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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 (UFG) 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 μm to ~560 nm. Phase analysis revealed a redistribution 
of carbide precipitates: the mass fraction of lamellar cementite (Fe3C) decreased, while the content 
of globular particles Mn23C6, Mn7C3, and Cr3C2 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 1×1013 m−2 in the initial state to 1.5×1013 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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АННОТАЦИЯ
В работе исследовано влияние равноканального углового прессования (РКУП) на структуру, 
прочностные и коррозионные свойства низкоуглеродистой стали 09Г2С. Установлено, что в 
процессе РКУП обработки формируется ультрамелкозернистое (УМЗ) состояние, сопрово-
ждающееся измельчением ферритных зерен, повышением плотности внесенных дислокаций, 
фрагментацией и частичным растворением цементита, а также увеличением содержания кар-
бидных фаз глобулярной формы. Эти изменения детально проанализированы как методом 
электронной микроскопии, так и методами рентгеновской дифрактометрии. Показано, что в 
результате четырех проходов РКУП обработки стали средний размер ферритных зерен умень-
шается с 11 мкм до ~560 нм. Фазовый анализ выявил перераспределение карбидных выде-
лений, при котором массовая доля пластинчатого цементита (Fe3C) уменьшается, а содержа-
ние глобулярных частиц Mn23C6, Mn7C3 и Cr3C2 увеличивается. Данные рентгеноструктурного 
анализа, полученные модифицированными методами Вильямсона-Холла и Уоррена-Авербаха 
показали измельчение зеренной структуры и повышение плотности дислокаций. По моди-
фицированному методу Вильямсона-Холла плотность дислокаций возрастает с 1×1013 м−2 в 
исходном состоянии до 1,5×1015 м−2, а размер областей когерентного рассеяния уменьшается 
более чем в шесть раз после четырех проходов РКУП. Модифицированный метод Уоррена- 
Авербаха показал сопоставимые тенденции. Коррозионные испытания показали, что форми-
рование УМЗ структуры сопровождается увеличением скорости коррозии примерно в 1,3 раза. 
Сделан вывод о том, что повышение прочностных свойств и понижение коррозионной стой-
кости стали 09Г2С связано с измельчением зеренной структуры, ростом доли границ зерен, 
высокой плотностью дефектов и перераспределением карбидных фаз.

КЛЮЧЕВЫЕ СЛОВА 
Низкоуглеродистая сталь; феррит; равноканально-угловое прессование; ультрамелкозернистая 
структура; микроструктура; механизмы упрочнения; рентгеноструктурный анализ.

Introduction

In modern materials science, considerable 
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 

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

Earlier studies have shown that ECAP 
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 (Me23C6, 
Me7C3, Me3C2, etc.), which can significantly 
affect both the mechanical properties and 
corrosion resistance of the material [12–14].
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Table 1. Chemical composition of 09G2S steel (wt.%)

Таблица 1. Химический состав стали 09Г2С (мас.%)

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 σYS, 
ultimate tensile strength σUTS, and elongation δ) 
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 1×1 mm2. 
The strain rate during testing was 1×10−3 s−1. 
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 2θ range of 20–145° at a scanning rate 
of 0.5°/min, using Cu Kα radiation generated  
at 40 kV and 35 mA.

The fine structural parameters including the 
average size D of coherent scattering domains 
(CSD), dislocation density ρ, effective outer 
cut-off radius Re, and the fraction of screw 
dislocations fs were calculated using modified 
Williamson-Hall (mW-H) and Warren-Averbach 
(mW-A) methods [18]. In the mW-H approach, 
the CSD size DWH, dislocation density ρWH, 
and the fraction of screw dislocations were 
determined from the full width at half maximum 
(FWHM) broadening of diffraction peaks 
according to the relation: ΔK = FWHM · cosθ/ λ 
vs. K = 2sinθ/λ: 

( )2
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Here, K is the scattering vector, 
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M is the Wilkens parameter, which depends on the 
effective outer cut-off radius Re of dislocations,  
b is the Burgers vector, λ is the X-ray 
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wavelength, and hooC
 
is the average dislocation

contrast factor for the (h00) reflection. The

expression ( ) hklhoo CqHC =− 21  represents
the averaged dislocation contrast factor, 
where q defines the dislocation character, and  
H2 = (h2k2 + h2l2 + l2k2)/(h2 + k2 + l2). In the mW-A 
method, the dislocation density ρWA, effective 
outer cut-off radius Re, and Wilkens parameter 
M were also determined from the real A(L) 
and size-dependent As(L) Fourier coefficients 
(where L is the Fourier length) obtained from 
the decomposition of the diffraction line profile:
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After transforming the variable y, the 
following relation was obtained for determining 
ρWA  и Re:
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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 LaB6 
powder.

qH

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 μm, while 
the pearlite colonies have an average size of 
8 μm. The mean spacing between lamellar 
cementite (Fe3C) particles is 0.6 μm, with an 
average thickness of ~95 nm. In addition to 
lamellar cementite, globular particles identified 
by phase analysis (see below) as Me23C6, Me7C3 
and Me3C2 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

Таблица 2. Механические свойства и скорость коррозии стали в состоянии поставки и после равноканального 
углового прессования

State /  
Состояние

Yield strength, MPa /  
Предел текучести, 

МПа

Ultimate tensile 
strength, MPa /  

Предел прочности 
при растяжении, 

МПа

Elongation, % /  
Удлинение, %

Corrosion rate,  
mm/year /  

Скорость коррозии, 
мм/год

As-received /  
Поставки 473±12 581±9 16±1 0.208±0.04

ECAP, 2 passes / 
РКУП, 2 прохода 867±9 976±10 9±1 0.236±0.04

ECAP, 4 passes / 
РКУП, 4 прохода 979±10 1192±11 7±1 0.269±0.04

ln ln YK

WA ln WA ln
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a                                                                                                b

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

Рис. 1. СЭМ-изображения микроструктуры стали 09Г2С в состоянии поставки (a), после 2 проходов РКУП (b)  
и после 4 проходов РКУП (c). На вставках показаны области перлита

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 lamellae 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, c), with the average ferrite 
grain size reduced to 560 nm. At the same time, 
globular carbides such as Me23C6, Me7C3 and 
Me3C2 grow in size, while lamellar cementite 
undergoes further fragmentation and dissolution 
(Fig. 1, c, 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 α-Fe 
(ferrite) reflections and weak peaks correspond-
ing to Fe3C, Mn23C6, and Mn7C3 phases. After 
two ECAP passes, in addition to these phases, 
reflections of Cr3C2 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 (Fe3C) as well as globular carbides Mn23C6, 
Mn7C3, and Cr3C2. 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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a                                                                                            b

Fig. 2. XRD patterns of 09G2S steel in different structural states (a)  
and refined diffraction pattern of the steel after 4 ECAP passes (b)

Рис. 2. Рентгеновские дифрактограммы стали 09Г2С  
в различных структурных состояниях (а) и уточненная дифрактограмма стали  

после 4 проходов РКУП (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 Mn23C6 
and Mn7C3 carbides increases, and the appearance 
of the Cr3C2 phase is detected. After four passes, 
a further reduction in the Fe3C fraction and an 
increase in the amount of globular carbides were 
observed. The processes of lamellar cementite 
dissolution (i.e., the reduction in Fe3C content) 
were also confirmed by the SEM images (Fig. 1, 
b, c). 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 (α-
Fe) phase, assuming the presence of a small 
amount of alloying elements in this phase. First, 
following the methodology in [19], the contrast 

factors 
edge

hklC  for edge dislocations and screw
hklC  for  

screw dislocations were calculated (Fig. 2, b). 
Based on these data, the values qs = 2.46 and  
qe = 1.33 were obtained. The elastic constants 
C11, C12, and C44 used in the calculations were 
taken from [20] for α-Fe.

To determine the parameter q, the coefficient 
α in equation (1) was varied until a linear 
dependence was obtained (Fig. 3, a). 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/H2. 
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  
q = (1 − fs)qе + fsqs, the fraction of 
screw dislocations fs was calculated  
(Table 4).
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Table 3. Identified phases and their content in the as-received and ECAP processed steel

Таблица 3. Выявленные фазы и их содержание в стали в состоянии поставки и после РКУП

State
Mass fraction of precipitates, %

Fe3C Мn23С6 Мn7С3 Cr3С2

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

   
a                                                                                               b

Fig. 3. Experimental dependences for different structural states of 09G2S steel  
obtained by the modified Williamson-Hall method:  

a − (ΔK2 − α2)/K2 versus H2; b − ΔK versus K
 hklC

Рис. 3. Экспериментальные зависимости для различных структ. состояний стали 09Г2С,  
полученные модифицированным методом Вильямсона-Холла:  

a − (ΔK2 − α2)/K2 от H2; b − ΔK от K
 hklC

The coherent scattering domain size DWH 
of the steel in different structural states was 
determined from the dependence of ΔK on  

K hklC . By extrapolating these dependences to 

K hklC  = 0, the values of ΔKi were obtained, 
after which the CSD size was calculated using 
DWH = 1/ΔKi (Table 4). The dislocation density  
ρWA was determined from the slope of the ΔK

versus K
 hklC  

plot (Fig. 3, b).
 

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 lnA(L) on K2 C  (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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a                                                                                              b

  

c                                                                                              d

Fig. 4. Experimental dependences for different structural states of 09G2S steel obtained  
by the modified Warren-Averbach method:  

a, b – lnA(L) versus K2 C  for the as-received and ECAPed steel (4 passes); c – As(L) versus L; d – Y/L2 versus lnL

Рис. 4. Экспериментальные зависимости для различных структурных состояний стали 09Г2С,  
полученные модифицированным методом Уоррена-Авербаха:  

a, b – lnA(L) от K2 C  для стали в состоянии поставки и после РКУП (4 прохода);  
c – As(L) от L; d – Y/L2 от lnL

In all graphs, the dependence of As(L) on 
L in the region of L below ~30 nm exhibited 
a linear behavior. Further extrapolation  
to the point where As(L) = 0 made it possible 
to determine the coherent scattering domain 
size DWA (Table 4). The extrapolation lines 
in Fig. 4, c are shown in red. From the 
dependences of lnA(L) on K2 C , the values of 
Y for different steel states were additionally  

determined. These data were substituted into 
equation (3) to construct the dependence of Y/
L2 on lnL (Fig. 4, d). Based on the obtained 
plots, the dislocation density ρWA and the 
effective outer cut-off radius of dislocations 
Re were calculated (Table 4). All XLPA 
parameters of the steel microstructure in 
different structural states are summarized  
in Table 4.

  at
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Table 4. XLPA parameters* of the steel microstructure in the as-received and ECAP processed states 

Таблица 4. Параметры* АПРЛ микроструктуры стали в состоянии поставки и после РКУП 

State a, nm DWH, nm DWA, nm fs, % ρWH, 1014 m–2 ρWA, 1014 m–2 Re, nm М

As-received 2.876016(2) 244 191 43% 0.1 3.5 225 4.2

ECAP, 2 
passes 2.875877(2) 58 38 34% 11.5 13.0 20 0.74

ECAP, 4 
passes 2.875793(1) 51 47 29% 15.0 24.3 9 0.45

*a – lattice parameter; DWH – CSD size from mW-H method; DWA – CSD size from mW-A method; ρWH – dislocation density 
from mW-H method; ρWA – dislocation density from mW-A method; fs – fraction of screw dislocations; Re – effective outer 
cut-off radius of dislocations; M – Wilkens parameter

*a – параметр решетки; DWH – размер области когерентного рассеяния согласно модиф. методу Вильямсона-
Холла; DWA – размер ОКР согласно модиф. методу Уоррена-Авербаха; ρWH – плотность дислокаций согласно 
модиф. методу Вильямсона-Холла; ρWA – плотность дислокаций согласно модиф. методу Уоррена-Авербаха; fs 
– доля винтовых дислокаций; Re – эффективный внешний радиус обрезания дислокаций; M – параметр Вилкенса

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 
Re 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 Mn23C6, Mn7C3, 
and Cr3C2. 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 3.5×1014 m−2 in the 
initial state to 24.3×1014 m−2 after four ECAP 
passes, while DWH 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, this is related to the 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 

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 Mn23C6, Mn7C3, 
and Cr3C2 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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