron 10% Cr steel additionally alloyed
with cobalt, tungsten, molybdenum and rhenium and
9% Cr steel with 0.1% carbon, 0.05% nitrogen and
0.005% boron. It was found that the long-term struc-
tural stability of martensite laths with low-angle bo-
undaries, pinned by small M»;C4 carbides that have
orientational relationships with the matrix, becomes
the key to high creep resistance under high tempera-
ture and stress conditions. The contribution of preci-
pitation strengthening to the yield strength of 10% Cr
steel is dominant among the strengthening mecha-
nisms. The reduced contribution from MX carboni-
trides is compensated by smaller M,;C¢ carbides,
which play a decisive role in the structural stability
of laths during creep. The 100000h creep rupture
strength of 10% Cr steel at 650°C is equal to 96 MPa,
which is 13% higher than for 9% Cr steel. In this
case, the creep of 10% Cr steel is controlled by low-
temperature dislocation climb due to pipe diffusion.
The combination of short-term tensile properties and
creep resistance of 10% Cr steel meets the require-
ments for unit components of thermal power plants.
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