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The microstructure and mechanical properties of the ferritic-martensitic steel T91 after severe plastic defor-
mation (SPD) and subsequent thermal treatment are investigated. SPD was realized by the method of multiple
“upsetting-extrusion” (MUE) in temperature range of stability of ferritic phase (750-575 °C), thermal treatment
of SPD specimens was carried out at temperatures 550-730 °C during 1-100 h. It is revealed that decrease of
temperature of “upsetting-extrusion” and increase of cycle number to 5 induces the decrease of mean grain size
to 145 nm and increase of degree of microstructure homogeneity. At the same time microhardness increases from

1800 MPa to 2850 MPa. Composition, shape, size and density of carbide precipitates in steel after SPD and
thermal treatment are determined. Obtained submicron grain ferritic microstructure with high value of micro-
hardness is stable at exposure temperature of 550 °C. It is shown that temperature variation of thermal treatment
induces the considerable change in grain size and mechanical characteristics.

1. Introduction

Ferritic-martensitic steels containing 9-12% of chromium (9-12 Cr
F/M steels) have lower thermal expansion and higher thermal conduc-
tivity compared to austenitic steels of type 316 and 304. Also they have
significant corrosion resistance, high temperature strength and heat
resistance, as well as high radiation resistance. Due to these properties 9-
12Cr F/M steels are considered as a promising material for use in nuclear
and thermonuclear reactors of a new generation [1-4]. F/M steels such
as EUROFER (Europe), ORNL (USA), F82 N (Japan), CLAM (China),
RUSFER-EK-181 (Russia) and others have been developed in various
countries. Chromium concentration in most of these steels is about 9%.
T91 steel, which was originally designed for use in thermal power en-
ergy, also refers to this class of promising materials [5,6].

The determining parameters for its successful use in this field are the
high radiation resistance and mechanical properties. Factors which can
influence the improvement of these characteristics are composition

optimization by microalloying, decreasing the width of martensite laths
and grain size as well as number, sizes and homogeneity of distribution
of secondary phases [2-4,7]. As it is known, in 9Cr-1Mo steels the
secondary phases are typically represented by the M33Cs -type carbides
(where M — is mainly Cr) and MX-type carbides (or carbonitrides)
(where M — Nb, V or their mixture and X-C, N or their mixture [7-9]).

Composition optimization by the microalloying with appropriate
elements improves the mechanical characteristics by increasing the solid
solution hardening [10], reducing the grain size and volume fraction of
M33Cg carbides with simultaneous increasing of the MX carbonitrides
fraction [11]. However, it is not always possible to improve mechanical
properties by microalloying, in particular due to the appearance of un-
wanted secondary phases, especially in the process of long-term opera-
tion [12].

Optimization of the thermal treatment (TT) parameters, such as
normalization temperature, temperature and time of tempering also
improves the structural parameters and properties of F/M steels. The
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microstructure refinement occurs, for example, during thermal cycling
of martensitic steel near the austenite-ferrite equilibrium temperature
[13]. The use of stage heat treatment in CLAM steel, which consists of
fast cooling from the austenization temperature of 1050 °C-850 °C,
exposure at this temperature for 1 h and subsequent quenching and
tempering, allows to reduce the average size of M33C¢ precipitates from
150 to 70 nm [14]. These examples illustrate the possibilities of con-
trolling the microstructure of F/M steels by TT methods. Various
methods of thermomechanical treatment (TMT) give even greater pos-
sibilities for optimization of microstructural parameters and properties
of steels.

Among the TMT methods, first of all, it should be noted the aus-
forming, which consist in the deformation of steel in the region of sta-
bility (or metastability) of austenite. Ausforming with subsequent
thermal treatment in ferritic region leads to the nucleation of a large
number of small and superfine MX carbides (carbonitrides) on defects
(dislocations), which are formed as a result of deformation. So, plastic
deformation of P91 steel (9Cr-1Mo) by 20% at 900 °C and the subse-
quent tempering at 740 °C for 45 min led to increase in the density of the
MX precipitates by three orders of magnitude compared with the stan-
dard heat treatment (quenching from 1040 °C and subsequent
tempering at 730 °C for 1 h). In this case, the average size of the MX
precipitates decreased by about four times [15].

One of the most effective methods of TMT is the severe plastic
deformation (SPD), which allows producing submicrostructured or
nanostructured state in steels; this induces the increase of strength
characteristics and radiation resistance of steel [16-19]. The combina-
tion of this method with thermal treatment allows to optimize param-
eters of secondary phase’s precipitation. SPD by high pressure torsion
(HPT) and equal channel angular pressing (ECAP) are the most effective
methods for grain refinement [20-22]. The main parameters that
determine resulting microstructural state of specimens are the temper-
ature of SPD and the degree of plastic deformation. HPT of martensitic
steel (10 rotations under pressure of 6 GPa) induced the formation of
equiaxial grain structure with average size of 140 nm in the case of
deformation at room temperature and 200 nm in the case of deformation
at 300 °C [20]. The volume fraction of secondary phases decreased in
several times, that is, “deformation dissolution” occurred and micro-
hardness of specimens increased twice. SPD of steel T91 in ferritic state
by the ECAP method showed that double extrusion of specimens at
temperature of 700 °C (the true deformation e = 2.3) induced the crucial
decrease in average grain size from 5 pm to 500 nm [21]. Decreasing in
temperature of extrusion to 300 °C led to formation of grain size equal to
350 nm and microhardness increasing from ~2.5 GPa to ~3.8 GPa.
Deformation of steel T91 by the ECAP method at room temperature
showed that after 6 passes (real or equivalent deformation was ~3.8)
initial lath martensitic microstructure was completely destroyed and
equiaxial grains with size of 200 nm were formed. Tensile strength
increased from 730 MPa in the initial state to 1160 MPa [22].

Unfortunately due to the technological peculiarities HPT and ECAP
methods, which effectively refine the grain, don’t allow to realize SPD of
large industrial pieces and are mainly used for producing the experi-
mental specimens. To refine grain structure and improve mechanical
properties of F/M steel authors [23] used more technological method of
cold rotary forging with subsequent heat treatment. With a decrease in
the billet diameter from 22 mm to 5.4 mm (e ~ 2.8) and annealing at
700 °C for 30 min, an ultrafine-grained ferritic microstructure with a
grain size of ~270 nm was obtained in the steel, which possesses
enhanced mechanical properties. However, the use of this method (in
contrast to ECAP, for example) led to significant changes in the sample
dimensions.

In present paper we used severe plastic deformation to control
microstructure of T91 F/M steel by the method of multiple “upsetting-
extrusion” (MUE) developed at NSC KIPT [24,25]. This method proved
to be effective for production of ultrafine-grained materials in laboratory
and industrial conditions (in this case the diameter of samples can vary
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from 20 mm to 250 mm) [26,27]. Earlier this method was successfully
used for production of ultrafine-grained beryllium, tantalum, titanium,
zirconium, niobium-titanium and zirconium-niobium alloys [27-29].
The use of this method allowed to accumulate the required degree of
plastic deformation while saving the dimensions of samples [29].

Investigation of SPD effect on steel T91 was carried out during the
processes of MUE in the temperature range of stability of ferritic and
austenitic phases. The proposed paper presents the results of MUE effect
in the range of stability of ferrite on grain size, parameters of secondary
phases precipitations and mechanical properties of steel. Effect of
thermal treatment at various temperatures and exposure time on these
characteristics is also studied. Research results obtained during MUE in
austenitic range will be presented in another paper.

2. Materials and methods of investigation

T91 steel was produced by INDUSTELL, Belgium (melting: 504/3,
heat 82,566-4). Chemical composition of steel according to the manu-
facturer data is presented in Table 1. Material was supplied as a plate
thickness of 40 mm produced by the hot rolling with subsequent thermal
treatment. Thermal treatment included normalization at 1040 °C during
30 min with air cooling and subsequent tempering at 730 °C during 60
min with air cooling to room temperature.

Cylinder specimens with diameter and height of 40 mm were pro-
duced from the initial billet. The extrusion of specimen at T = 875 °C
from diameter 40 mm-20 mm was carried out. Obtained specimens with
diameter 20 mm an height 60 mm were subjected to severe plastic
deformation by the multiple “upsetting-extrusion” (MUE); such method
means multiple operations of upsetting and extrusion on hydraulic press
DB 2432A with force of 160 tf (Fig. 1). Real deformation during one
cycle of “upsetting-extrusion” was e ~1.6. Five cycles were carried out
on successive decrease of deformation temperature from 750 °C during
first cycle to 575 °C during the last one. Total real deformation during 5
MUE cycles was e ~8. The choice of extrusion regime with temperature
decreasing was conditioned by the necessity to prevent dynamic
recrystallization and enhance the effect of the grain refinement. To
decrease the temperature difference between container and deformed
specimens the first one was heated to temperature ~300 °C. Before
deformation specimens were exposed into furnace during 15 min at
temperature of deformation. After SPD specimens were subjected to
thermal treatment at temperatures 550-730 °C during 15 min up to 100
h. Thermal treatment was carried out in quartz ampoules in argon at-
mosphere with subsequent air cooling.

Regimes of upsetting-extrusion and subsequent thermal treatments
of steel T91 are presented in Table 2.

Microstructural studies were carried out on metallographic inversion
microscope Olympus GX51. 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. Spec-
imens 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 me-
chanically 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% CyHsOH, 10% HClO4, 10%
C3HgOs, voltage 70 V). Parameters of grain structure and carbide pre-
cipitates (mean size dp, and coefficient of size variation ky 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 diffractom-
eter in Bragg-Brentano geometry using Co-K, radiation and scintillation
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Table 1

Chemical composition of T91 steel, (%wt).
Fe Cr Mo Mn Si A% Ni Nb Cu
Bulk 8.76 0.862 0.597 0.317 0.186 0.099 0.073 0.054
Al C N P S Sn B Co As
0.021 0.088 0.003 0.019 0.0006 0.005 0.0001 0.019 0.007
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Fig. 1. Schematic diagram of one cycle of “upsetting-extrusion”.

Table 2
Regimes of severe plastic deformation and thermal treatment of steel T91.

Code of Regimes of treatment

samples

M-1 As-received state (N&T, normalization 1040 °C, 0.5 h and
tempering 730 °C, 1 h

M-2 Extrusion from 40 mm to 20 mm (875 °C, e = 1.5)

M-3 Heating (750 °C, exposure 15 min)

M-4 Extrusion (875 °C, e = 1.5)+3 cycles of UE (750-700-650 °C, e =
4.8)

M-5 Extrusion (875 °C, e = 1.5)+4 cycles of UE (750-700-650-635 °C, e
=6.4)

M-6 Extrusion (875 °C, e = 1.5)+5 cycles of UE (750-700-650-635-
575°C, e = 8.0

M-7 Extrusion (875 °C, e = 1.5)+5 cycles of UE (750-700-650-635-
575 °C, e = 8.0)+TT 550 °C

M-8 Extrusion (875 °C, e = 1.5)+5 cycles of UE (750-700-650-635-
575 °C, e = 8.0)+TT 600 °C

M-9 Extrusion (875 °C,e = 1.5)+5 cycles of UE (750-700-650-635-
575 °C, e = 8.0)+TT 650 °C

M-10 Extrusion (875 °C, e = 1.5)+5 cycles of UE (750-700-650-635-

575 °C, e = 8.0)+TT 730 °C

detector. Weight fraction of individual phases (in dual-phase samples)
was determined by Rietveld refinement (Maud software). Lattice pa-
rameters were calculated by least-square fitting. Estimation of sub-
structure characteristics (crystallite size (CS) D, microstrain & and
dislocations density p) is based on diffraction peaks broadening. Anal-
ysis was performed by the method proposed in [30]; the main formula is:

1

POD = 1a ap )

(€8]

where f — physical broadening; s = 2sin6/A = 1/d; 1 — radiation wave-
length; 0 — diffraction angle; d - interplanar spacing; D — crystallite size; e
- microstrain. Two orders of diffraction peaks (110) and (220) were used
for analysis. Silicon powder was used as reference material for calibra-
tion of instrumental broadening. Determining of dislocation density was
carried out by the formula:

where p — dislocation density; b — Burgers vector. For BCC metals and
alloys Burgers vector defined as b = § <111 >, where a - lattice
parameter.

For hardness (Hp) measurement microhardness tester LM 700 AT
was used. The measurement conditions are as follows: load — 200 g,
holding time — 14 s. The hardness was measured along the entire surface
of the sample section from edge to edge. The 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. Me-
chanical 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 mm and 0.8 mm thickness at a strain
rate of 1072 s™! and temperatures from —196 °C to 550 °C. Specimens
were mechanically polished to mirror glance before testing. At each
temperature three samples were tested and the measurement results
were averaged.

3. Results and discussion
3.1. Effect of SPD on structural state of steel

Microstructure of as-received steel T91 (specimen M — 1, Table 2) is
typical for tempered martensite and is characterized by the presence of
prior austenite grain boundaries and subgrains that are well seen in
optical and transmission electron microscopes (Fig. 2). These bound-
aries are decorated by precipitates of My3Cg-type carbides that are al-
ways present in steel T91 [15]. The average sizes of prior austenite
grains, subgrains and My3Cg precipitates are ~20 pm, ~5 pm and ~125
nm, respectively. Within prior austenitic grains martensitic laths with
transverse dimension ~0.25-0.5 pm are observed (Fig. 2b). At high
magnification, except rather large My3Cq precipitates, considerable
number of fine precipitates with a diameter <50 nm is spotted which are
always classified as phases of MX type [31-33].

On the diffraction pattern of as-received specimen M — 1 only
diffraction peaks of ferrite Fe-a with lattice parameter a = 0.28714 +
2:107° nm (Fig. 3) are observed. Intensity distribution of ferrite peaks
corresponds to non-textured state.

The first performed technological operation was extrusion of cylin-
der billet from diameter 40 mm-20 mm (e = 1.5) at temperature 875 °C
(specimen M — 2, Table 2). For understanding of character of deformed
microstructure it is important to take into account that temperature
plays the main role. It is known that temperature range of austenite and
ferrite stability (points Ac; and Acs) depends considerably on steel
composition. For ferritic-martensitic steel Grade 91 the composition of
which is similar to our material the values of A¢; and Acs are 818 and
925 °C [34], respectively. To clarify structural state of steel T91 at
extrusion temperature of 875 °C a series of experiments was carried out.
The specimens of as-received steel were exposed to high temperature
during 15 min and subsequently cooled in air. Measurements have
showed that in temperature range 825-850 °C a sharp increase of
microhardness was observed (Fig. 4).

With further increase of exposure temperature the rate of
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Fig. 2. Microstructure of as-received steel T91: (a) metallography; (b) TEM.
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Fig. 3. Diffraction patterns of T91 steel specimens M — 1, M — 2, M — 6 and
M-7.
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Fig. 4. Dependence of microhardness of steel T91 on exposure temperature

during 15 min with the next air cooling.

microhardness increasing reduces. This result and comparison with
literature data [34] shows that during extrusion at 875 °C specimen was
in two-phase region of existing of austenite and ferrite. Herewith, an

austenitic phase was the main one and its transformation into
martensitic phase during billet cooling after the extrusion gives the high
microhardness values. Martensitic microstructure is confirmed by
metallographic (Fig. 5a) and electron-microscopic (Fig. 5b) studies.
Together with this, TEM investigations showed considerable differences
of billet microstructure from “traditional” martensite with long parallel
laths. Microstructure of the steel formed as a result of this operation can
be characterized as “defective” or “broken” martensite (Fig. 5b). The
cause of such structure formation may be generation of high number of
fine subgrains in austenite with rather high degree of disorientation
during extrusion. At subsequent cooling below martensite start tem-
perature the subgrain boundaries prevent the formation of “traditional”
martensite. In conclusion, obtained microstructure is more similar to
usual subgrain microstructure with the mean size of subgrains ~150 nm.
But the rectangular shape of “subgrains” and high microhardness of
specimen (~3900 MPa) testify to martensite nature of formed micro-
structure. 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 [13].

Because of the low carbon concentration in the steel X-ray diffraction
doesn’t allow to detect in specimen M — 2 tetragonal distortion of BCC
lattice (Fig. 3) parameter of which is a = 0.28725 + 2.107° nm, that is
higher than corresponding value in as-received state by Aa =1-10~* nm.
Increase in lattice parameter may be related to dissolution of a part of
carbide precipitates at heating to 875 °C and to migration of carbon into
austenitic matrix with further formation of supersaturated by carbon
martensitic phase under cooling. Crystallite size of martensitic phase is
D = 43 nm which is approximately 4 times lower than grains size
determined by EM method. In this phase rather high values of micro-
strain (¢ = 2.66~10’3) and dislocations density (p = 18.7-101° cm’z) are
observed, that are typical for martensitic microstructure. Also preferred
orientation of grains by crystallographic direction <110> along the
billet axis is observed. Besides the martensitic phase the billet has the
residual austenite Fe-y (Fig. 3) with axial texture <111>. Fraction of
austenite is 19.2%wt, lattice parameter is a = 0.3591 + 2.1073 nm. The
presence of retained austenite in M — 2 sample can be explained as
follows. First of all, this sample was extruded at 875 °C (i.e. in two-phase
region, as stated above). Local inhomogeneity of composition (by car-
bon, for example) and/or defective structure of austenite impedes the
full transformation of austenite into martensite during the billet cooling.
The other samples were deformed in ferritic region and, therefore, do
not contain retained austenite, which decay into ferrite and carbides.

Exposure of specimen M — 2 in furnace at 750 °C during 15 min
before first upsetting changes considerably microstructure of the steel
(Fig. 6 a,b). In the billet recrystallized ferritic grains are formed (Fig. 6a)
with the mean size of d, ~5 pm and coefficient of variation k, ~0.6.
Billets M — 3 with described microstructure were further subjected to
deformation by the multiple “upsetting-extrusion”.

Fig. 6 b-d represents electron-microscopic images of specimens
microstructure after 3, 4 and 5 cycles of “upsetting-extrusion” with
decrease of deformation temperature from 750 °C for 1-st cycle to 575 °C
for 5-th (Table 2, specimens M — 4, M — 5, M — 6). The nature of



V.N. Voyevodin et al.

Materials Science & Engineering A 822 (2021) 141686

a

Fig. 6. The microstructure of T91 steel after different treatments: (a) exposed at T = 750 °C during 15 min before SPD, specimen M-3; (b) 3 cycles of “upsetting-
extrusion” (UE) at temperatures 750-700-650 °C, e = 4.8, specimen M-4; (c) 4 cycles of UE at temperatures 750-700-650-635 °C, e = 6.4, specimen M-5; (d) 5 cycles

of UE at temperatures 750-700-650-635-575 °C, e = 8.0, specimen M-6.

microstructure at different number of cycles is similar — well-formed
grained (subgrained) microstructure with contrasting boundaries. In-
crease in the number of cycles and decrease of “upsetting-extrusion”
temperature leads to the considerable decrease in subgrain size (from 5
pm to 145 nm) and to the improving of their size distribution uniformity
(coefficient of variation decreases to k, ~0.5).

Average grain size and microhardness variations of specimens with
the increase in the number of cycles are shown in diagram (Fig. 7).

Decrease in mean grain size dpg with the increase in number of UE
cycles occurs irregularly. Especially significant microstructure refine-
ment is observed during deformation up to 3 cycles (e = 4.5). Herewith
dmg decreases more than 10 times — from 5 pm in as-received state to
~475 nm. With a subsequent increase in number of cycles from 3 to 5
(total deformation e = 8.0) value of dpg decreases approximately in 3
times — from ~475 nm to ~145 nm. It is known that dependence dp,g =
dmg(e) reaches the saturation with the increase of deformation degree;
this can be explained by the processes of recovery and dynamic
recrystallization [29].

It is interesting to compare these data with results obtained by the
ECAP SPD method [21], moreover, the size of subgrains in as-received

specimens was practically the same (=5 pm). Two passes of ECAP
deformation at 700 °C induce the decrease in grain (subgrain) size to
500 nm [21]. Approximately the same grain size (~475 nm) was ob-
tained in our research after 3 cycles of upsetting-extrusion with the
decrease of deformation temperature from 750 to 650 °C. Decrease in
ECAP temperature to 300 °C led to the decrease in subgrain size to 350
nm [21]. In our case decrease in the UE temperature to 635 and 575 °C
during 4-th and 5-th cycles, respectively, allowed to reduce the grain
size to 145 nm, that is, more than twice less in comparison with the
result in paper [21]. Approximately the same value of grain size (154
nm) was obtained in paper [35] as the results of two passes of ECAP at
300 °C. It should be noted that despite the similarity of deformation
conditions the grain size obtained in paper [35] occurred to be 2.3 times
lower than in paper [21]. It is probably that such decrease of grain size
by ECAP in [35] is due to lower size of as-received grain (2.8 pm vs. 5
pum) or to technological differences of ECAP process not described in
article.

Structural characteristics of deformed specimens obtained by XRD
analysis are presented in Table 3. All specimens are single-phase and
contain Fe-a, except M — 2 where retained austenite is also observed.
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1000 -~

Number of UE cycles

Fig. 7. Dependence of the mean grain size (dmg) and microhardness (HV) of
T91 steel with the number of cycles (zero cycle corresponds to the specimen
exposed at 750 °C during 15 min).

Increase in number of UE cycles leads to lattice parameter increasing
and crystallite size decreasing. At the same time, microstrains and dis-
locations density rise. The most interesting is the increase in lattice
parameter; this may be induced by “deformation dissolution” of carbides
precipitates during severe plastic deformation [36]. It is known [13]
that the change in BCC lattice parameter of steel Aa is related to the
carbon concentration C. in solid solution by relationship:

C.=31(%wt | A) x Aa(A) 3)

Supposing that in matrix of tempered specimen M — 1 the dissolved
carbon is practically absent and knowing parameter of matrix lattice ay.
1 = 0.28714 nm we can determine concentration of dissolved carbon in
specimen M — 6 as equal to C. = 31 (%wt/f\) X (am.6 — am.1) = 0.053%
wt. Thus, after 5 cycles of upsetting extrusion, in matrix of specimen M
— 6 approximately half of total carbon concentration in steel T91 is
dissolved.

Nature of microhardness changes with the number of deformation
cycles is opposite to observed for grain sizes (Fig. 7); a small increase in
microhardness for 3 UE cycles (~15%) and considerable increase of
microhardness from 3 to 5 cycles (~35%) are detected. Sharp micro-
hardness increase at the last deformation cycles is probably related not
only with a decrease in grain size, but also with an increase in quantity of
dissolved carbon in ferrite and with the increase in microstrains € and
dislocations density pp (see Table 3).

Table 3
Phase composition and structural characteristics of SPD specimens.

Materials Science & Engineering A 822 (2021) 141686

3.2. Influence of thermal treatment parameters on microstructure and
properties of SPD specimens

Thermal treatment of steel after SPD was carried out to optimize
microstructure and to determine its stability at elevated temperatures.
Investigations were performed on specimens after 5 cycles of UE
(specimen M — 6, Table 2). Thermal treatment temperature was 550,
600, 650 and 730 °C, treatment time varied from 1 to 100 h. Preliminary
experiments showed that microstructure stabilizes mainly for treatment
time of 25 h. Such time was accepted as “basic” one, for which the bulk
of research has been carried out. The exception is T = 730 °C: at this
temperature thermal treatment was carried out during 1 h and this
corresponds to usual regime of T91 steel tempering. As it can be seen
from Fig. 8 and Table 4 acceleration of grain growth occurs with the
increase of temperature.

So, the lowest grains growth is observed at temperature 550 °C when
after exposure during 25h the mean grain size increases in 1.45 times
(from 145 to 210 nm) (Fig. 8a). Increase of grain size in 6 times is
observed after tempering at 650 °C (Fig. 8c). After tempering at 730 °C
for 1h increase of grain size occurs approximately in 7 times (Fig. 8d).

Changes in density and size of secondary phase precipitates occur
during thermal treatment apart to changes in grain microstructure. It
was found three types of precipitates of different composition, defined as
“A”, “B” and “C” (see X-ray mapping on Fig. 9). EDS spectra and selected
area electron diffractions (SAED) of these precipitates are present in
Fig. 10.

Analysis of EDS spectra (Fig. 10 a) showed that there is Cr, Fe, Mo in
large, dark-contrasted precipitates type “A” which is typical for M23Ce-
type carbide precipitates. SAED analysis confirms this (Fig. 10 d). Let us
note that in contrast to steel in the tempered martensite state (Fig. 2 a)
these precipitates are round-shaped, uniformly distributed in the spec-
imen and present both at grain boundaries and in the grain body.

Finer, grey-contrasted precipitates type “B” are contain more V and
less Nb (Fig. 10 b). Contrary, type “C” particles are enriched by Nb with
lower content of V (Fig. 10 c). Some of these particles contain a small
amount of molybdenum. Such compositions of precipitates type “B” and
“C” (Fig. 10 b, ¢) and diffraction patterns (Fig. 10 e, f) are typical for MX-
type carbides/carbonitrides [37,38].

When performing statistical analysis of the average size of pre-
cipitates and their density we considered that My3Cg — all precipitates
with size exceeding 50 nm, while MX precipitates — with lower size
[31-33]. Grain size data, diameter, density and volume fraction of
precipitates are presented in Table 4.

It may be concluded that My3Cg precipitates density of SPD samples
are practically independent on thermal treatment temperature and their
mean size increases a few with the temperature increase. Herewith
density of MX precipitates is maximal (2.0 x 10%! 1/m®) and size of
precipitates is minimal (11 nm) after thermal treatment at 550 °C during
25 h. Evolution of structural state of specimens M — 6 at thermal

Specimen Phase Weight fraction, %wt Lattice parameter” a, nm Substructural characteristics
Crystallite size D/subgrains size, nm Microstrain Dislocations density pp, 101 cm™2
1073
M-1 Fe-a 100 0.28714 112/250-500" 1.21 3.3
M-2 Fe-a 80.8 0.28725 43/150 2.66 18.7
Fe-y 19.2 0.35910 - - -

M-4 Fe-a 100 0.28720 125/475 0.89 2.2

M-5 Fe-a 100 0.28724 105/195 1.71 4.9

M-6 Fe-a 100 0.28731 96/245 1.71 5.4

M -7 Fe -a 100 0.28718 129/210 1.23 2.9

2 Error of determining of lattice parameter Fe-a 210> nm, Fe-y 2:10~* nm.
b Width of martensitic lath.
¢ Thermal treatment 550 °C/25 h.
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- d

Fig. 8. The microstructure of T91 steel subjected to 5 cycles of UE after different thermal treatments (TT): (a) 550 °C, 25 h, specimen M-7; (b) 600 °C, 25 h, specimen
M-8; (c) 650 °C, 25 h, specimen M-9; (d) 730 °C, 1 h, specimen M-10.

Table 4
Parameters of precipitates in steel T91 after 5 cycles of UE and subsequent thermal treatment (TT) according to different regimes (dng — average grain size, p —
precipitates density, d,s— precipitates mean diameter, fy — volume fraction of precipitates).

Specimen TT regime dppg, pm p, 1/m® Ay, N fv%

M23Ce MX M23Cs MX M23Cs MX
M-1 1040°C, 0.5h 730°C, 1 h 20.00 9.3.10"° 6.5-10"° 126 20 7.5 0.3
M-6 - 0.15 3.4.10%° 2.4.10%° 128 15 4.0 0.3
M-7 550°C, 25 h 0.21 3.6-10'° 2.0-10%! 133 11 4.6 1.1
M-8 600°C, 25 h 0.54 3.0-10"° 5.9:10%° 140 16 5.2 0.9
M-9 650°C, 25 h 0.93 4.2.10" 1.2.10% 147 28 7.1 0.6
M-10 730°C,1h 1.00 3.5.10%° 1.0-10% 154 15 8.0 1.3

Mo L

Fig. 9. Elements composition mapping of matrix and precipitates in steel T91 after TT at 650 °C, 25 h. Marks in bright field image: “M” — matrix area, “A”- pre-
cipitates [M»3Cs] type, “B” - [(V, Nb)X] and “C”- [(Nb, V, Mo)X].
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Fig. 10. Identification of precipitates by EDS (a, b, ¢) and SAED (d, e, f) of typical particles type “A” (a, d), type “B” (b, €) and type “C” (c, f). Diffraction patterns
show crystallographic orientation between precipitates (yellow solid lines) and matrix (cyan dash lines).

treatment induces the changes of their microhardness (Table 4 and
Fig. 8). In addition the stable value of microhardness in examined range
of the thermal treatment time (1-100 h) is observed at TT temperature
of 550 °C. What is more for thermal treatment at this temperature during
25 h low increase in microhardness is observed (approximately by 100
MPa) despite the increase in grain size from 145 to 245 nm (Table 4),
decrease in dislocation density from 5.4 x 10'° em™2 to 2.9x 10'° em 2
and decrease in concentration of carbon dissolved into matrix according
formula (3) and data in Table 3, from 0.053 to 0.0124%wt. The reason
for this is, apparently, the formation of high number of fine MX-type
precipitates (Table 4) during thermal treatment, which induce the in-
crease in dispersion hardening. At T = 600 °C and higher the intensive
growth of grains occurs (Table 4) also as abrupt decrease in micro-
hardness with the increase in time of thermal treatment (Fig. 11). The
effect of dispersion hardening occurs to be insufficient for compensation
of strength loss induced by the grain size increase.

Fig. 12 shows Hall-Petch dependencies for microhardness of speci-
mens obtained by upsetting-extrusion with different number of cycles
(straight line 1) and as the result of thermal treatment at different
temperatures of specimen processed by 5 cycles of UE (straight line 2). It
can be seen that line 2 is considerably higher than line 1, that is, with the
similar grain sizes microhardness of thermal treated specimens is higher
than that of specimens obtained by deformation. This fact is apparently
related to the contribution of precipitates of carbide (carbonitride)
phases to the strengthening of the grain body. Let us also note the
proximity of microhardness values of the specimens subjected to ther-
mal treatment at 650 °C/25h and 730 °C/1h due to the approximate
equality of grain size and precipitations parameters (Fig. 12, Table 4).

It should be noted that Hall-Petch coefficients for yield strength
determined by data from Fig. 12 (assuming that 6, ~ 1/3 HV [21]) are
significantly lower than Ky—p ~ 0.43 GPa.p /2 for ECAP processed

3200
5500C
N&T
600°C
730°C 650°C
1600 - . . .
0 1 10 100

t, hours

Fig. 11. Dependence of microhardness of specimens subjected to 5 cycles of
upsetting-extrusion on time of TT at different temperatures. Dashed line defines
the level of microhardness in as-received state (tempered martensite).

samples [21]. Thus, for samples after MUE Ky—p =~ 0.22 GPa-p’l/ 2
(Fig. 12, curve 1) and for samples after thermal treatment Ky—p ~ 0.30
GPa-p_l/ 2 (Fi g. 12, curve 2). The reason for the lowered values of these
coefficients may be the small misorientation of the grains formed by this
type of TMT. As a result, the grain boundaries become less stoppers for
the dislocations movement [35]. An indirect confirmation of the small
misorientation of grains can be the increased stability of their sizes
during thermal treatment at 550°C, which results in high values of
microhardness (Fig. 11). In paper [21,35,36] such stability is observed
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600°C,

650°C,25h

730°C.1h

0,00 0,02 0,04 0,06 0,08 0,10
d. 12 pm-172

Fig. 12. Hall-Petch dependence of microhardness of specimens produced by
deformation with different number of UE cycles (1) and specimens processed by
5 cycles of UE and subsequent thermal treatment at different regimes (2).

at lower temperature (500°C).

Results on tensile tests of specimens in different structural states are
presented in Table 5.

The most interesting results are the following: 1) strength charac-
teristics of steel T91 (yield strength 6 » and ultimate tensile strength o)
with submicron ferritic microstructure, obtained by SPD and by SPD
with subsequent thermal treatment (specimens M — 6, M — 7) exceed
characteristics of steel with martensitic microstructure obtained by
standard processing “normalization + tempering” (specimen M — 1) in
temperature range —196 ... +550 °C. Herewith their ductility remains
on sufficient level; 2) we revealed for the first time that in specimens of
steel T91 with martensitic microstructure with a decrease of testing
temperature in range of liquid nitrogen not only strength increases but
also ductility improves (rupture elongation ). For specimens with
ferritic microstructure such behavior was not observed. This difference
is probably related to the structural features of the martensitic laths
boundaries. But further investigation is necessary to explain this effect.

In steels with a martensitic or ferritic microstructure, the yield
strength can be estimated by the formula [39]:

6)»:00+655+0'd+0p+6b: (4)

where o - friction stress during dislocations movement in iron (o9 ~

100 MPa [40,41]); oss — solid solution strengthening due to interstitial

(carbon) and substitutional atoms; o4 — dislocation strengthening; o}, —

carbide precipitates strengthening; o}; — grain boundaries strengthening.
The solid solution strengthening can be estimated by [42]:

055 =1723[C] + 5.8[Cr] + 18[Mo] + 105[Si] + 45[Mn] + 4.8[V] 5)
where ogg is in MPa and fraction of all elements [Z] is in weight percent.
Table 5

Mechanical characteristics of T91 steel specimens after different treatments at
various test temperatures (Tiesy).

Specimen Tiest, °C 00.2, op, MPa 85, %
MPa

M — 1 (initial) -196 1189 1242 18.2
20 728 797 14.5
550 407 441 13.7

M — 6 (5 cycles of UE) -196 1370 1430 7.9
20 853 921 6.1
550 548 606 9.7

M — 7 (5 cycles of UE + TT 550 °C, 25 h) -196 1280 1314 7.7
20 753 911 14.5
550 513 601 9.7
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Dissolution of carbon in the matrix is absent in specimens M — 1 and
M — 7, and in specimen M — 6 its concentration is about 0.05% (hard-
ening ~ 360 MPa). Based on the general composition of the steel
hardening by substitutional atoms is ~130 MPa. Considering that a
significant amount of chromium, molybdenum, manganese, vanadium
and niobium is bound in carbides, the actual hardening of the matrix by
these elements can be ~70-90 MPa and for all samples (M — 1, M — 6, M
— 7) is taken equal to 80 MPa.

Dislocation strengthening:

0s=Kp-py’ (6)
where Kp = 7.34 x 10~® MPa m [42]; pp — dislocation density, presented
in Table 3.

The precipitation strengthening o), is related to the interaction be-
tween dislocation and precipitates. Electron microscopic studies have
shown [11] that strengthening by nanosized precipitates of MX-carbides
is carried out according to the Orowan mechanism (bending around the
precipitates by dislocations), while the mechanism of blocking disloca-
tions is characteristic of large M23Cg carbides.

Within the Orowan model [43]:

0.7MGb\/Firx

dMX

Op_mMx = (7)
where M - Taylor factor (M = 3); G — shear modulus (G = 71.85 GPa [44,
450); b — Burgers vector (b = 0.249 nm).

In model of dispersed barrier hardening (DBH) [46]:

0p-masce = MaGb/ pyr3ce-dmnace 8

where a — barrier strength factor (¢ = 0.2 [44,45]).

For a martensitic microstructure (sample M — 1) the main bound-
aries contributing to hardening are considered to be the lath boundaries
ObsL.

Ops =0pst, = Ky L™ ©

where K; = 115 MPa pm [42]; L - average lath size (L = 0.35 pm for the
sample M — 1).

In the case of a ferrite microstructure (samples M — 6, M — 7) the
main boundaries are grain (subgrain) boundaries and their contribution
Gbsg is described by the Hall-Petch relation:

Ops = Opsg = KH—P'drln{qz a0

where Kg—p — Hall-Petch coefficient, dig — mean grain size.

The values of Hall-Petch coefficient for steel T91, determined from
our microhardness data, are Ky—p ~ 0.22 GPa pm’l/ 2 for samples M — 6
and Kg—p ~ 0.3 GPa pm’l/2 for samples M-7.

Using the above values of various parameters and the data of Ta-
bles 3 and 4, the contribution of various mechanisms to the yield stress
of samples M — 1, M — 6 and M — 7 were calculated (Table 6).

As can be seen from Table 6, the main contributions to the yield
strength give lath boundaries strengthening (in specimens with

Table 6

Calculated values of solid solution strengthening ogs, dislocation strengthening
o4, carbide precipitates strengthening o, grain boundaries strengthening o3, and
yield strength Xo,; for samples with different microstructure.

Sample values M-1 M-6 M-7
69, MPa 100 100 100
055, MPa 80 440 80

64, MPa 133 170 125
6p.mx; MPa 75 153 390
6p-m23c6, MPa 37 23 24

Ops, MPa 328 563 655

Zoyi, MPa 753 1449 1374
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martensitic microstructure) and grain boundaries strengthening (in
specimens with a ferritic microstructure). A significant contribution to
the yield strength of steel after SPD is also made by carbon atoms,
present in the matrix of samples M — 6 as a result of “mechanical”
dissolution. After the thermal treatment of the SPD processed samples
approximately the same contribution to the hardening is made by the
nanosized MX carbides.

Note that calculated and experimental values of the yield strength for
samples M — 1 with martensitic microstructure are quite close (753 MPa
and 723 MPa, respectively), while only qualitative agreement is
observed for samples M — 6 and M — 7 (see Tables 5 and 6). The
calculated values of the yield strength for these samples significantly
exceed ones experimentally observed at room temperature. As noted in
[41], this may be due to the uncertainty of a number of parameters
included in the calculation formulas.

4. Conclusions

1. It is shown that severe plastic deformation (SPD) by the multiple
“upsetting-extrusion” method with the decrease of the processing
temperature from 750 to 575 °C allowed to obtain mean size of
ferritic grains of 145 nm. Two types of precipitates are observed —
M>3Cg (Where M = Cr, Fe, Mo, Mn) and MX (where M = Nb, V; X =C,
N). At the same time, particles of both niobium and vanadium
prevalence are observed among the MX precipitates.

2. Itis determined that increase in number of upsetting-extrusion cycles
and decrease in deformation temperature induces not only decrease
in grain size and increase in dislocation density but also increase in
lattice parameter of ferritic phase. Increase in lattice parameter oc-
curs due to the increase of carbon concentration in ferrite lattice as
the result of so-called “deformation dissolution” of carbide pre-
cipitates. The consequence of such structural changes is the increase
of steel microhardness to 2855 MPa, which is 375 MPa higher than
that in as-received steel (state of tempered martensite).

3. We also studied thermal stability of submicron ferritic microstruc-
ture obtained by SPD method at temperatures 550-730 °C and time
of treatment up to 100 h. It was established that treatment at 550 °C
during 25 h increases the mean grains size approximately by 45%
(from 145 to 210 nm). Despite such an increase in the grain size, the
microhardness rises continuously with an increase in the heat
treatment time to 100 h as a result of precipitation hardening due to
the formation of a large number of small carbide particles of the MX
type (where M = Nb, V; X = C, N). At treatment temperatures of
600 °C and higher the considerable increase of grain size and
decrease in microhardness are observed.

4. It is revealed that microhardness dependence on the grain size may
be satisfactory described by Hall-Petch relationship both for SPD
specimens and specimens after further thermal treatment. Despite
the similar grains size microhardness of thermal treated specimens is
higher than that of deformed ones due to the dispersion hardening of
grain body.

5. Strength characteristics in temperature range —196 ... +550 (yield
strength 62 and ultimate tensile strength op) of steel T91 with
submicron ferritic microstructure obtained by SPD and by SPD with
subsequent thermal treatment exceed characteristics of steel with
martensitic microstructure obtained by standard technology
“normalization + tempering”. Ductility remains on sufficiently high
level.

6 The calculations showed that the main contribution to the yield
strength of samples with different microstructure is made by
boundaries - laths boundaries in samples with a martensitic micro-
structure and grain boundaries in samples with an ultrafine-grained
ferritic microstructure. Strengthening by dissolved carbon atoms and
nanosized MX carbides is also significant for certain structural states.

7. Comparison of obtained results with literature data for steel T91
subjected to SPD by torsion under high pressure and equal-channel
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angular pressing shows that our method of multiple “upsetting-
extrusion” allows grain refining and mechanical characteristics
improving. Advantage of this method consists in possibility to refine
microstructure of billet of industrial size as well as in the simplicity of
the mechanical processing.

Datasets related to this article can be found at https://doi.org/10
.17632/wg2wwrbwpp.1, an open-source online data repository hosted
at Mendeley Data (Rostova, Hanna (2021))
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