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The aim of this paper is to consider the features of structure evolution during severe plastic deformation (SPD)
of steels and its influence on mechanical properties. The investigation have been carried out mainly on low
carbon steels as well as on austenitic stainless steels after SPD by torsion under high pressure (HPT) and equal
channel angular (ECA) pressing. Structure formation dependencies on temperature deformation conditions,
strain degree, chemical composition, initial state and pressure are considered. The role of phase transforma-
tions for additional grain refinement, namely, martensitic transformation, precipitation of carbide particles during
SPD and heating is underlined.

Key words: nano- and submicrocrystalline structure, severe plastic deformation (SPD), equal channel angular
pressing (ECAP), steels

Nanostrukture dobivene intenzivhom plasticnom deformacijom: postignuéa i poteskoée. Cilj lanka je
razmatranje karakteristika razvitka strukture €elika uslijed intenzivne plasti¢ne deformacije (IPD) i utjecaj na
mehanic¢ka svojstva. IstraZivanja su se uglavnom odvijala na niskouglji¢nim i austenitnim korozivno otpornim
Ceilcima poslije IPD-a, primjenom visokog tlaka i torziranja (VTT), te kutno kanalnog preSanja (KKP). Tvorba
strukture zavisi od temperaturno deformacijskoh uvjeta, stupnja deformcije, kemijskog sastava, izvornog
stanja i tlaka preSanja. Isti¢e se uloga faznih preobraZaja za dopunsku izmjenu strukture, posebice, martenzini
preobrazaj, izlu€ivanje karbidnih Cestica tijekom IPD-a i naknadnog Zarenja.

Kljucne rijeci: nano- i submikrokristalna struktura, intenzivna plasti¢na deformacija (IPD), kutno kanalno pre-

Sanje (KKP), celici

INTRODUCTION

At present, a great attention is paid to the processes of
severe plastic deformation (SPD) due to the opportunity
of the formation of nano (grain size less then 100 nm)-
and submicrocrystalline (grain size-between 100 nm and
1000 nm) structures upon deformation [1, 2]. This method
consists in severe deformation at relative low temperatures
(below (0,3 - 0,4) Tm) under high applied pressures and
provides bulk porous-free nano- and submicrocrystalline
metals and alloys [2]. Conventional deformation meth-
ods, such as rolling, drawing, pressing, etc., reduce the
cross-sectional area of a billet and do not allow one to
obtain a high strain and grain refinement. Nontraditional
methods, such as torsion under high hydrostatic pressure,
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equal-channel angular pressing, multiaxial deformation,
alternating bending, accumulative roll bonding, twist
extrusion, and so on, allow one to deform a billet without
changing the cross-sectional area and to reach desirable
high strain and grain refinement. Structures obtained dur-
ing SPD have specific features: small size of grains down
to nanolevel, low density of free dislocations, high angle
misorientation of these grains, and high energy and non-
equilibrium state of grain boundaries [2]. These structures
lead to changes in physical and mechanical properties: a
significant increase in the strength at good ductility, an
increase in the wear resistance, and high-speed and low-
temperature superplasticity [2].

Most works are related to the SPD of pure metals and
rather plastic alloys. The use of SPD for commercial steels
has been poorly studied. Moreover, now it is difficult to
widely apply severe plastic deformation in industry. Nev-
ertheless, it is important to study the limiting structural
states of commercial steels and a combination of their
mechanical and service properties.
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The purpose of this paper is to consider the features of
structure formation during SPD and mechanical properties
of austenitic stainless and low-carbon steels.

FACTORS AFFECTING
THE STRUCTURE FORMATION DURING SPD

Temperature

It is well known that hot deformation can cause grain
refinement due to the occurrence of dynamic recrystalliza-
tion. The lower is the temperature, the finer are the grains,
but, at the same time, the higher is the degree of deforma-
tion required for the beginning of dynamic recrystallization
(Figure 1.). It would seem that the smallest grain size can be
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Figure 1. Dependence of critical strain for dynamic recrystalliza-
tion on temperature

Slikal.  Ovisnost kriti¢nog stupnja deformacije za pocetak dina-
micke rekristalizacije o temperaturi

obtained at room temperature, but this requires the degree of
deformation, which cannot be realized upon conventional
deformation schemes such as rolling, extrusion, forging,
etc. In reality, the grained structure with high-angle grain
boundaries was obtained at room temperature by using
methods of severe plastic deformation such as torsion under
high hydrostatic pressure (HPT) and equal-channel angular
(ECA) pressing. However, the formation of high-angle
boundaries, i.e., the process of recrystallization is thermally
activated and requires elevated temperatures. Now it is al-
ready well established that room-temperature SPD under the
high pressure cause the occurrence of diffusion-controlled
dislocations climb processes [3]. Just these processes are
responsible for the formation of new grains. Is this process
a dynamic recrystallization? In our opinion - yes, it is, since,
the new grains appear in the deformed matrix, they belong to
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the matrix phase, but are substantially more perfect and are

separated from other grains by high-angle boundaries [4].
Thus, lowering the SPD temperature to room tempera-

ture, we can refine the grain structure to the nanosize scale.

Degree of strain

It is conventionally assumed that the formation of pre-
dominantly nanocrystalline structure upon SPD at lowered
temperature corresponds to the steady-stage portion in the
graph of the dependence of microhardness on the degree of
strain, i.e., to a true degree of strain € = 5 - 7 [2]. However,
one should take into account that the degree of strain, which
causes the formation of new grains with high-angle boundar-
ies, depends on the stacking fault energy and the degree of al-
loying of the material. The required degree of strain increases
with decreasing stacking fault energy and increasing degree
of alloying. For example, the formation of submicrocrystal-
line structure upon high-pressure torsion (HPT) in Armco
iron begins earlier than in the ferritic steel 0,08 % S - 18 %
Cr - 1,0 % Ti with the same bcc lattice[5].

Strain rate

An increase in the strain rate leads to the grain refine-
ment. However, it is unreasonable to increase the strain
rate in the case of SPD at room temperature. First, upon
cold deformation, unlike hot deformation, an increase in
strain rate insignificantly decreases grain size. Second,
an increase in strain rate causes the formation of surface
cracks and the premature failure of the sample, especially
upon ECA pressing, because of the contact of the sample
with the internal right angle of the die.

Chemical composition

Nanostructure formation depends on chemical compo-
sition. During severe deformation at room temperature, the
alloying facilitates grain refinement by slowing down the
diffusion (under high pressure, an appreciable diffusion
takes place even at room temperature [3]), by reducing the
stacking fault energy, as well as by the necessity to apply
higher deforming stresses.

For example, after SPD by torsion under high pressure
at room temperature the grain size in Armco-iron is ~ 200
nm just as in ferritic stainless 18 % Cr - Ti steel - ~ 150
nm [5]. Changes of chemical composition could initiate
phase transformations and change the structure.

Initial state
It is shown that the metastable non-equilibrium initial

state (metastable austenite, quenched oversaturated solid
solution...) results in most grain refinement during SPD
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at the expense of phase transformations (martensitic trans-
formations, precipitation and dissolution of carbides...)
and often helps to achieve the nanoscale grain size level
[6]. Austenitic stainless Cr-Ni steel undergoes martensitic
transformation during SPD at room temperature [5 - 7].
Martensitic transformation leads to additional grain refine-
ment and dual phase austenitic - martensitic nanocrystal-
line structure exhibits higher thermal stability because the
grain growth of one phase constituent is suppressed by the
other constituent, and vice versa.
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Figure2. Microhardness dependence on pressure during SPD by
high pressure torsion at room temperature with £ = 6.
(Initial state: x - as-quenched, e - as-annealed): a - Low-
carbon 0,1 % C - Mn - Si steel (S. Dobatkin et al, 2001); b -
High - carbon 0,8 % C - 6 % W -5 % Mo steel (S. Doba-
tkin, M. Zehetbauer et al, 2001)

Slika2.  Ovisnost mikrotvrdoce tijekom IPD visokim torzionim
tlakom na sobnoj temperturi s € = 6. (Pocetno stanje: x -
zakaljeno, ¢ - odZareno): a) niskouglji¢ni 0,1 % C - Mn -
Si steel (S. Dobatkin et al, 2001); b) visokouglji¢ni 0,8 %
C-6% W -5 % Mo steel (S. Dobatkin ili M. Zehetbauer
etal,2001)

Severe deformation of an oversaturated solid solution
can induce its decomposition in course of deformation.
Decomposition of the solid solution can also be initiated
before and after severe deformation. The second phase
particles that have precipitated during heat treatment in-
hibit grain growth. Severe low temperature deformation
can lead to dissolution of the precipitates simultaneously
with the formation of nanostructure. The possibility for dis-
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solving cementite Fe C particles was demonstrated in cold
rolling of carbon steels with high reductions [8]. Recently,
it was shown the dissolution of carbides in quenched low
carbon 0,2 % C-Mn-B steel [9], and complete dissolution
of cementite Fe,C in high carbon 1,2 % C steel [10]. Sub-
sequent reheating can then result in re-precipitation of the
disperse particles and in stabilization of nanostructure. It
should be noted that the dissolution of the second phase
particles and their ability to stabilize the structure depends
on the size and volume fraction of precipitates.

Pressure

Structure and, correspondingly, strengthening depends
on the pressure applied upon SPD. For example, for the
low-carbon 0,1 % C-Mn-Si steel, just as for the high-
carbon 0,8 % C - 6 % W - 5 % Mo steel, an increase in
pressure from 6 to 10 GPa upon room-temperature HPT
leads to a significant strengthening (Figure 2.). Moreover,
for the initially quenched state, the strengthening and the
structure refinement are higher than those observed for the
initially annealed structure.

STRUCTURE AND
PROPERTIES OF STEELS AFTER SPD

Austenitic stainless steels

Different structures can be obtained, depending on
experimental scheme. The limiting structural states are
generally realized upon high-pressure torsion (HPT) since,
in this case, the applied pressure (up to 10 GPa) allows one
to reach a high strain degree [4]. An equal channel angular
pressing (ECAP) as one of the most advantageous SPD
methods allows to prepare nano- and submicrocrystalline
samples as large as 0f 20 - 40 mm in diameter and 100 - 150
mm in length [2, 11, 12]. The pieces of such size can be
widely used for medical tools and implants; in particular,
they are already tested for titanium [2].

Room-temperature deformation of 0,08 % C - 18,3 %
Cr-9,8 % Ni - 0,6 % Ti austenitic steel by high-pressure
torsion (HPT, P = 6 GPa) on the samples of 10 mm in
diameter and 1 mm in thickness leads to the formation of
separated structure elements with high-angle boundaries
already at e = 4,3 (1 revolution) [5, 7]. As a whole, the
oriented structure, which is formed at the initial stages, is
transformed into a rather equiaxed structure upon further
deformation. An average size of structural elements is
about of 50 nm in the 0,08 % C - 18,3 % Cr - 9,8 % Ni
- 0,6 % Ti steel after deformation by HPT to e = 5.8 (5
revolutions) (Figure 3.). The character of the selected area
electron-diffraction (SAED) pattern generally indicates a
high-angle misorientation at the boundaries. Therefore, we
can define the obtained structure as nanocrystalline.
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Slika 3.
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Structure of austenitic Cr-Ni-Ti steel after severe plastic
deformation (SPD) by high pressure torsion: a - SPD, £ =
6,3 (5 turns); b - SPD, £ = 6,3; heating 500 °C (1 hour); ¢ -
SPD, £¢=6,3; heating 700 °C (1 hour)

Struktura austenitnog Cr-Ni-ti ¢elika poslije instenzine
plasti¢ne deformacije (IPD) torziranjem pod visokim tla-
kom: a) IPD, £ = 6,3 (5 okretaja); b) SPD, £ = 6,3, Zarenje
500 °C (1 sat); ¢) SPD, £=6,3, Zarenje 700 °C (1 sat)

Severe plastic deformation induces a martensitic trans-
formation in austenitic steels [5 - 7]. The martensite content
in the 0,08 % C - 18,3 % Cr - 9,8 % Ni - 0,6 % Ti steel
sample was 50 % already at e = 4.3 (1 revolution) and ~
60 % at e = 5,8 (5 revolutions) (Figure 4.) [5]. Not only ~
— q, but also y —¢ — « transformation was revealed. The
X-ray diffraction data on the volume fraction of martensite
were obtained without taking into account for texture [5,
6]. As we determined the martensite content with allow-
ance for texture formed upon deformation by torsion [7],
the same samples after e = 5,8 (5 revolutions) revealed 80
% rather than 60 % martensite shown earlier [5]. In general,
we note that the difference in the martensite contents in
austenitic steels subjected to SPD is caused not only by
the deformation scheme and applied pressure, but also, to
the greater extent, by the technique of the determination
of the « - phase content.
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Figure4. Changes of phase composition during SPD by high pres-
sure torsion of austenitic 0,08 % C - 18,3 % Cr-9,8 % Ni-
0,6 % Tisteel

Promjena faznog sastava tijekom IPD visokim tlakom
torzije austenitnog 0,08 % C - 18,3 % Cr-9,8 % Ni- 0,6 %
Ti ¢elika

Slika 4.

In any case, SPD leads to the formation of a two-phase
austenitic-martensitic structure, which should increase
the thermal stability of the obtained nanocrystalline steel.
Upon heating of the nanocrystalline 0,08 % C - 18,3 % Cr
- 9,8 % Ni - 0,6 % Ti steel after SPD by HPT, the initial
grain size of 50 nm remains virtually unchanged up to a
temperature of 400 °C. The grain size slightly increases
(to 250 nm) at 500 °C and begins to intensely grow at
temperatures above 600 °C (Figure 3.) [7].

This corresponds to the changes in the volume fractions
of phase constituents upon heating [7]. The martensite frac-
tion begins to decrease upon heating above 400 °C. After
heating to 550 °C, the phase composition corresponds to a
ratio 50%:50%. This still suppresses an intense grain growth,
which begins at 600 °C, when the austenite content is ~ 80
%. Upon heating of the nanocrystalline steel to 600 °C, the
grain size is retained in a submicrocrystalline range, remain-
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ing below 1 pm. After heating to 800 °C, the grain size was
determined by metallographic examination to be ~ 7 um.

To determine the mechanical characteristics after SPD,
the massive samples were subjected to room-temperature
deformation by ECA pressing, since the samples deformed
by HPT are not suitable for standard mechanical tests.

An opportunity to deform a sample in the ECAP die
without failure is generally determined by the construction
of'this die, which is characterized by a decreased friction in
the input channel and a back pressure in the output channel.
The die used in [7] allowed to deform a sample of 0,07 %
C-17,3%Cr-9,2% Ni - 0,7 % Ti austenitic steel of 20
mm in diameter and 80 mm in length for four passes, i.e.
N =4 (one pass at an angle of 90° between channels and
three passes at an angle of 120°), to a true deformation e
= 3,2 at room temperature.

The limiting deformation achieved by ECA pressing of
0,07% C-17,3% Cr-9,2 % Ni - 0,7 % Ti steel is much
lower than that achievable by HPT. For this reason, we
failed to obtain an equiaxed structure after ECA pressing.
Oriented structure consisting of elements of 100 - 250 nm
in size (a distance between subgrain or grain boundar-
ies) and separated equiaxed grains of the same size were
observed. Such oriented structure elements are presented
by shear and deformation bands, twins, martensitic plates,
and oriented subgrains (cells) [13]. It is difficult to resolve
the structure type in such a fine structure. The oriented
structures frequently cross one another at an angle. The
nucleation of equiaxed grains can occur also through the
cellular structure. With increasing strain degree, the frac-
tion of the grained structure increases, but even at N = 4
(e = 3,2), the structure remains far from perfection.

Unlike HPT, ECA pressing under the used conditions
induces a weak martensitic transformation, which becomes
more active only at N =4, leading to the formation of 45
% martensite [7].

Even the imperfect and oriented submicrocrystalline
structure of 0,07 % C - 17,3 % Cr - 9,2 % Ni- 0,7 % Ti
steel after ECAP provides a good combination of mechani-
cal properties. Already at N = 2, the yield strength is 990
MPa at an elongation of 13 % (Table 1.) [7]. The further

Table 1. Mechanical properties of 0,07 % C -17,3 % Cr-9,2 % Ni
- 0,7 % Ti Austenitic Steel after ECA pressing at room
temperatureand N=2-4

Tablical. Mehani¢ka svojstva austenitnog ¢elikas 0,07 % C-17,3
% Cr-9,2 % Ni- 0,7 % poslije KKP presanja na sobnoj
temperaturiiN=2-4

State R,/MPa | R,/MPa Al % Z/%

Initial 570 250 58 77
2 passes 1080 990 13 64
3 passes 1180 1120 13,5 56,5
4 passes 1400 1315 11 58
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deformation up to N =4 monotonously increases the yield
strength up to 1315 MPa at 4 = 11 %. To obtain a perfect
nano- or submicrocrystalline structure, one should either
increase the degree of deformation, or heat the obtained
structure. High degree of the achievable deformation and
a high pressure used in [14] resulted in a more perfect
grained structure with a grain size of ~ 100 nm and, corre-
spondingly, a higher plasticity (4 =27,5 %) at a somewhat
higher strength (R, = 1340 MPa).

Low carbon steels
Cold ECA pressing

A submicrocrystalline structure in bulk billets of low
carbon steels can be produced by equal-channel angular
pressing (ECAP) at reduced deformation temperatures.
However, the lower the deformation temperature, the higher
the deformation required for the formation of high-angle
boundaries, i.e., new grains [15]. The maximum achiev-
able deformation without failure of a sample upon ECAP
depends substantially on the equipment used, a decrease in
the friction in the channels, and the backpressure [11, 12].
Upon cold ECAP, low-carbon steels can only be subjected
to two or three deformation cycles at the most efficient
angle of channel intersection (90°) without the failure of a
sample, which is insufficient to produce a developed grain
structure [16, 17]. The structure produced consists of cellular
and subgrain regions with a high dislocation density and a
small number of individual submicron grains.

Low carbon 0,1 % C-1,6% Mn-0,1 % V - 0,08 %
Ti steel in two initial states: the ferritic-pearlitic state after
hot rolling and the martensitic (bainitic) state produced by
quenching from 925 °C (30 min.) was studied [18]. ECAP
was performed at a channel intersection angle of 90° on
samples 5 mm in diameter and 30 mm in length in two
cycles (N = 2) at room temperature for the initially ferritic-
pearlitic state and at N =2 and 7, .= 400 °C for the initially
martensitic state, which corresponded to the maximum
possible cold deformation without failure of a sample.

The cold ECAP of the hot rolled and quenched samples
ofthe 0,1 % C-1,6% Mn-0,1 % V -0,08 % Ti steel at N
=2 results in a cellular and subgrain structure (Figures 5.a,
d). There are also areas with both an oriented structure and
equiaxed structural elements, which contain separate grains
with high-angle boundaries. After ECAP of this steel with
the initially ferritic-pearlitic structure the spheroidization of
the cementite plates was observed. The size of the structural
elements is 150 - 350 nm. The fact that the structural ele-
ments in the quenched deformed samples are significantly
smaller than in the hot rolled deformed samples can be
due to an initially higher dislocation density in them. After
10-min heating of the deformed quenched sample at 600
°C, its structure becomes mixed: the partly polygonized
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(subgrain) structure has low-angle boundaries, whereas
the partly submicrocrystalline structure has high-angle
grain boundaries (Figure 5.¢). The fact that the boundar-
ies are high-angle is indicated by the characteristic fringe
contrast at the grain boundaries, which is observed upon

ferritic-pearlitic structure of the 0,1 % C - 1,6 % Mn - 0,1
% V -0,08 % Ti steel at 700 °C, the formation and retention
of the submicrocrystalline structure with a grain size of ~
300 nm upon heating of the quenched samples of this steel
at 700 °C after ECAP can be explained by (1) the higher

Figure5. Structure of 0,1% C-1,6 % Mn-0,1 % V - 0,08 % Ti steel after cold ECA pressing and heating: a,d - ECAP; b -e- ECAP+ 600 °C (10
min); ¢-f- ECAP+ 700 °C (10 min); a - ¢ - Initial ferritic-pearlitic state (before ECAP); d - f - Initial martensitic (bainitic) state (before

ECAP)

Slika5.  Struktura ¢elika s 0,1% C-1,6 % Mn -0,1 % V - 0,08 % Ti poslije hladnog KKP presanja i Zarenja: a), d) - KKP; b), e) - KKP + 600 °C
(10 min); ¢), f) - KKP+ 700 °C (10 min); a), ¢) - pocetno ferit-perlitno stanje (prije KKP); d), f) - po¢etno martenzitno (bainitno) stanje

(prije KKP)

an electron-microscopic examination, and the appearance
of individual reflections in diffraction rings. The structures
are mainly oriented. Equiaxed grains and subgrains are, as
arule, formed inside oriented subgrains. As the temperature
of heating of the 0,1 % C - 1,6 % Mn - 0,1 % V - 0,08 %
Ti steel with the initially quenched structure after ECAP
increases from 600 to 700 °C, the structure becomes not so
oriented and the fraction of grains and their sizes increase
(Figure 5.f). The size of the structural elements increases,
on average, from ~ 0,2 to ~ 0,3um. The regions with the
oriented structure are retained in a totally equiaxed structure
after heating at 700 °C. Heating after ECAP of the 0,1 %
C-1,6%Mn-0,1%V -0,08 % Ti steel with the initially
ferritic-pearlitic structure at 600 °C leads to the formation
of an inhomogeneous structure (Figure 5.b). This structure
is mainly oriented and polygonized and has individual
equiaxed grains and subgrains. Areas with a cellular struc-
ture having a high dislocation density are also retained.
Heating of the hot rolled samples after ECAP at 700 °C
results in a grain structure with a grain size of 6 - 12 pm
(Figure 5.c). Unlike heating of the deformed samples with
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homogeneity of the initial martensite (bainite) structure, (2)
the higher initial dislocation density, and (3) the precipitation
of fine uniformly distributed carbides upon heating.

After two ECAP cycles, the strength properties of the
0,1%C-1,6% Mn-0,1% YV -0,08 % Ti steel increase.
Specifically, the yield strength is almost doubled: it increases
from 510 to 1000 MPa for the initially hot rolled samples
and from 600 to 1110 MPa for the initially quenched samples
(Table 2.) [18]. Under these conditions, the ductility 4,
changes only slightly for the initially hot rolled samples
and decreases for the initially quenched samples, which is
likely due to a significant increase in the dislocation density.
In the case of the initially hot rolled samples, a decrease in
the 4, induced by an increase in the dislocation density is
likely to be compensated for by an increase in 4 because
of the fragmentation and spheroidization of carbides in
the pearlite. Upon heating of the 0,1 % C - 1,6 % Mn - 0,1
% V - 0,08 % Ti steel after ECAP, the strength properties
decrease but in different ways: for the hot rolled samples,
R, decreases by 22 and 42 % upon heating at 600 and 700
°C, respectively, and by 10 and 27 % for the quenched

METALURGIJA 45 (2006) 4, 313-321
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Table 2. Mechanical properties of 0,1 % C-1,6 % Mn-0,1%V -
0,08 % Tisteel after cold ECA pressing and heating

Tablica2. Mehanicka svojstva ¢elikas 0,1 % C - 1,6 % Mn - 0,1 %
V-0,08 % Tiposlije hladnog KKP presanjaiZerenja

R R A(uni- |4 (to- | Z

e

/MPa | / MPa | form) /% | tal) /% | /%
Hotrolling (HR)| 510 | 525 | 2,1 | 240 | 39,0

Treatment

HR+ECAP
(20°C,N=2) | 1000 | 1030 3,4 23,0 | 50,6
ECAP + 10 min
ot 600 °C 780 | 790 42 22,7 | 40,6
ECAP + 10 min . ]
£ 700 °C 585 | 670 39,1
Quenching (Q) 600 | 845 - 27,0 | 65,5
Q +ECAP

(400 °C, N = 2) 1110 | 1170 12,0
ECAP + 10 min
at 600 °C

ECAP + 10 min
at 700 °C

1000 | 1015 11,0 28,2 | 39,7

810 | 870 16,2 23,5 -

samples upon heating at the same temperatures, respectively.
The R, of the quenched sample of the 0,1 % C - 1,6 % Mn
-0,1 % V - 0,08 % Ti steel after ECAP, even upon heating
at 600 °C, retains its high value (R, = 1015 MPa) at the
ductility characteristics 4, = 28 % and Z= 40 %. The total
elongation upon heating of the 0,1 % C - 1,6 % Mn - 0,1
% V - 0,08 % Ti steel after ECAP increases to A o <30 %,
except for heating of the hot rolled sample at 700 °C, when
a completely grain structure with a grain size of 6 - 12 pm
provides 4 = 39 %. It should be noted that the values of
uniform elongation 4 are high for the initially quenched
samples after ECAP followed by heating and that those
for the initially hot rolled samples are low. The strength
properties R and R are substantially higher in the initially
hot rolled samples of the 0,1 % C - 1,6 % Mn - 0,1 % V
- 0,08 % Ti steel after room-temperature ECAP. From the
standpoint of the grain-subgrain structure, we would expect
the best combination of strength and ductility for the 0,1 %

C-1,6%Mn-0,1%YV -0,08 % Ti steel in the initially hot
rolled samples after ECAP followed by heating at 600 °C
and in the initially quenched samples after ECAP and heat-
ing at 700 °C. In real practice, this combination is reached
immediately after ECAP in the former case and after ECAP
followed by heating at 600 °C in the latter case. Probably,
apart from the grain-subgrain perfection and the dislocation
density, the state of the carbides in the steel also substantially
affects the set of mechanical properties.

Warm ECA pressing

Three low carbon 0,17 % C-, 0,21 % C - 0,89 % Mn
-0,78%Si-0,16 % V-and 0,23 % C - 1,24 % Mn - 0,75 %
Si-steels were studied after warm ECA pressing [19]. The
0,17 % C-steel was subjected to ECAP in the hot-rolled
state, whereas the 0,21 % C - 0,89 % Mn - 0,78 % Si- 0,16
% V-and 0,23 % C - 1,24 % Mn - 0,75 % Si-steels were
previously annealed at 950 °C for 30 min and subsequently
cooled in a furnace. In all cases, the steels had a ferritic-
pearlitic structure. Warm ECAP of 0,17 % C-steel was
performed at 500 °C, whereas the 0,21 % C - 0,89 % Mn
-0,78 % Si - 0,16 % V- and 0,23 % C - 1,24 % Mn - 0,75
% Si-steels were pressed at 550 °C. The angle of intersec-
tion of the two channels was equal to =90°. Samples 20
mm in diameter and 120 mm in length were subjected to
four passes N = 4; the angle of rotation of the samples
about the longitudinal axis between each pass was equal
to 180° (Route C). These conditions provide alternating
strain. Four passes under these conditions correspond to
the maximum strain before failure.

Using optical microscopy it is impossible to reveal
a substructure in the strained elongated ferritic grains
formed in the 0,17 % C-steel samples during warm ECAP
at four passes. Electron microscopic study allowed to find
both ferrite subgrains, which are formed within ferrite
grains and are separated by low-angle boundaries, and a
submicrocrystalline structure characterized by high-angle
grain boundaries (Figure 6.a). The substructure formed

Figure 6. Structure of low carbon steels after warm ECA pressing: a - 0,17 % C - steel; b-0,21% C - 0,89 % Mn - 0,78 % Si- 0,16 % V - steel; ¢ -
0,23 % C-1,24 % Mn-0,75 % Si- steel; a- ECAP; T, ,=500°C; b-c- ECAP; T, ,=550°C

Slika6.  Struktura niskouglji¢nog celika poslije toplog KKP presanja: a) 0,17 % C - €elik; b) 0,21% C - 0,89 % Mn - 0,78 % Si- 0,16 % V - elik;
¢) 0,23 % C-1,24 % Mn - 0,75 % Si - €elik; a) - KKP, 7, ,=500°C; b), ¢) - KKP; 7, , =550 °C

METALURGIJA 45 (2006) 4, 313-321
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upon dynamic recovery is represented by two differ-
ent structures, namely, oriented and relatively equiaxed
structures. The submicrocrystalline structure is formed
within both ferrite grains and pearlite colonies. In both
cases, the sequence of formation of submicron grains is
the same. Within both oriented ferrite subgrains and fer-
rite grains that are present between the cementite plates
of pearlite colonies, transverse subboundaries are formed
at the expense of lattice dislocations. Upon subsequent
deformation, square or parallelogram subgrains become
rounded; the subgrain boundary angle increases. Finally,
the process of increasing the subgrain boundary angle is
completed by the formation of submicron grains (less than
1 pm in size). Within the pearlitic colonies, this process is
accompanied by the fragmentation and spheroidization of
cementite plates. The sizes of the grains formed in ferrite
and pearlite are different and determined by the distance
between oriented subboundaries in the ferrite (0,3 - 0,4
pum) and the distance between cementite plates (0,1 - 0,2
pm) in the pearlite colonies, respectively. The average
size of structural elements in the ferrite of the 0,17 %
C-steel subjected to ECAP at 7= 500 °C and N = 4 was
measured in the cross section for both the submicrocrys-
talline structure and the substructure; it was found to be
0,35 pm. The EBSD study confirmed the presence of two
different structures with low- and high-angle grain bound-
aries that are formed within the initial elongated ferrite
grains. It can be assumed that, under these conditions of
ECAP, a completely submicrocrystalline structure can be
formed after a larger number of passes. Using EBSD and
TEM (Figures 6.b, c), a similar data for the samples of
the low-alloy low-carbon 0,21 % C - 0,89 % Mn - 0,78
% Si- 0,16 % V-and 0,23 % C - 1,24 % Mn - 0,75 % Si-
steels subjected to warm ECAP at 550 °C and N = 4 was
obtained: subgrain and grain structures characterized by
structural elements 0,3 - 0,5 pm in size are formed. The
steels differ in the fractions of low- and high-angle grain
misorientations. All the samples have a mixed recovered
+ submicrocrystalline structure.

The partially submicrocrystalline structure leads to
substantial hardening of the steels as is evidenced by the
similar values of R and R (Table 3.) as well as the yield
drop in the stress-strain curve for the 0,17 % C-steel [20].
The yield strength of the 0,17 % C-steel (R, = 840 MPa)
subjected to ECAP is higher than that of the hot-rolled
steel by a factor of almost three; the samples exhibiting
such high yield strength are characterized by rather large
elongation (4 =10 %) [19, 20]. The low-carbon low-alloy
0,21%C-0,89 % Mn-0,78 % Si-0,16 % V-and 0,23 % C
- 1,24 % Mn - 0,75 % Si-steels exhibit different hardening
upon warm ECAP (Table 3.) [19]. Even at N =2, the 0,23
% C - 1,24 % Mn - 0,75 % Si-steel exhibits a high yield
strength, which is virtually unchanged at N = 4. The 0,21
% C-0,89 % Mn - 0.78 % Si - 0,16 % V-steel exhibits a
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substantial increase in yield strength at N = 4. The yield
strength of the 0,21 % C - 0,89 % Mn - 0,78 % S i-0,16
% V- steel subjected to warm ECAP is higher than that of
the 0,23 % C - 1,24 % Mn - 0,75 % Si-steel and is equal
to 1100 MPa. In this case, its ductility is equal to 8 - 10
% (Table 3.). Unfortunately, the steels with the partially

Table 3. Mechanical properties of low carbon steels after warm
and hot ECA pressing
Tablica3. Mehanicka svojstva niskouglji¢nog celika poslije KKP
toplog presanja
T/°C | ¢/°angle N/ R
No Steel of ECA | of channel | number / MPa
pressing | intersection | of passes
1. | 0,17%C 500 90 4 -
0,21%C- 550 90 4 1120
0,89%Mn-
2. > 11
0.78%Si- 750 0 8 850
0,16%V 750 90 4 975
0,23%C- 550 90 4 1005
3. | 1,24%Mn-
0,75%Si 750 110 8 875
KCV/MJ/m’
Nl osed b ] e
+20 —40
1.| 0,17%C - - - 0,39 -
0,21%C- 1110 8 40 0,55 0,15
0,89%Mn-
2. ’ 820 15 - 2,52 -
0,78%Si-
0,16%V 905 13 - 2,00 1,20
0,23%C- 1000 11 | 44 0,21 0,14
3. | 1,24%Mn-
0,75%Si 870 12 - 2,19 1,65

submicrocrystalline structure are characterized by a low
impact toughness KCV at both +20 and —40 °C (Table 3.).
It is likely that the low impact toughness of the steels can
be due to both the mixed structure with a high density of
dislocations in subgrains and the low size of structural
elements, which specifies similar values of R, and R .

Hot ECA pressing

The 0,21 % C - 0,89 % Mn - 0,78 % Si - 0,16 % V- and
0,23 % C - 1,24 % Mn -0,75 % Si-steels were subjected to
hot ECAP: T=750 °C,N=4, ¢ =90°and T="750 °C,N =
8, ¢ =110°. The degree of deformation reached after four
and eight passes, which was calculated using the shear-strain
intensity and the Mises equivalent strain, was equal to ~ 4,6
and ~ 6,5, respectively [19]. The calculations show that, if
the angle between the two channels satisfies the inequality
90° < p < 120°, the average pressure and total force upon
simple shear are lower than the corresponding parameters
of the process of equivalent direct pressing by factors of
two to three and 5 - 15, respectively [11]. The samples were
heated to the deformation temperature and held for 30 min.
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The equipment used for ECAP was heated to 500 - 550 °C.
After each pass at 750 °C, the sample, whose surface was
slightly cooled, was held in a furnace at 750 °C for 10 - 15
min to level off the temperature. Because of this, the total
true strain was lower than the calculated value owing to
static polygonization and possible recrystallization upon
holding in the furnace between passes.

Thus, hot ECAP was performed at 750 °C using two
tools with the angles of intersection of two channels ¢ =
110° (N =8) and ¢ =90° (N =4). In the former case, it was
produced a mixed structure consisting of recrystallized 0,3
- 6 pm grains and ~ 0,5 um subgrains, which was confirmed
by both TEM and EBSD analysis. The structure formed in
the 0,21 % C- 0,89 % Mn - 0,78 % Si- 0,16 % V- and 0,23
% C-1,24 % Mn - 0,75 % Si-steels steels after hot ECAP
at ¢ = 110° provides their hardening to R, > 800 MPa at an
elongation 4 = 10 - 15 %. Moreover, the samples exhibit
a rather high impact toughness at +20 and —40 °C (Table
3.). Upon hot ECAP at ¢ = 90° (N = 4), a polygonized
structure is predominantly formed, thus providing higher
hardening; the steel exhibits R, =905 MPa and 4 = 13 %
at a high impact toughness (Table 3.). It is known that the
degree of deformation that is needed for dynamic recrystal-
lization decreases with increasing deformation temperature.
Therefore, a completely recrystallized grain structure can be
expected to form at a very high degree of deformation; it is
calculated to be € =4,6 at ¢ =90° and € = 6,5 at o = 110°.
It is likely that the calculated degree of deformation does
not correspond to the real degree of deformation because
of static polygonization and, possibly, recrystallization that
occur upon heating between ECAP passes. Thus, we failed
to produce a uniform submicrocrystalline structure with a
grain size of less than 1 pm by hot ECAP. However, the
formation of a predominantly subgrain structure allowed us
to substantially increase the impact toughness (at +20 and
—40 °C) of the steels (as compared to the steels after warm
ECAP) at high retained hardening (Table 3.).

CONCLUSIONS

Severe plastic deformation (SPD) of steels results
in grain refinement down to nanoscale. Structure is
characterized by low density of internal dislocation and
non-equilibrium state of grain boundaries. Such structure
leads to high strength and sufficient ductility. Bulk nano-
and submicrocrystalline steels in equilibrium state could
be obtained by SPD and subsequent heating. A wide ap-
plication of bulk nanomaterials is thought to be limited

METALURGIJA 45 (2006) 4, 313-321

by the following causes: the whole set of mechanical and
service properties, including fracture toughness, impact
toughness, fatigue strength, corrosion resistance, etc., are
poorly known; the sizes of prepared billets are relatively
small; the production cost is high; there are no industrial
technologies for producing massive products with a ho-
mogeneous structure.
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