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ABSTRACT

The effect of equal-channel angular pressing (ECAP) on the microstructure, mechanical, and
corrosion properties of low-carbon 09G2S steel was investigated. It was established that ECAP
processing leads to the formation of an ultrafine-grained (UFQG) state, accompanied by ferrite grain
refinement, an increase in dislocation density, fragmentation, and partial dissolution of cementite,
as well as an increase in the fraction of globular carbide phases. These changes were analyzed in
detail using electron microscopy and X-ray diffraction techniques. After four ECAP passes, the
average ferrite grain size decreased from 11 pm to ~560 nm. Phase analysis revealed a redistribution
of carbide precipitates: the mass fraction of lamellar cementite (Fe,C) decreased, while the content
of globular particles Mn ,C_, Mn.C,, and Cr,C, increased. X-ray line profile analysis performed by
the modified Williamson-Hall and Warren-Averbach methods demonstrated grain refinement and
increased dislocation density. According to the modified Williamson-Hall approach, the dislocation
density increased from 1x10'3 m in the initial state to 1.5x10'* m~2 after four ECAP passes, while the
size of coherent scattering domains decreased more than fourfold. The modified Warren-Averbach
method showed comparable trends. Corrosion tests indicated that the formation of the UFG structure
was accompanied by an approximately 1.3 fold increase in corrosion rate. It is concluded that the
improvement in strength and the reduction in corrosion resistance of 09G2S steel are associated with
grain refinement, an increase in grain boundary area, high defect density, and the redistribution of
carbide phases.
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AHHOTALIMA

B pabore nccnenoBaHo BIMsSHUE paBHOKaHAJIBbHOTO yroBoro npeccoBanus (PKVYII) Ha cTpykTypy,
MIPOYHOCTHBIE M KOPPO3UOHHBIE CBOWMCTBA HU3KOyriepoaucton cranu 0912C. YcraHoBieHo, 4ToO B
npouecce PKYII obpabotku dopmupyercst ynprpamenko3epaucroe (YM3) cocTosHUE, CONPOBO-
XKaromieecs U3MeIbIeHneM (EPPUTHBIX 3€PEH, MOBBIIICHUEM TUIOTHOCTH BHECEHHBIX AMCIOKAIUH,
(parMeHTaIyel 1 YaCTUYHbIM PACTBOPEHUEM IIEMEHTHUTA, a TAKXKE YBEIUYCHUEM COAEPIKaHUS Kap-
OoumHbIX (a3 moOysipHON (OpMBI. DTH U3MEHEHHUS JETAIbHO MPOAHAIN3UPOBAHBI KaK METOIOM
ANIEKTPOHHON MHMKPOCKOIHMH, TaK U METOJaMHU PEHTI€HOBCKOM mudpakromerpuu. [lokazaHo, 4To B
pesynbrare uyeTsipex npoxoaoB PKVYII o6pabotku ctanu cpeanuit pazmep GeppUTHBIX 3€pEeH YMEHb-
maetcst ¢ 11 MM 10 ~560 HM. Da30BbIi aHAW3 BBISABHII MEepepactpeeicHne KapOUIHbBIX BbIJC-
JIEHWH, TIPU KOTOPOM MaccoBas J10Jis miactuHyaroro ueMentuta (Fe,C) ymenbiuaercs, a conepika-
nue tobynapubix yactuit Mn,,C., Mn.C, u Cr,C, yBenuuuBaetcs. JlaHHbIE pEHTTEHOCTPYKTYPHOTO
aHanu3a, MoJly4eHHble MOAU(UIIMPOBAaHHBIMH MeToaMu Bunbsimcona-Xoimta u YoppeHa-ABepOaxa
MIOKa3aJy U3MEJIBUEHUE 3€PEHHOM CTPYKTYpbl M IOBBIIEHUE MJIOTHOCTH auciokauui. [lo momu-
¢unmpoBaHHOMY MeTOony BuibsiMcona-Xouta IJIOTHOCTh JUCIOKalMi Bo3pactaeT ¢ 1x10° M2 B
UCXOIHOM cocTostHuU 110 1,5%10" M2, a pa3mep obnacTeil KOrepeHTHOTO pacCesHUsT YMEHbBIIACTCSI
Ooree ueM B mIeCTh pa3 mocie yereipex npoxonoB PKYIL. Momudunuposannsiii meron Yoppena-
ABepOaxa rmokaszay cCOnocTaBUMbIe TeHICHINU. KOppo3HOHHBIE HCIIBITAHUS MOKa3ald, YTO (HopMu-
poBanue YM3 cTpyKTypbl COPOBOXKAAETCS YBEINUEHUEM CKOPOCTH KOPPO3UH NpUMeEPHO B 1,3 pasa.
CrenaH BBIBOZA O TOM, YTO MOBBIIIEHNE POYHOCTHBIX CBOMCTB U NMOHM)KEHUE KOPPO3UOHHOM CTOMN-
koctu ctanu 0912C cBs3aHO C U3MEIBYCHUEM 3€PEHHOM CTPYKTYpPhI, POCTOM JOJIM TPAHMI] 3€PEH,
BBICOKOH IJIOTHOCTBIO A€(EKTOB U NepepacipeesieHueM KapOuaHbIX ¢a3s.

KJIFOYEBBIE CJIOBA

Huskoyrnepoaucras craib; GeppuT; paBHOKaHAIbHO-YIJIOBOE IPECCOBAHKE; YIIBTPAMENIKO3EpHHUCTAs
CTPYKTypa; MUKPOCTPYKTYpa; MEXaHU3MBbI YIIPOUHEHUS; PEHTIT€HOCTPYKTYPHBIN aHAJIN3.

Introduction large plastic strains into samples without altering
their geometric dimensions [1-6].

In modern materials science, considerable - i
Earlier studies have shown that ECAP

attention is devoted to the development of

methods for controlling the microstructure
and optimizing the physical and mechanical
properties of low-alloy structural steels.
Among various thermomechanical treatment
techniques, one of the most effective approaches
for improving the performance of steels is the
formation of ultrafine-grained (UFG) structures,
which provide a combination of high strength,
good ductility, and wear resistance [1-3]. Over
the past decades, severe plastic deformation
(SPD) has established itself as a versatile tool
for producing UFG states in metals and alloys
[4-6]. Among the different SPD techniques,
equal-channel angular pressing (ECAP) occupies
a special place, as it enables the introduction of
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processing effectively refines the grain structure,
leading to a significant increase in strength in
aluminum, titanium, and magnesium alloys
[7-9], as well as in several structural steels [10,
11]. However, in low-alloy steels widely used in
the oil industry, detailed X-ray investigations of
the microstructural and phase evolution under
ECAP remain limited. Of particular interest are
the processes of cementite fragmentation and
dissolution, the degree of grain refinement and
defect accumulation, as well as the precipitation
and further evolution of carbide phases (Me,,C,,
Me.C,, Me,C,, etc.), which can significantly
affect both the mechanical properties and
corrosion resistance of the material [12—14].



Table 1. Chemical composition of 09G2S steel (wt.%)

Ta6auna 1. Xumudeckuit coctan ctanu 091 2C (mac.%)

MATED

C Mn Si Cr Ni

Cu Mo S P Fe

0.09 1.63 0.77 0.27 0.22

0.18 0.05% 0.02 0.01 bal.

Alongside strength properties, the corrosion
resistance of steels under downhole service
conditions is of practical importance. According
to previous studies [15-17], the formation of
UFG structures may either enhance or deteriorate
corrosion behavior depending on the alloy,
the environment, and the nature of secondary
phases. For 09G2S steel, which is widely used
in the oil industry for tubing applications in
downhole environments, data on the influence
of ECAP on its corrosion performance are
virtually absent. Therefore, a comprehensive
investigation of the effect of ECAP on the
microstructure, phase composition, mechanical
properties, and corrosion resistance of low-alloy
09G2S steel is of particular relevance.

The aim of this work is to study the evolution
of the microstructure and phase composition
of 09G2S steel during ECAP processing using
electron microscopy and X-ray diffraction
analysis, and to establish the relationship
between structural changes, mechanical
properties, and corrosion resistance.

1. Materials and methods

The material selected for this study was
09G2S steel, with its chemical composition
presented in Table 1. To obtain an UFG
structure, cylindrical billets (9 mm in diameter
and 30 mm in length) were prepared. Prior to
ECAP processing, the samples were normalized
at 950 °C for 0.5 h. ECAP with an intersection
angle of 120° was performed at 200 °C for up
to four passes, corresponding to an equivalent
strain of ~2.67.

Mechanical properties (yield strength o,
ultimate tensile strength 6, and elongation d)
of both coarse-grained CG and UFG steels were
determined by tensile testing using a universal
testing machine (Instron 8801). The tests were

carried out on miniature flat specimens with
a thickness of 1 mm, a gauge length of 4 mm,
and cross-sectional dimensions of 1x1 mm?
The strain rate during testing was 1x107 s\,
The corrosion rate of the steel was measured
by the weight loss method after exposing disk-
shaped samples (9 mm in diameter, 2 mm in
thickness) in a corrosive medium (5.0 wt.%
NaCl, 0.5 wt.% acetic acid, distilled water) for
100 days. The microstructure of the as-received
and ECAP-processed specimens (after 2 and
4 passes) was examined using a scanning electron
microscope (SEM), (Thermo Scientific Q250)
and an X-ray diffractometer (Tongda TD-3000).
X-ray diffraction (XRD) patterns were recorded
over a 20 range of 20-145° at a scanning rate
of 0.5°/min, using Cu Ka radiation generated
at 40 kV and 35 mA.

The fine structural parameters including the
average size D of coherent scattering domains
(CSD), dislocation density p, effective outer
cut-off radius R, and the fraction of screw
dislocations f, were calculated using modified
Williamson-Hall (mW-H) and Warren-Averbach
(mW-A) methods [18]. In the mW-H approach,
the CSD size D, dislocation density py,,
and the fraction of screw dislocations were
determined from the full width at half maximum
(FWHM) broadening of diffraction peaks
according to the relation: AK = FWHM - cost/ A
vs. K = 2sinf/A:

AK? —a®  nM’b’
K’ 2

pWHawa(l _qHz)' (1)

Here, K is the scattering vector, o :ﬂ,

WH
M is the Wilkens parameter, which depends on the
effective outer cut-off radius R_ of dislocations,
b is the Burgers vector, A is the X-ray
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wavelength, and C,  is the average dislocation

contrast factor for the (h00) reflection. The

Croo (l —qH’* ) =Cy
the averaged dislocation contrast factor,
where q defines the dislocation character, and
H> =Wk + h*P+ PE?)/(B? + k2 + P). In the mW-A
method, the dislocation density p,,, effective
outer cut-off radius R, and Wilkens parameter
M were also determined from the real A(L)
and size-dependent A4°(L) Fourier coefficients
(where L is the Fourier length) obtained from
the decomposition of the diffraction line profile:

expression represents

InA(L) = In4*(L) —
2 1/2 R _ _
—nb%ﬁ ln(fj(KzC):ln A5(L)-YK*C.(2)
After transforming the wvariable y, the
following relation was obtained for determining
Pys TR

Yy ,mb’ 1, Wb’
Sr=pi (R )=py (L), ()

The contribution of instrumental broadening
to the diffraction line profiles in the above
methods was taken into account by recording
and analyzing the diffraction pattern of LaB,
powder.

2. Results

The results of tensile tests and corrosion rate
measurements for the as-received and ECAP
processed steel are presented in Table 2. The
analysis shows that an increase in the number of
ECAP passes significantly enhances the strength
characteristics of the material. After two passes,
both yield strength and ultimate tensile strength
increased by approximately 1.7 times compared
to the initial state, and after four passes they
more than doubled. At the same time, the
ductility of the steel decreased noticeably. The
tests also revealed an increase in corrosion rate:
in the UFG state (after four passes), it rose by
about 1.3 times (Table 2).

Fig. 1 shows SEM images of the steel
microstructure in the as-received state and
after ECAP processing. In the initial condition,
ferrite-pearlite grains are observed (Fig. 1, a).
The average ferrite grain size is 11 pm, while
the pearlite colonies have an average size of
8 wm. The mean spacing between lamellar
cementite (Fe,C) particles is 0.6 pum, with an
average thickness of ~95 nm. In addition to
lamellar cementite, globular particles identified
by phase analysis (see below) as Me,.C,, Me.C,
and Me,C, are also present, occurring both in
ferrite and pearlite grains.

Table 2. Mechanical properties and corrosion rate of the as-received and ECAP processed steel

Tadauna 2. Mexanndeckne CBONCTBA B CKOPOCTb KOPPO3UHN CTAJIM B COCTOSAHUU IMMOCTAaBKHU U MOCJIC PABHOKAHAJIBHOI'O

YTII0BOT'O IMTPECCOBAHUA

Ultimate tensile Corrosion rate
State / Yield strength, MPa / strength, MPa / Elongation, % / mm/year /
[Tpenen Texydectn, [Ipenen nmpounocTn
Cocrosiue Yamunenne, % CKOpOCTb KOPPO3HH,
MIla MIPHU PACTSKEHUH, /o
MTla 8
As-received 473+12 5819 161 0.208+0.04
[MocraBku
ECAP, 2 passes /
+ + + +
PKYIL 2 npoxosa 867+9 976+10 9+1 0.236+0.04
ECAP, 4 passes /
+ + + +
PKVIL, 4 npoxosta 979+10 1192+11 7+1 0.269+0.04

90 2025.T.7, Ne 3(22)




Fig. 1. SEM images of the microstructure of 09G2S steel in the as-received state (a),
after 2 ECAP passes (), and after 4 ECAP passes (c). Insets show pearlite regions

Puc. 1. COM-u300paxenust MUKpocTpyKTypsl cras 091 2C B cocTostanm nocraskH (a), mocie 2 npoxonoB PKVYII (b)
n niociie 4 npoxonoB PKVYII (c¢). Ha BcraBkax rmokasansl 00JacT nepimTa

After two ECAP passes, a noticeable
refinement of the structure takes place
(Fig. 1, b): the average ferrite grain size decreases
to 770 nm, cementite lamellaec within pearlite
colonies become fragmented and thickened, and
partial dissolution of cementite is observed in
some regions. After four passes, the refinement
continues (Fig. 1, ¢), with the average ferrite
grain size reduced to 560 nm. At the same time,
globular carbides such as Me,.C,, Me.C, and
Me,C, grow in size, while lamellar cementite
undergoes further fragmentation and dissolution
(Fig. 1, ¢, inset).

Fig. 2 presents the XRD patterns of the steel
in different structural states, along with an ex-
ample of diffraction spectrum analysis after four
ECAP passes. In the initial state, the diffraction

pattern is characterized by a set of intense a-Fe
(ferrite) reflections and weak peaks correspond-
ing to Fe,C, Mn_,C, and Mn.C, phases. After
two ECAP passes, in addition to these phases,
reflections of Cr,C, are also observed. With in-
creasing number of passes up to four, the inten-
sity of peaks from secondary phases increases.
According to electron microscopy data (Fig. 1),
these precipitates correspond to lamellar cement-
ite (Fe,C) as well as globular carbides Mn,,C,,
Mn_C,, and Cr,C,. Quantitative analysis of their
content was carried out using the Rietveld meth-
od. An example of diffraction pattern refinement
after four ECAP passes is shown in Fig. 2, b,
and the calculated phase fractions are summa-
rized in Table 3. During the Rietveld analy-

sis, the lattice parameter was also determined.
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Fig. 2. XRD patterns of 09G2S steel in different structural states (a)
and refined diffraction pattern of the steel after 4 ECAP passes ()

Puc. 2. PentrenoBckue nudpakrorpammsl ctamm 0912C
B Pa3JIMYHBIX CTPYKTYPHBIX COCTOSTHUSX (a) M yTOUYHEHHas: In(paKTorpaMmma cTaiu
nocie 4 npoxonoB PKVYII (b)

Analysis of the data in Table 3 shows that in
the as-received steel, lamellar cementite particles
predominate. After two ECAP passes, their mass
fraction decreases, while the content of Mn,,C,
andMn,C, carbidesincreases, and the appearance
of the Cr,C, phase is detected. After four passes,
a further reduction in the Fe,C fraction and an
increase in the amount of globular carbides were
observed. The processes of lamellar cementite
dissolution (i.e., the reduction in Fe,C content)
were also confirmed by the SEM images (Fig. 1,
b, ¢). By analyzing the broadening of diffraction
lines and using equations (1)—(3), the X-ray
line profile analysis (XLPA) parameters of the
fine structure of the steel were determined.
The analysis was performed for the ferrite (o-
Fe) phase, assuming the presence of a small
amount of alloying elements in this phase. First,
following the methodology in [19], the contrast
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C screw for

 edge
factors C o

. for edge dislocations and

screw dislocations were calculated (Fig. 2, b).
Based on these data, the values q*= 2.46 and
q°= 1.33 were obtained. The elastic constants
C,, C,, and C,, used in the calculations were
taken from [20] for a-Fe.

To determine the parameter q, the coefficient
o in equation (1) was varied until a linear
dependence was obtained (Fig. 3, ). Then,
using the mW-H method, the intercept of the
curve with the OX axis was found, and q was
calculated according to the formula q = 1/H%
The obtained values were 1.82 for the as-
received state, 1.72 after two ECAP passes, and
1.66 after four passes. According to the relation

g = (1 — f)¢¢ + fg', the fraction of
screw  dislocations ]2 was  calculated
(Table 4).



Table 3. Identified phases and their content in the as-received and ECAP processed steel

MATED

Tadauna 3. BeisiBieHnbie (a3bl 1 UX COJepKaHKUEe B CTAJIM B COCTOSIHUY MTocTaBKky U rnociie PKYTI

Mass fraction of precipitates, %
State
Fe.C Mn,.C, Mn C, Cr,C,
As-received 1.05 0.21 0.10 0.00
ECAP, 2 passes 0.45 0.47 0.18 0.11
ECAP, 4 passes 0.17 0.68 0.24 0.19
x T ) T : T . T i T T 60 d T T T T T v T T T T T T T
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H KvC hkl » nm
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Fig. 3. Experimental dependences for different structural states of 09G2S steel
obtained by the modified Williamson-Hall method:

a— (4K? — o?)/K? versus H’; b — AK versus K /C

hkl

Puc. 3. DxcniepuMeHTaIbHbIE 3aBUCUMOCTH AJIS1 PAa3IMYHBIX CTPYKT. cocTosHuil ctanu 0912C,
TOJTy4eHHbIe MOTU(UIIMPOBAHHBIM MeTOI0M BuibsiMcona-Xoa:

a— (4K’ = o?)/K> om H*; b — AK om K /C

The coherent scattering domain size D,
of the steel in different structural states was
determined from the dependence of AK on

K 4/C,, . By extrapolating these dependences to

C.. = 0, the values of AK, were obtained,
after which the CSD size was calculated using
D, = I/AK. (Table 4). The dislocation density

Py, Was determined from the slope of the AK
versus K /C = plot (Fig. 3, b).

hid

To determine the remaining fine-structural
parameters of the as-received and ECAP-
processed steel, Fourier analysis of all
diffraction peaks was performed. The obtained
Fourier coefficients were used in the mW-A
method. Some of the dependences calculated
by this method are presented in Fig. 4. The
dependences of InA(L) on K2C (Fig. 4, a, b)
were extrapolated to the OY axis intercept, from
which the size coefficients AS(L) were determined
for the studied states of steel (Fig. 4, c¢).
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Fig. 4. Experimental dependences for different structural states of 09G2S steel obtained
. by the modified Warren-Averbach method:
a, b—InA(L) versus K> C for the as-received and ECAPed steel (4 passes), ¢ — A°(L) versus L; d — Y/L? versus InL

Puc. 4. DxcriepuMeHTaIbHbIE 3aBUCUMOCTH JUISI Pa3JINYHbIX CTPYKTYPHBIX cocTostHUM ctanu 0912C,
MOJTyYeHHbIE MOJM(HUIIMPOBAHHBIM METOJIOM Y oppeHa-ABepOaxa:
a, b—ImA(L) om K>*C 0nsa cmanu 6 cocmosnuu nocmasxu u nocie PKYII (4 npoxoda);
c—A(L) om L; d—Y/L? om InL

In all graphs, the dependence of A%(L) on
L in the region of L below ~30 nm exhibited
a linear behavior. Further extrapolation
to the point where A%(L) = 0 made it possible
to determine the coherent scattering domain
size D, (Table 4). The extrapolation lines
in Fig. 4, ¢ are shown in red. From the
dependences of InA(L) on K2C , the values of
Y for different steel states were additionally
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determined. These data were substituted into
equation (3) to construct the dependence of Y/
L? on InL (Fig. 4, d). Based on the obtained
plots, the dislocation density p,, and the
effective outer cut-off radius of dislocations
R, were calculated (Table 4). All XLPA
parameters of the steel microstructure in
different structural states are summarized
in Table 4.
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Table 4. XLPA parameters* of the steel microstructure in the as-received and ECAP processed states

Tadanua 4. [Tapamerpsr® AIIPJI MEKPOCTPYKTYpBI CTall B COCTOSIHUM NOCTaBKU 1 nocsie PKYTI

State a, nm Dy, nm Dy, nm S % | Py 104 m>2 [ pe, 10 m™ | R, nm M
As-received 2.876016(2) 244 191 43% 0.1 3.5 225 4.2
ECAP, 2 2.875877(2) 58 38 34% 11.5 13.0 20 0.74
passes
ECAP, 4 2.875793(1) 51 47 29% 15.0 24.3 9 0.45
passes

*a — lattice parameter; D, — CSD size from mW-H method; D,,, — CSD size from mW-A method; p,,,— dislocation density
Srom mW-H method; p,,, — dislocation density from mW-A method, f. — fraction of screw dislocations, R, effective outer

cut-off radius of dislocations;, M — Wilkens parameter

*a — napamemp pewemku; D, — pazmep odnacmu Ko2epenmmoz0 paccesHus co2nacho Mooug. memooy Bunvamcona-
Xonna; D, — pasmep OKP coanacno moough. memody Yoppena-Asepbaxa, p,, — niomnocmv OUCIOKAYULL COACHO
moough. memody Bunvsimcona-Xoana, p,,, — ni0mHOCHb OUCIOKAYUL COLACHO MOOugh. memody Yoppena-Asepbaxa, f,
— 0075 6UHMOEbIX Oucnokayuii; R, — sppexmuenviii snewnuil paduyc obpesanus oucroxayuti; M — napamemp Bunkenca

Analysis of Table 4 shows that ECAP
processing leads to a decrease in the lattice
parameter, a reduction in the size of coherent
scattering domains, an increase in dislocation
density, and a reduction in the fraction of screw
dislocations. At the same time, the decrease in
R, and M values indicates the development of
dislocation dipole fields and a transition toward
a more ordered arrangement of dislocations.

3. Discussion

The conducted studies have shown that
ECAP processing significantly modifies the
microstructure and properties of low-alloy
09G2S steel. The formation of an UFG state is
accompanied by a complex set of interrelated
processes, namely, the refinement of ferrite
and pearlite grains, fragmentation and partial
dissolution of cementite, as well as the
redistribution of carbide phases Mn,,C,, Mn.C,,
and Cr,C,. These processes result in a substantial
increase in strength characteristics (Table 2). In
particular, yield strength and ultimate tensile
strength more than doubled after four ECAP
passes. At the same time, ductility decreased,
which is typical of UFG materials where a
significant portion of deformation is localized at
grain boundaries.

The main strengthening mechanisms in UFG
steel are grain boundary strengthening (Hall-
Petch effect), strengthening due to increased
dislocation density, and precipitation hardening
by carbide particles. The XLPA results (Table 4)
confirm the sharp increase in dislocation
density, reduction in coherent scattering
domain size (proportional to grain size), and
carbide precipitation (Table 3) during ECAP.
According to the mW-A method, the dislocation
density increased from 3.5x10™ m™ in the
initial state to 24.3x10'" m™ after four ECAP
passes, while D, decreased more than fourfold
(Table 5). Analysis of the corresponding
diffraction patterns by the mW-H method
revealed similar trends, though the numerical
values were lower, which can be explained by
differences in sensitivity and methodology.
The mW-H method is based on an averaged
approximation of line broadening and is
less sensitive to the inhomogeneity of defect
distribution within grains, resulting in an
overestimation of CSD size and underestimation
of dislocation density. In contrast, the mW-A
method, which is based on Fourier analysis of
diffraction line profiles, accounts for local stress
variations and peak asymmetry, thus, providing
lower CSD sizes and higher dislocation
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densities. The discrepancy between the two
methods is consistent with literature data [21,
22] and reflects their different sensitivities to
size and strain contributions to line broadening.
Using both approaches together provides a more
comprehensive description of the fine structure
of steel after ECAP, allowing reliable evaluation
of both the degree of grain refinement and the
defect structure.

The formation of the UFG structure in
steel is also accompanied by a decrease in the
ferrite lattice parameter (Table 4), which can be
attributed to a combination of microstructural
changes. Primarily, thisisrelated tothe emergence
of local compressive stress fields, leading to a
reduction in interatomic spacing as a result of
increased dislocation density and the formation
of long-range internal stresses. Additional
contributions come from phase transformations
occurring during ECAP. Partial dissolution
of lamellar cementite is associated with the
redistribution of carbon and alloying elements
(Mn, Cr) between the ferrite matrix and carbide
precipitates. The formation of nonequilibrium
grain boundaries also contributes to lattice
“contraction” by increasing the free energy of
the system. Similar effects of lattice parameter
reduction under severe plastic deformation have
been reported in [2, 12, 21], where dislocation
accumulation and redistribution of interstitial
and substitutional atoms were identified as key
factors.

A significant reduction in the Wilkens
parameter M (M << 1) with increasing ECAP
passes was also observed. According to [23-25],
this parameter reflects the distribution of defects
in the crystal lattice and is related to the ordering
of the dislocation structure. Its decrease is
explained by the growth of dislocation density,
grain refinement, and enhanced fragmentation
and dissolution of cementite particles, which
promote the formation of ordered dislocation
arrangements, such as tangles, walls, and
cell structures. Similar trends in M reduction
under SPD were reported for aluminum and
titanium alloys, where it was associated
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with the transition to UFG structures and the
formation of nonequilibrium grain boundaries
[26, 27].

Particular attention should be paid to the
corrosion behavior. It was established that the
corrosion rate of steel increased by about 1.3
times with the number of ECAP passes. This
is most likely due to the increased specific
grain boundary area, high defect density, and
increased carbide precipitation. According to
the literature [2, 28], UFG grain boundaries
and high dislocation density act as active sites
for the initiation and development of corrosion
processes. Thus, although ECAP strengthens
09G2S steel through grain refinement, defect
accumulation, and carbide precipitation,
these structural changes reduce its corrosion
resistance.

Overall, the results demonstrate that
ECAP is an effective method for producing
UFG structures in low-alloy steels, providing
significant  strengthening  through  grain
refinement, increased defect density, and carbide
precipitation. However, these structural changes
are accompanied by reduced ductility and
corrosion resistance, which must be taken into
account for the practical application of 09G2S
steel.

Conclusions

The present study has shown that the
application of ECAP to low-alloy 09G2S steel
leads to the formation of a UFG structure,
an increase in dislocation density, and the
precipitation and growth of Mn,.C,, Mn.C,,
and Cr,C, carbides. These changes result
in more than a twofold increase in strength
characteristics; however, they are accompanied
by reduced ductility and increased corrosion
rate. The findings highlight the necessity of a
comprehensive approach to the practical use of
UFG steels. For applications under aggressive
conditions (such as downhole environments),
ECAP should be complemented by subsequent
thermomechanical treatment aimed at improving
ductility and corrosion resistance.
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