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Abstract: High-chromium martensitic steels are a promising material for the production of elements of boilers and
steam pipelines, as well as blades and rotors of steam turbines for new coal-burning thermal generating units. The use of
such materials will give an opportunity for the transition to ultra-supercritical steam parameters (temperature of 600—
620 °C and pressure of 25-30 MPa), which will allow increasing the efficiency of generating units to 45 %. Modifications
of the chemical composition of high-chromium steels have led to significant improvements of high-temperature properties
such as 100,000 h creep strength and 1 % creep limit, while resistance to softening due to low-cycle fatigue remains under-
studied in this field. This work covers the study of low-cycle fatigue at room temperature with different amplitudes of de-
formation of martensitic high-chromium 10%Cr—3%Co-2%W-0.5%Mo0-0.2%Cu—0.2%Re—0.003%N-0.01%B steel.
The steel was pre-subjected to normalizing at 1050 °C followed by tempering at 770 °C. After heat treatment, the steel
structure was a tempered martensitic lath structure stabilised by the particles of secondary phases of M,;C¢ carbides,
Nb.X carbonitrides, and M¢C carbides. The average width of martensite laths was 380 nm, and the dislocation density was
1.4x10" m %, At low-cycle fatigue, with an increase in the strain amplitude from 0.2 to 1 %, the number of cycles before
failure significantly decreases, and the value of plastic deformation in the middle of the number of loading cycles signifi-
cantly increases. Maximum softening (18 %) is observed at a strain amplitude of 1 % in the middle of the number of load-
ing cycles. In general, the steel structure after low-cycle fatigue tests does not undergo significant changes: the width of
the laths increases by 18 % at a strain amplitude of more than 0.3 %, while the dislocation density remains at a rather high

level (about 10" m %) at all strain amplitudes.
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INTRODUCTION

9—12 % Cr steels are considered as promising materials for
the production of elements of new thermal generating units,
operating at super-supercritical steam parameters (temperature
of 600620 °C, pressure of 25-30 MPa) [1]. The transition to
new super-supercritical steam parameters will increase
the efficiency of thermal generating units to 45 % [2; 3].

The structure of 9-12 % Cr steels is a tempered lath
troostite, the boundaries of which are fixed by particles of
M,;C¢ carbides (where M is Cr, Fe, and Mo), and the high
density of dislocations inside the martensitic laths is held by
fine MX carbonitrides (where M is V and/or Nb, X is
C and/or N) [4; 5]. It has been found that adding a small
amount of boron to chromium-molybdenum and chromium-
tungsten steels can significantly increase creep resistance
[6; 7]. Segregation of boron at the boundaries of the prior

austenite grains (PAG) strengthens and prevents local sof-
tening of these boundaries under creep conditions [6; 7].
Moreover, adding boron reduces the rate of coarsening of
M,;C¢ carbides precipitated at the boundaries of martensite
laths, blocks, packets, and PAG [8]. On the other hand, in
steels with a high nitrogen content, boron tends to form
large particles of boron nitride BN, which act as sources of
cracks and discontinuities during creep [1].

Along with the BN formation in steels with a high nitro-
gen content, small metastable particles of MX carbonitrides
are transformed into large particles of the thermodynamically
stable Z-phase (Cr(V,Nb)N) during creep, which negatively
affects the properties [9]. Reducing the nitrogen content to
very small values (less than 0.003 wt. %) solves two prob-
lems at once: 1) prevention of the formation of large BN
and Z-phase particles, and 2) the possibility of increasing
the boron content to 0.01 wt. %. In this case, a significant
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increase in original austenite grains up to 50—60 pm occurs
[10]. The addition of cobalt, tungsten, molybdenum, and
rhenium to steel slows down diffusion-controlled processes
during creep, such as the Laves phase formation, particle
coarsening and lath coarsening, which also has a positive
effect on creep resistance [11; 12]. This approach to alloy-
ing can make it possible to increase the long-term creep
strength from 72 (for P92 steel [13]) to 100 MPa [14].

Good creep resistance is demonstrated by the new
promising 10 % Cr martensitic steel, which was chosen to
be studied in this work. Thus, the long-term strength limit
of the steel under study was 93 MPa at 650 °C on a basis of
100,000 h; moreover, there is no discontinuity in the long-
term strength curve [12]. However, during operation of
steam turbine blades, low-cycle fatigue cracks can form [1].

Currently, there are quite a lot of works covering
the study of low-cycle fatigue of high-chromium steels [15—
17]. High-chromium steels typically exhibit three distinct
stages during low-cycle fatigue tests: a rapid softening
stage, a stable stage, and a stage of final failure due to
the initiation and propagation of cracks [15; 18-20].
In [15], it was found that when increasing test temperature,
the proportion of plastic deformation increases, especially
at large strain amplitudes. The structure of the material with
increasing temperature of low-cycle fatigue test also under-
goes significant changes, such as the formation of subgrains
and the evolution of the dislocation structure — from cellular
at room temperature to wall-like at elevated temperatures
[19]. An increase in test temperature causes an increase
in the distance between martensitic laths [16]. When tested
for low-cycle fatigue at room temperature, fatigue softening
depends on the size of the laths and is associated with dy-
namic recrystallisation [20].

Since the steel under study is supposed to be used as
a material for the production of steam turbine blades, a de-
tailed study of the creep characteristics is not enough. Low-
cycle fatigue behaviour should be included in the study.
The results concerning the behaviour of 10%Cr—3%Co—
2W-0.5M0-0.2Cu—0.2Re—0.003N-0.01B steel when tested
for low-cycle fatigue will be useful for determining permis-
sible cyclic loads, during operation of parts of thermal
power plants made from the steels under study.

The purpose of this work is to identify the influence
of the strain amplitude magnitude during low-cycle fa-
tigue on the structural changes of 10 % Cr martensitic
steel at room temperature.

METHODS

Table 1 presents the chemical composition of the new
10 % Cr martensitic steel. The steel was cast at the LLC
SMSM plant, Moscow, in a vacuum induction furnace.

After peeling, the ingots were homogenised at a tempera-
ture of 1150 °C for 16 h, followed by forging at the same
temperature into blanks in the form of square bars with
a square side of 50 mm, followed by cooling in air. Heat
treatment of steel included normalizing at a temperature of
1050 °C for 1 h, cooling in air, followed by tempering at
a temperature of 770 °C for 3 h, cooling in air.

Low-cycle fatigue tests were carried out on cylindri-
cal samples in accordance with GOST 25.502-79, with
a working part diameter of 5 mm and a reduced gauge
length of up to 18 mm. The decrease in the gauge length
of the sample is caused by the tendency of martensitic
steel samples to longitudinal bending during compres-
sion at high strain amplitudes. Tension-compression tests
were carried out with an asymmetry coefficient (R) of —1
at room temperature, with strain amplitudes of 0.2, 0.3,
0.6, and 1 % and a frequency of 0.5 Hz using an Instron
8801 testing machine (Great Britain). One sample was
used for each amplitude. The study of the microstructure
in the initial state, and after low-cycle fatigue tests was
carried out on a JEM JEOL-2100 transmission electron
microscope (Japan), equipped with an energy-dispersive
spectrometer, at an accelerating voltage of 200 kV.
The foils for microstructure studies were cut from
the area closest to the fracture zone. The density of free
dislocations inside the laths was determined from
the number of dislocation exit points on the foil surface.
The size of martensite laths was determined by the ran-
dom secant method in six randomly selected areas of
the structure. The equilibrium volume fraction of se-
condary phase particles was determined using Thermo-
Calc software (TCFE7 database) (Sweden).

RESULTS

Structure after heat treatment

As a result of heat treatment, a rather homogeneous
tempered martensitic lath structure is formed in 10 % Cr
steel (Fig. 1 a). The average transverse size of martensite
laths was (380+30) nm. Inside the laths, both free disloca-
tions (Fig. 1 ¢) and networks of dislocations (Fig. 1 b) are
observed. The dislocation density inside the laths is quite
high and amounts to (1.4£0.5)x10'*m™. Analysis of
the replicas (Fig. 1 d) showed that during the heat treat-
ment, particles of MyCy carbides enriched in chromium,
particles of MX carbonitrides enriched in niobium, and
a very small amount of particles of MC carbides enriched
in tungsten are released. M»;Cy carbides are the dominant
phase and precipitate along the boundaries of original aus-
tenite grains, packets, blocks and martensite laths. Their
average size is (70£5) nm, volume fraction — 2.35 %.

Table 1. Chemical composition of 10%Cr—3%Co—2W—-0.5Mo—0.2Cu—0.2Re—0.003N-0.01B steel, wt. %
Taonuya 1. Xumuuecxuii cocmas cmanu 10%Cr—3%Co—2W-0,5Mo—0,2Cu—0,2Re—0,003N-0,01B, sec. %

Fe C Cr

Nb Re B N

Base 0.13 9.4 3.1 2.1 0.6

0.29 0.16 0.05 0.17 0.015 0.002
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NbX carbonitrides with an average size of 30 nm are
uniformly distributed throughout the material volume
(Fig. 1 d). M¢C carbides with an average size of 40 nm
were found along the boundaries of martensite laths
(Fig. 1 d). The volume fractions of the last two phases are
insignificant and do not exceed 0.1 %.

Properties
temperature

during low-cycle fatigue at room

Fig. 2 presents the results of low-cycle fatigue tests at
room temperature. At a minimum strain amplitude of
0.2 %, the number of cycles before failure was 213,822
(Fig. 2 a). For the steel under study, as the strain amplitude
increases, the number of cycles before failure decreases
significantly. Thus, even a slight increase in the strain am-
plitude from 0.2 to 0.3 % reduces the number of cycles by
1 order of magnitude (Fig.2a). A further increase in
the strain amplitude from 0.3 to 0.6 % reduces the number
of cycles by another 8 times (Fig. 2 a). At the largest strain
amplitude of 1 %, the number of cycles before failure de-
creased to 488 cycles (Fig. 2 a).

When comparing the number of cycles before failure
during low-cycle fatigue of the steel under study to other 9—
10 % Cr steels [21-23] at strain amplitudes of 0.3 and
0.6 %, it was found that at a strain amplitude of 0.3 %,
the steel under study demonstrates 14,411 cycles to failure
(Fig. 2 b). This correlates well with the values of cycles
before failure for other steels [21-23]. On the other hand, at
a strain amplitude of 0.6 %, the steel under study shows
1,815 cycles before failure, which exceeds the number of
cycles before failure for the steels presented in [21-23]
more than 2 times.

The hysteresis loops during low-cycle fatigue tests
have an asymmetry, and with increasing strain ampli-
tude, the hysteresis loop asymmetry increases. At
a strain amplitude of 0.2 %, fatigue failure occurs mainly
during elastic deformation, which, combined with
the number of cycles before failure exceeding 200,000,
allows classifying this test as a high-cycle fatigue test
(Fig. 3). The stress amplitude in this case is 396.3 MPa.
With an increase in the strain amplitude from 0.2 to 1 %,
the contribution of the strain plastic component increas-
es, and destruction occurs in the elastoplastic area
(Table 2). With an increase in the strain amplitude from
0.2 to 1%, the increase in the stress amplitude was
30 %, while the amplitude of the strain plastic compo-
nent increased by 95 times.

During low-cycle fatigue tests at room temperature, cy-
clic hardening of the steel under study occurs, which is ex-
pressed in an increase in the stress amplitude with an in-
crease in the number of cycles in relation to the first cycle
stress (Fig. 4 a). This is typical for all strain amplitudes. For
example, at a strain amplitude of 0.2 %, the steel under
study was hardened up to the 60" cycle, and the same level
of stress amplitude was maintained until failure. At a strain
amplitude of 1 %, the steel strengthened up to 6 cycles,
after which a decrease in the stress amplitude was observed
relative to the first cycle (Fig. 4 a). A decrease in the stress
amplitude relative to the first cycle stress indicates material
softening. On the other hand, such a decrease in stress am-
plitude relative to the first cycle stress may be caused by

a decrease in force due to necking (reduction in cross-
sectional area).

One can see that at a strain amplitude of 0.2 %, the de-
gree of softening is negative, which indicates that up to
50 % of the total number of cycles before failure, the stress
amplitude is higher than the first cycle stress amplitude
(Fig. 4 b). However, even with a slight increase in the strain
amplitude to 0.3 %, the value of the material stress ampli-
tude becomes lower than the first cycle stress by already
5% of the total number of cycles before failure. In this
case, the degree of softening increases twice at 50 % of
the total number of cycles before failure.

It should be noted that with a strain amplitude of 0.6 %,
the degree of fatigue softening even at 50 % of the total
number of cycles before failure does not exceed 10 % and
is comparable to an amplitude of 0.3 %. At an amplitude of
1 %, the maximum softening of the steel under study is
observed, which is 18 % at 40 and 50 % of the total number
of cycles before failure.

Fractography of fractures

The relative reduction of samples after low-cycle fa-
tigue increases significantly from 5 to 20 % for an ampli-
tude from 0.2 to 1 %, which is caused by an increase in
the strain plastic component. On the fracture surface, two
zones can be clearly distinguished: the fatigue failure area
and the rupture area (final destruction) (Fig. 5). Fatigue
grooves can be discerned in the fatigue failure area.
The rupture area has a viscous character expressed by
small pits. An evaluation of the proportion of the fatigue
failure area in relation to the entire fracture surface, re-
vealed that this value does not depend on the strain ampli-
tude and ranges from 45 to 60 %.

Structure after low-cycle fatigue

After low-cycle fatigue tests at all strain amplitudes,
the tempered martensitic lath structure formed during
heat treatment is preserved (Fig. 6). After low-cycle fa-
tigue tests with a strain amplitude of 0.2 % (the number
of cycles is more than 200,000), the average width of
the laths is (370£30) nm, which coincides with the value
before the test (Table 3). In this case, the density of free
dislocations inside martensite laths also does not change
compared to the initial state and amounts to
(1.4+0.5)x10'* m™? (Table 3).

With an increase in the strain amplitude up to 1 %,
an insignificant increase in the width of martensite laths up
to (460+£30) nm is observed (Table 2), which is caused by
the appearance of a strain plastic component (Table 1). Let
us remark, that the dislocation density changes at the error
level with increasing strain amplitude. The absence of sig-
nificant changes in the dispersions of particles of secondary
phases after low-cycle fatigue tests is also worth noting.

DISCUSSION

The number of cycles before failure at a strain ampli-
tude of 0.2 % has passed the conventional threshold of
5x10* cycles, which indicates a transition from the low-
cycle fatigue area to the high-cycle fatigue area. However,
when the strain amplitude increases to 1 %, the number of
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c d

Fig. 1. Images of the microstructure of the 10 % Cr steel under study after heat treatment,
obtained by TEM method of thin foils-¢) and carbon replicasd)
Puc. 1. H3o6padicenus mukpocmpyrkmypwi ucciedyemou 10 % Cr cmanu nocie mepmuueckoti oopabomxu,
nonyuennvie memooom [IDM moukux goave (a—c) u yenepoouvix penux (d)

a b

Fig. 2. Dependence of the number of cycles to failure on the strain amplitude for the steel unde) study (
and a comparison of the number of cycles to failure during low-cycle fatigue of the steel under study
with other 9-10 % Cr steels [2123] at strain amplitudes of 0.3 and 0.6 %) (
Puc. 2. 3asucumocms KOIUUECMEa YUKI08 00 PA3PYULeHUS OM AMAIUNYObL Oeopmayull Olis UCCiedyemot cmanu (a),
a makoice CpaeHeHue Koauvecmea yukiose 00 paspyuierus npu Ma]lOL{uK/lOSOZZ ycmanocmu ucmet)yemod cmanu
¢ opyeumu 9-10 % Cr cmansmu [21-23] npu amnaumyoax degpopmayuu 0,3 u 0,6 % (b)
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