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The microstructure and mechanical properties of ferritic-martensitic steel T91 after severe plastic deformation
(SPD) and subsequent annealing (tempering) have been studied. The SPD of steel T91 was carried out by the
method of multiple “upsetting-extrusion” at a temperature of 875 °C, subsequent annealing was carried out in the
temperature range of 550...650 °C for 1...100 h. It has been found that the multiple “upsetting-extrusion” process
allows the formation of an ultra-fine grained structure with an average grain size of 100 nm, which remains stable at
the annealing temperatures of 550 and 600 °C for up to 100 h of exposure. After annealing at these temperatures, the
microhardness remains at the level 3100 MPa and 2780 MPa, respectively, which is noticeably higher than with
standard N&T heat treatment of this steel (2480 MPa). The refining and uniform distribution of MX-type carbide
precipitates, due to severe plastic deformation, also leads to an increase in strength characteristics during tensile tests

at temperatures of 20 and 600 °C.

INTRODUCTION

The issue of reactor energy efficiency is of great
importance in the context of nuclear power, particularly
in relation to the limited burn-up of nuclear fuel. In
response to this challenge, the U.S. Department of
Energy launched the Generation-IV Initiative in 2000.
This program aims to expand the use of nuclear energy
through further progress in the design of nuclear power
systems [1]. The program resulted in a proposal for the
research, development, and further implementation of
six types of nuclear reactors of the future, the fourth
generation (so-called “Gen-IV”). These reactors will
have improved safety and reliability, sustainability, a
lifetime of the reactor exceeding 60 years, and
profitability. However, the Gen-IV power systems are
designed to operate under more severe conditions than
currently used reactors. These include higher core
temperatures, higher neutron doses, and an extremely
aggressive environment [2]. In this regard, there is an
urgent need to develop new structural materials, since
current steels and alloys are not suitable for operation in
such harsh conditions [3, 4].

Chromium  ferritic-martensitic ~ steels with a
composition of 9...12% are regarded as potential
structural materials for Generation-1V reactors. These
materials demonstrate an acceptable degree of resistance
to neutron irradiation, and they exhibit a reduced
tendency to swell in comparison to austenitic steels that
are currently in use in present-day reactors [5-8]. The
advantages of 9% Cr steels over 12% Cr steels include a
lower tendency to form ¢ ferrite, which affects the creep
and impact strength characteristics of steels, as well as a
lower  degree  of  low-temperature  radiation
embrittlement. However, 9%Cr steels also exhibit a
notable disadvantage in their low high-temperature

strength, which limits the maximum operating
temperature to approximately 500 °C [4]. The primary
method for overcoming this issue is thermomechanical
treatment (TMT), in addition to alloying with elements
that form high-melting carbides (VC, NbC, WC, etc.).
This approach not only enhances the material's high-
temperature mechanical characteristics, but it also
increases its radiation resistance [4, 8].
Thermomechanical treatment enables the regulation of
grain and subgrain dimensions, dislocation density, the
type, density, and characteristics of the spatial
distribution of carbide phases, which positively impacts
the strength and plastic properties of steels across a
broad range.

The standard heat treatment of heat-resistant
ferritic-martensitic steels is normalizing and subsequent
high-temperature tempering (commonly referred to as
the N&T condition) [9]. The process of normalization
entails austenitizing the material at a temperature
exceeding the critical point Ac;, followed by cooling in
air. For steels with 9% Cr, this treatment results in the
formation of tempered martensite (BCT structure) [5,
10-12]. The austenitizing temperature for steels of this
class should be sufficiently high to completely dissolve
carbides while remaining sufficiently low to avoid the
formation of §-ferrite (a high-temperature modification
of the BCC phase), which is retained during cooling. As
shown in reference [13], the normalization of 9%
chromium steels at 980 and 1180 °C results in the
formation of 100% martensite, whereas steels quenched
from 1280 °C contain approximately 20% &-ferrite.

Nevertheless, the standard heat treatment of 9%Cr
steels results in the formation of a coarse-grained
structure with an average grain size of ~20...25 um. It
is reasonable to posit that a notable enhancement in
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mechanical properties may be anticipated when an ultra-
fine grained or nanostructured state is achieved in steel.
This, in turn, may lead to an increase in the radiation
resistance of the material, as evidenced by prior
research [14-16]. The formation of this microstructure
is achievable through the implementation of TMT in
combination with severe plastic deformation (SPD),
which can be achieved through a range of techniques
[17-19].

One of the most frequently employed techniques in
TMT is hot deformation within the austenite
temperature range, which is designated as “ausforming”.
This treatment effectively increases the strength
characteristics of steels by modernizing the
microstructure. The objective of the study [20] was to
examine the influence of a series of thermomechanical
treatments, including warm-rolling in a metastable
austenite phase, on the microstructure and properties of
a commercially modified 9Cr-1Mo (G91) steel alloy.
The samples produced via warm-rolling and subsequent
tempering of the G91 alloy demonstrated a higher
microhardness than the as-received, reference G91
alloy. The results of the ongoing creep tests indicated a
significant increase in creep lifetime, with a factor
exceeding 14. Furthermore, the tensile tests revealed a
notable enhancement of the yield stress and ductility
[20]. A number of studies [21-23] have demonstrated
that high-temperature TMT of 9% Cr ferritic-martensitic
steels results in a qualitative increase in their high-
temperature strength.

In this context, the objective of this research is to
investigate the impact of severe plastic deformation at
high temperature on the microstructure and mechanical
properties of ferritic-martensitic steel T91. To carry out
SPD, we used the method of “multiple upsetting-
extrusion” (MUE), which was previously used to refine
the microstructure of T91 steel by deformation in the
region of stability of the ferrite phase [24].

1. MATERIALS AND INVESTIGATION
METHODS

T91 steel was produced by INDUSTELL, Belgium
(melting: 504/3, heat 82566-4). Chemical composition
of steel according to the manufacturer data is the
follows: wt.%: 0.09 C; 8.76 Cr; 0.86 Mo; 0.60 Mn;
0.19 V; 0.07 Nb; Fe — bulk. Material was supplied as a
plate thickness of 40 mm produced by the hot rolling
with subsequent thermal treatment (TT). Standard
thermal treatment included normalization at 1040 °C
during 30 minutes with air cooling and subsequent
tempering at 730 °C during 60 min with air cooling to
room temperature.

The SPD process was carried as follows: the initial
cylindrical sample with diameter of 40 mm was
extruded at the temperature of 875 °C into the cylinder
with the diameter of 20 mm. The resulting sample with
diameter of 20 mm and height of 60 mm was subjected
to annealing at 1250 °C during 1 h (to dissolve carbides)
and then three “upsetting-extrusion” cycles 20 — 30 —
20 mm were carried out at T =875°C on hydraulic
press DB 2432A with force of 160tf. The true
(logarithmic) strain during one cycle of “upsetting-
extrusion” was e =1.6 and the total true strain for the 3

cycles was e = 4.8. The extrusion-upsetting process is
described in more detail in [24]. Following the SPD
process, the samples were subjected to a annealing at
temperatures of 550...730 °C during different time. The
annealing was carried out in quartz ampoules in an
argon environment, followed by air cooling.

Microstructural  studies were carried out on
metallographic inversion microscope Olympus GX51
and scanning electron microscope JEOL 7001-F. The
fine structure of specimens was studied on transmission
electron microscope JEM-2110 (accelerating voltage
200 kV) equipped with scanning attachment BF-STEM
JEOL EM-24511 and energy dispersion X-ray
microanalyzer JEOL EX-24063 JGP. Specimens for
metallographic studies were preliminary encapsulated
into bakelite and then grinded on SiC paper (graininess
from P120 to P1200) and polished on diamond
suspensions with fraction size of 1 and 0.05 pm. To
reveal the microstructure Vielle's reagent was used
(5 ml of hydrochloric acid, 1 g of picric acid and 100 ml
of ethanol). For TEM study plates 0.3 mm thickness
were cut out by spark cutting and mechanically thinned
to 0.15 mm. The further thinning was carried out by
standard jet electropolishing using Tenupol unit at room
temperature of electrolyte (electrolyte composition:
80% C,HsOH, 10% HCIO,4, 10% C3HgOs,  voltage
70 V). Parameters of grain structure and carbide
precipitates (mean size d, and coefficient of size
variation k, of grains and phases) were determined by
computer digital treatment of structure images and
further data treatment based on the empiric approach in
static package SPSS.

X-ray diffraction study was carried out using
DRON-2.0 diffractometer in Bragg-Brentano geometry
using filtered Co-K, radiation. Weight fraction of
individual phases (in dual-phase samples) was
determined by Rietveld refinement (Maud software).
Lattice parameters were calculated by least-square
fitting. Estimation of microstructural characteristics
(crystallite size (CS) D, microstrains ¢ and dislocations
density p) is based on diffraction peaks broadening.
Analysis was performed by the method proposed in
[25]; the main formula is:

1

BGID = = ime @
where g — physical broadening; s =2sinf/A=1/d; A —
radiation wavelength; 6 — diffraction angle; d-
interplanar spacing; D — crystallite size; &¢— micro-
strains. Two orders of diffraction peaks (110) and (220)
were used for analysis. Silicon powder was used as
reference material for calibration of instrumental
broadening. Determining of dislocations density was

carried out by the formula:
3v2Te

P= 0 2
where p — dislocations density; b — Burgers vector. For
BCC metals and alloys Burgers vector defined as
b=%<111>’ where a — lattice parameter.

Microhardness tester LM 700 AT was used for
Vickers hardness measurements. The measurement
conditions are as follows: load — 200 g, holding time —
14s. The hardness was measured along the entire
surface of the sample section from edge to edge. The

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ned(152) 55



minimum number of hardness impress was 10 imprints
with a distance of about 4 diagonals of the imprint
between them. The measurement error did not exceed
8%. The ImageJ program was used for calculating the
density of precipitates. In total, at least 1500 objects
were processed on each sample. Mechanical properties
of steel T91 (tensile strength op, yield strength o,
elongation §) were determined by testing of dog-bone
specimens with a gage length of 17 mm, width of 2.4
and 0.8 mm thickness at a strain rate of 10°s™ and
temperatures 20 and 600 °C Specimens were cut using
the electric spark method and mechanically polished to
mirror glance before testing. At each temperature three
samples were tested and the measurement results were
averaged.

2. RESULTS AND DISCUSSION

2.1.STUDY OF THE MICROSTRUCTURE
CHARACTERISTICS

The microstructure of the as-received steel T91
(Fig. 1,a,b) is representative of that observed in
tempered martensite, exhibiting the presence of prior
austenite grain boundaries and subgrains. These
boundaries are decorated by precipitates of My;Cg-type
carbides, which are a constant feature of steel T91 [21,
24]. The mean dimensions of the prior austenite grains,
and subgrains precipitates are <20 and =5 um,
respectively. Martensitic laths with a transverse
dimension of 0.25...0.5 ym are observed within prior
austenitic grains. At high magnification, in addition to
the relatively large M,3Cg carbides, a considerable
number of fine precipitates with a diameter of <50 nm
are observed. These precipitates are consistently
classified as MX phases [25-27]. The sizes and
densities of the precipitates in the initial sample were
125 nm and 9.3-10® m® for MxCs and 20 nm and
6.5-10"° mfor MX, respectively.

The microstructure of the steel after extrusion of an
initial sample from a diameter of 40 mm to a diameter
of 20mm at 875°C is shown in Fig.1,c. This
temperature is in the two-phase austenite-ferrite region,
which lies between the critical points Ac; = 818 °C and
Acz = 925 °C (see [24]). In other words, extrusion was
carried out in the region of metastable austenite. The
microstructure shown in Fig. 1,c can be characterized as
“defective” or “broken” martensite [24]. The cause of
such structure formation may be generation of high
number of fine grains (subgrains) in austenite with
rather high degree of disorientation during extrusion. At
subsequent cooling below martensite start temperature
the grain (subgrain) boundaries prevent the formation of
“traditional” martensite microstructure. In conclusion,
obtained microstructure is more similar to usual
“subgrain” microstructure with the mean size of
subgrains is =150 nm. But the rectangular shape of
“subgrains” and high microhardness of specimen
(~3900 MPa) testify to martensite nature of formed
microstructure (see below for more details). It can be
noted that formation of such “defective” martensite was
observed during refinement of as-received austenitic
grains as the result of thermal cycling [28].

The microstructure of the sample after prior
normalization at 1250 °C and the next three cycles of

extrusion — upsetting  also  represents  defective
martensite (see Fig. 1,d). The average size of
martensitic subgrains is 105 nm. After treatment, M,3Cg
carbides acquire a rounded shape (see Fig. 1,d).

XRD analysis of the initial sample revealed only the
diffraction peaks of BCC phase (a-phase, ferrite) with a
lattice parameter of a=2.8714+2:10*A (Fig. 2.4,
curve 1). Intensity distribution of ferrite peaks
corresponds to the non-textured state. The microstrains
was &=1.21-102 and the dislocation density pp =
3.3-10" cm™. Selected area electron diffraction (SAED)
also revealed only a-phase, but in addition, it permitted
the identification of the presence of M,3Cs carbides
(see Fig. 2,h).

Additionally, retained austenite (y-phase) with an
axial texture <111> in direction of extrusion was also
revealed in samples after extrusion and after extrusion
+3 UEC at 875 °C (see Fig. 2,a, curve 2). The content of
austenite in the sample after extrusion is 19.2 wt.%, and
the lattice parameter is a=3.591+2:10° A. For the
sample after 3 UEC (see Fig. 2,a, curve 3), the content
of y-phase in the sample is 6.5 wt.%, and the lattice
parameter is a = 3.591+2-10 % A. It is unavoidable that
retained austenite will persist in steel during the
martensitic transformation, as a portion of it remains in
a highly stressed state, impeding the phase transition
from austenite to martensite. The martensitic
transformation process itself causes this stress,
rendering its complete elimination unfeasible. As a
result, martensitic heat-resistant steels 9%Cr in the
tempered state usually contain 3...13% residual
austenite [29]. Additional stresses may arise during
high-temperature deformation, which also stabilizes
austenite. (Assumption that retained austenite can be
mechanically stabilized by residual stresses was
considered in [30]). This may be associated with an
increased austenite content (19.2 wt.%) after extrusion
at 875 °C. A lower concentration of retained austenite
(6.5 wt.%) after 3 UEC may be caused by a longer total
time the sample is kept in the process of three cycles of
upsetting — extrusion at 875 °C, i.e. in the austenite-
ferrite region. Note that the amount of residual austenite
is also affected by the cooling rate [31].

Let us discuss in more detail what phase state the
main phase is in the sample after extrusion and 3 UE
cycles — ferritic or martensitic? Unfortunately,
identification of the martensitic BCT phase by X-ray
diffraction was impossible, since the carbon content in
T91 steel (= 0.09 wt.%) is insufficient at the given level
of resolution to observe the splitting of diffraction lines
corresponding to the tetragonal lattice of the martensitic
phase. However, increased values of the lattice
parameter (2.8737 against 2.8714 A in the initial
tempered martensite) and microstrains (2.44-102 against
1.21-10°%) and the high dislocation density (against), as
well as the high microhardness (3900 against
2440 MPa) suggest that after normalization at 1250 °C
and three cycles of upsetting — extrusion the main phase
of the samples is martensitic. It follows from this that
the microstructure and properties of steel in this state
can be significantly changed by annealing (tempering).
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Let us consider the transformation of the structural
parameters of the matrix phase and carbide precipitates
as a result of severe plastic deformation at 875° C and
subsequent annealing (tempering) in various modes
(Figs. 3 and 4). The average grain (subgrain) size after
3 UEC is 110 nm. The crystallite size is 47 nm
compared to 112 nm in the initial N&T state (see Table
on Fig. 4). The MyCq precipitates in the sample
exhibited a decrease in size compared to the as-received
sample, reaching 115 nm, while the density increased to

2.310°m?> The carbides of the MX type are
distributed in a non-uniform manner, with the greatest
accumulation occurring in the interior of martensitic
laths (see Fig.1,d). The mean size of the MX
precipitates was ~16nm, and the density was
2.9-102' m™>. Therefore, the preliminary normalization
at 1250 °C resulted in the partial dissolution of
carbides, which were subsequently re-precipitated

during the deformation and the cooling processes.

Fig. 1. Microstructure of initial T91 (a, b); after extrusion at 875 °C (c);
after prior normalization at 1250 °C + 3 MUE at 875 °C (d)
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Fig. 2. Diffraction patterns of steel T91: a — XRD (1 — initial, 2 — after extrusion at 875 °C,
3 —after prior normalization at 1250 °C + 3 UEC at 875 °C); b — SAED of the initial sample

Following the annealing at 550 °C/25 h, a some
diffusion process is initiated, whereby the “broken”
martensite in some regions of the sample transforms
into a more “classical” form and assembles into blocks,
accompanied by an increase in the subgrain size to
173nm (see Fig. 3,a,b). The mean width of the
martensite lamellae is 340 nm. It is notable that a
considerable number of secondary phase precipitates are
observed in some lamellae. M,;Cg carbides are located
along the boundaries of martensitic laths and subgrains,
and their shape is faceted in some instances. The
presence of carbides of the MX type was observed in
the grain body and near the boundaries of martensitic
laths.

An increase in the annealing temperature to 600 °C
results in the continued enlargement of the
microstructure, yet the “lamellae + subgrains™ structure
is still preserved in the sample (see Fig. 3,c,d). The
width of the martensitic laths increases to 700 nm, the
subgrains growth also continues (up to ~210 nm), but
the growth rate is low. M,3Cs and MX carbides are
enlarged, and some M,3Cg carbides also have a faceted
shape.
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A further increase in the annealing temperature to
650 °C/25 h leads to the onset of recrystallization, to the
appearance of recrystallized grains 1.5 pym in size and
formation of a bimodal microstructure (see Fig. 3,e).
Increasing the annealing temperature to 730 °C sharply
increases the recrystallization rate and within only one
hour a completely recrystallized microstructure with an
average grain size 2.8 pum is formed (see Fig. 3,f). A
comparable tendency in the structural changes of T91
steel subsequent to was observed in [32]. The evolution
of the microstructure was observed in the a
thermomechanically treated T91 steel during thermal
holding at 600 °C for 6h, and particularly strong
changes in the microstructure of T91 steel occurred after
a short-term annealing at 700 °C.

Diffraction patterns of T91 samples after
deformation and subsequent annealing at 550 and
600 °C are presented in Fig. 4. The samples after
annealing at these temperatures are single-phase and
contain only a-Fe. The intensity distribution of ferrite
lines in both samples corresponds to the non-textured
state.
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Fig. 3. Microstructure of steel T91 after prior normalization at 1250 °C + 3 UEC at 875 °C
and annealing at different temperatures: a, b — 550 °C/25 h; ¢, d — 600 °C/25 h;
e—650 °C/25 h; f—730 °C/1h
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Fig. 4. Diffraction pattern of T91 steel: a — initial N&T; b — after normalization at 1250 °C + 3 UEC;
¢ — after annealing at 550 °C/25 h; d — after annealing at 600 °C/25 h.
Phase composition and structural characteristics of samples (in Table)

The absence of retained austenite in the samples
after annealing is attributed to the fact that in 9% Cr
ferritic-martensitic steels, when tempered at 540 °C for
at least 45 min, the retained austenite undergoes
complete decomposition and transforms into martensite
[30, 33, 34].

In comparison to the sample that underwent SPD at
875 °C, the level of microstrains decreased by 1.2 and

1.5 times, respectively, after heat treatment at 550 and
600 °C. Additionally, the crystallite size D increased
approximately threefold. In parallel, the dislocation
density is observed to decrease by a factor of 3.6 (for
annealing at 550 °C/24 h) and 4.8 (for annealing at
600 °C/24 h) in comparison to the sample subjected to
3 UEC.
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The distribution of elements in the matrix and
precipitates of the steel after 3 UEC at 875 °C is shown
in Fig. 5, which presents the results of mapping on an
electron microscope. The main steel elements Fe and Cr
are uniformly distributed throughout the matrix. The
large chromium-rich M,3Cg carbide precipitates are
apparent by an increase in the intensity of other alloying
elements in the steel and therefore have a variable
composition of (Fe, Cr, Mn, Mo, V),3Cs. These carbides
are precipitated during steel tempering, exhibiting
usually sizes up to 200 nm and a predominant
localization along prior austenite grain boundaries and
martensite laths. The presence of strong carbide-
forming elements, namely vanadium and niobium, in

N e

the steel results in the formation of small carbide
precipitates of the MX type at dislocation and lamellae
boundaries. Meanwhile, the MX precipitates show a
greater enrichment in vanadium and a lesser enrichment
in niobium.

Compared to the initial &T state, in the steel after
3 UEC a significantly higher density of MX carbides is
observed. At the same time, the average sizes of
carbides of both types differ slightly. Approximately the
same ratio is observed after annealing at 550 and
600 °C, however, annealing at 650 °C significantly
reduces the density of MX carbides and increase the
density of MpCg (Table 1).

Wik 08 LU

Fig. 5. Distribution of elements in precipitates and matrix of the ferritic-martensitic steel T91
after 3UEC at 875 °C

Table 1

Microstructure parameters of T91 steel after SPD at 875 °C and annealing at different temperatures
(dmg— mean subgrain size, p — precipitates density;
dms— mean size of precipitates; fy — precipitates volume fraction)

Sample T p, 1Im? dyr, NM fy, %
mgs
M3Cs MX My3Cs MX M3Cs MX
Initial N&T 20.00 9.3-10% 6.5-10%° 126 20 75 0.3
1Nzggmﬂ'iagojé"é 041 | 2310° | 2910% | 115 16 16 5.9
TT at 550 °C 0.17 2.7-10%° 3.8-10% 81 16 1.0 8.1
TT at 600 °C 0.21 4.2-10'° 2.6-10% 121 20 2.8 55
TT at 650 °C 15 7.0-10%° 2.3-10% 105 28 6.7 0.7
TT at 730 °C 2.7 - — - - - -
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The highest density (3.8:10** m™®) and the smallest
size (16 nm) of MX carbides were identified in the
sample subjected to annealing at 550 °C. In comparison
with the sample subjected to 3 UCE, the size of MX in
the samples after treatment at 550 °C remains constant
with a value of 16 nm. An increase in the tempering
temperature to 600 °C results in a non-critical reduction
in the density of MX precipitates (2.6:10* m™).
However, at temperatures of 650 °C, a sharp decrease in
the density of MX particles and an increase in their size
are observed (see Table 1).

2.2. INVESTIGATION OF MECHANICAL
PROPERTIES

The microhardness of T91 steel in its as-received
condition, following standard heat treatment in
accordance with ASTM A217 [9], was 2480 MPa,
which is representative of the typical range for this steel.
Following deformation of T91 steel at a temperature of
875 °C, a significant increase in microhardness was
observed. This result demonstrates that, according to the
phase diagram, during extrusion at 875 °C, the sample is
situated within the two-phase stability region of
austenite and ferrite. Moreover, the austenite phase
constituted the majority, and its transformation into
martensite during the cooling of the sample after
extrusion resulted in high microhardness values.
Furthermore, the dissolution of carbide precipitates and
the transition of carbon to a solid solution can contribute
to steel hardening due to SPD at 875 °C.

The tempering of the deformed steel should result in
the stabilization of the ultra-fine grained microstructure
and the release of carbon from the solid solution in the
form of carbides, primarily of the MX type, on the
substructure elements, namely the boundaries of
“broken” martensite and dislocations. Subsequent
tempering was conducted at temperatures of 550, 600,
and 650 °C for periods of up to 100 h. The results of the
studies examining the impact of deformation and
subsequent heat treatments on the microhardness of
steel T91 are presented in Table 2 and Fig. 6.

Table 2
Microhardness of ferritic-martensitic steel T91 after
TMT in the field of austenite stability

Sample Microhardness, MPa

Initial 2480
Extrusion at 875 °C 3927
Annealing at 1250 °C 3644
Annealing at 1250 °C

+3 MUEg 3958
TT at 550 °C 3100
TT at 600 °C 2781
TT at 650 °C 1931

As can be seen from Table 2 and Fig. 6, the
deformation carried out in the form of 3 UEC cycles
resulted in a notable refinement of the microstructure
(see Fig. 1), partial transition of carbon to solid solution,
and consequently, an increase in microhardness values

to 3958 MPa, which is 1.6 times higher than the value
for the initial state (2480 MPa).
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Fig. 6. Changes in microhardness of ferritic-
martensitic steel T91 depending on the annealing time
at different temperatures

The portion of the carbon that was released into the
solid solution during high-temperature deformation
cycles is precipitated as carbides. M,3Cgs undergoes
changes in size and density, while nanometer-scale
precipitates of the MX type with high density are
formed, as evidenced by the results of electron
microscopic studies. The formation of carbides inhibits
the movement of dislocations and the growth of grains,
thereby fixing the ultra-fine grained microstructure.
These processes are associated with structural changes
that affect microhardness and other mechanical
characteristics.

Tempering at 550 °C initially results in a rapid but
insignificant loss of hardness. The softening process
reaches saturation after 25 h of annealing, and further
holding for up to 100 h did not result in any noticeable
changes (see Fig. 3,a,b). When annealing at a
temperature of 550 °C occurs a significant reduction in
microstrains and dislocation density, as well as an
increase in the average size of subgrains. These
microstructural changes lead to a decrease in
microhardness. A similar but more extensive pattern of
changes was observed for a tempering temperature of
600 °C. After 25 h of holding, the microhardness
reached 2781 MPa and remained constant for 100 h of
tempering.

Nevertheless, elevating the tempering temperature to
650 °C leads to pronounced recrystallization, which is
further intensified at temperatures exceeding 730 °C.
The martensitic microstructure is destroyed, the grain
size increases catastrophically, and the density of
carbides decreases. These processes are responsible for
a notable reduction in microhardness during the
tempering of deformed samples.. Therefore, it is
recommended that the maximum tempering temperature
should not exceed 600 °C.

The mechanical properties of T91 steel were
determined under active tensile conditions at
temperatures of 20 and 600 °C.

The outcomes of tensile testing on samples subjected
to various forms of treatment are presented in Table 3.
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As observed in [8, 10], MX-type precipitates
effectively pin dislocations and grain subboundaries,
thereby enhancing the high-temperature strength of
steels and their creep resistance. A direct correlation can

be observed between the density of MX precipitates and
the resulting strength of the samples, as evidenced by
the data presented in Table 1.

Yield strength (cq,), ultimate tensile strength (og)
and unit elongation (8) of the ferritic-martensitic steel T91,
tested at different temperatures (Tes)

Table 3

Sample Tiests -°C 002, MIla og, MIla 0, %

N 20 728 797 14.5
Initial (N&T)

600 350 376 16.8

Normalisation at 20 1279 1340 111

1250 °C + 3 UEC 600 502 511 15.6

Tempering at 20 908 1051 10.2

550°C/25h 600 530 568 14.2

Tempering at 20 787 875 6.61

600°C/25h 600 381 415 14.1

As can be observed, the strength characteristics of
the T91 steel that has undergone severe plastic
deformation at 875 C° exhibit a notable enhancement in
comparison to those of the steel in its initial state. This
difference may be attributed to two factors. Firstly, the
difference in the subgrain structure resulting from the
application of the SPD technique via the upsetting-
extrusion method. Secondly, the presence of hardening
carbide precipitates must also be considered. These two
factors influence the tensile diagram and strength values
at room temperature, as well as at 600 °C in particular.

As previously indicated, tempering at 650 °C results
in recrystallization and an increase in the average grain
size, despite the presence of carbide precipitates. This
process is accompanied by a notable degradation of
mechanical properties. Therefore, the upper temperature
limit for the materials obtained is 600 °C.

CONCLUSIONS

The impact of severe plastic deformation via the
multi-cycle  “upsetting-extrusion”  method  and
subsequent thermal treatment on the microstructural
changes and mechanical properties of ferritic-
martensitic steel T91 was investigated. In accordance
with the aforementioned analysis, the following
conclusions can be drawn:

1. The application of severe plastic deformation
through the method of multiple “upsetting-extrusion” at
875 °C enables the formation of an ultra-fine grained
structure in T91 steel, with a minimum grain size of
"defective" martensite ~100 nm.

2. The application of thermomechanical treatment
to T91 steel at temperatures corresponding to the
austenitic — ferritic range permitted the efficient
refinement and re-precipitation of secondary phase
carbides. The highest density of nanosized MX-type
carbides was observed following tempering at 550 °C.

3. The stabilization of the microstructure is
facilitated by tempering at 550 and 600 °C. The optimal
temperature for tempering is 600 °C for 25 h, resulting

in the formation of a stable, fine-grained structure with
enhanced mechanical properties.

4. The highest value of the T91 steel microhardness
was recorded in the sample after extrusion (3927 MPa),
which exceeds the hardness value for the original
sample by more than 1.5 times. Following tempering at
temperatures of 550 and 600 °C, the hardness remains at
a relatively high level; however, a notable decline is
observed when tempering is conducted at 650 °C. The
substantial drop in hardness is attributed to the
recrystallization processes that occur in T91 steel at this
temperature.

5. A detailed analysis of the mechanical
characteristics of the studied ferritic-martensitic steel
has revealed that the stabilization of the structure by
carbide nanoscale MX precipitates has resulted in a
significant enhancement in high-temperature strength,
exhibiting an increase of 1.3 times.
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BIIJINB IHTEHCHUBHOI INTACTUYHOI JE®OPMAIIII
IIPU BUCOKHUX TEMIEPATYPAX HA MIKPOCTPYKTYPY
TA MEXAHIYHI BJIACTUBOCTI ®EPUTHO-MAPTEHCUTHOI CTAJII T91

I'.FO. Pocmoea, I.B. Konooiu, P.JI. Bacunenxo, O.C. Kanrvuenko, M.A. Tuxonoeécokuil,
O.M. Benuxoonuii, I'. /. Toncmonyywvka, B.C. Oxosim

JocmimkeHo MIKPOCTPYKTYPY Ta MEXaHidHI BIACTHBOCTI (PepUTHO-MApTEHCUTHOI ctam T91 micns iHTeHCHBHOI
mwractugHoi nmedopmanii (IITJ]) Ta momampmoro Biamamy (Bimmycky). IIIJ crami T91 mpoBomammm meromom
OaratopazoBoi «OcaAKH-eKCTpy3ii» mpu TtemmepaTtypi 875 °C, momampmmii Bigmad OpPOBOIIIN B iHTEpBali
temnepatyp 550...650 °C mpotsrom 1...100 rox. BeranosneHo, mo 6aratopa3oBmid IpoIec «0camKa-eKCTPY3is»
JI03BOJISIE COPMYBATH HAAPIOHO3EPHHUCTY CTPYKTYPY 13 cepeaiHiM po3Mipom 3eper Oinst 100 HM, sika 3aIHIIaeThCst
cTabinpHOIO Mpu Temneparypax Bignaiay 550 i 600 °C nporsirom 100 ron. Ilicns Bimnamy mpu mux Temmeparypax
MIKpPOTBEPIICTh 3anumaeThess Ha piBHiI 3100 Ta 2780 MIla BiAmOBiAHO, IO TOMITHO BHIIE, HIXK MPU CTaHIAPTHIH
TepMiuHiit 00poOui wiel crami (2480 MIla). 3MeHIIeHHsS po3Mipy Ta piBHOMIPHHH PO3IOILUT BUILIEHb KapOimy THITY
MX 3a paxyHOK CHJIbHOI ITaCTHYHOI AedopMariii Tako MPU3BOAUTH IO MiABUIIEHHS MIIHICHUX XapaKTePHCTHK
ITi/1 9ac BUNpoOyBaHb Ha PO3TAryBaHHs pu TeMmneparypax 20 i 600 °C.
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